Investigating the mechanisms underlying
Mesenchymal-to-Epithelial Transitions in the

Drosophila melanogaster embryonic midgut

Eddie Shohei Kan

Umver51t of

University of Sheffield, School of Biosciences

Submitted for the degree of Doctor of Philosophy
September 2023



Summary

The terms epithelial-to-mesenchymal transition (EMT) and mesenchymal-to-epithelial
transition (MET) describe reversible changes in cell phenotype and behaviour between
mesenchymal and epithelial states. EMT/MET is required during development and gives rise
to cells with intermediate phenotypes that show functionally important behaviours such as
collective migration. This plasticity between epithelial and mesenchymal cell states is also
implicated in pathological processes such as cancer metastasis. Thus, investigating the
mechanisms underlying EMT/MET may help lead to therapeutics for cancer or in regenerative

medicine.

Studies examining MET are far fewer than those examining EMT. This is particularly true in
the context of in vivo cancer models, where it remains difficult to observe cells undergoing
MET. Thus, | have leveraged the Drosophila embryonic midgut as a model system to study

MET.

Previous studies examining embryonic midgut MET showed that the underlying visceral
muscle provides an external cue required for MET. The role of external cues during MET has
also been noted in the contexts of development and cancer. Understanding how these
external cues regulate MET may provide insight into common principles underlying MET, an

area that is still poorly understood.

In this project, | aimed to 1) characterise midgut MET at the cellular and molecular level, 2)
use single cell RNA sequencing (scRNAseq) to identify potential genes contributing to
midgut MET and 3) explore the mechanisms by which the visceral muscle provides an
external cue. | have shown that the contact with the visceral muscle is specifically required
for midgut MET. The absence of the visceral muscle leads to a failure of MET, disrupting the
reestablishment of apicobasal polarity, tubulin remodelling and the cell shape changes
required to form a columnar epithelium. | identified Semala and Otk as a potential
receptor-ligand pair that mediates interactions between the midgut and the visceral muscle

that drives midgut MET.
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Chapter 1. Introduction

1.0 Introduction to EMT and MET

Epithelial-mesenchymal plasticity describes the capacity for cells to change from a stationary
epithelial phenotype to a migratory mesenchymal phenotype, or vice versa. This process of
shifting phenotypes is called Epithelial-mesenchymal transition (EMT) and mesenchymal-
epithelial transition (MET) (Kalluri and Weinberg, 2009; Nieto et al., 2016; Yang et al., 2020).
Both EMTs and METs are crucial in development, underlying the migration and organization
of cells during embryogenesis (Pei et al., 2019; Plygawko et al., 2020; Thiery et al., 2009).
Similar processes underlie tissue repair in adults (Nieto et al., 2016; Shaw and Martin, 2016).
However, both EMT and MET are also implicated in pathogenic processes, including organ
fibrosis, cancer progression and metastatic dissemination of tumour cells (Derynck and
Weinberg, 2019; Dongre and Weinberg, 2019). Thus, investigating the mechanisms
underlying this plasticity between epithelial and mesenchymal cell states, referred to as
epithelial-mesenchymal plasticity (EMP), may reveal new targets to prevent or treat cancer,

or for regenerative medicine.

When first described (Greenburg and Hay, 1982), EMT and MET was considered to be a binary
decision, mediating the transformation between the two distinct states (Hay and Zuk, 1995).
It is now widely accepted that EMTs and METs more often gives rise to a variety of
intermediate phenotypes, via a process known as partial-EMT/METs (Yang et al., 2020).
Partial-EMTs/METs gives rise to mesenchymal-like cells that retain some epithelial features
such as cell-cell adhesion (Figure 1). These cells with intermediate phenotypes can
demonstrate interesting and functionally important behaviours such as collective migration.
Collective migration is central in many developmental processes (Scarpa and Mayor, 2016)
such as in neural crest cell migration (Theveneau and Mayor, 2012) and angiogenesis (Costa

et al., 2016) but has also been observed in cancer metastasis.
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Figure 1. EMT and MET gives rise to cells with intermediate phenotypes. Epithelial cells demonstrate
apical-basal polarity and form a monolayer of columnar cells. These cells adhere to neighbouring cells
via junctions and the underlying basement membrane. Mesenchymal cells demonstrate front-rear
polarity, migrate individually. Cells with intermediate phenotypes can manifest in several different

ways such as giving rise to a multi-layered epithelium or undergoing collective migration.

1.1 Characteristics of Epithelial cells

Epithelial cells demonstrate apical basal polarity, cell-cell adhesions, and cell-matrix
adhesions. Polarity complexes, lateral adhesions and basal adhesions are regulated in a
synchronous manner to establish and maintain these epithelial traits. During EMT, these key
aspects are disrupted to promote a shift to mesenchymal phenotype. Here, | will introduce
the current understanding of the mechanisms underlying the establishment and maintenance
of epithelial organisation. Understanding the architecture of epithelial cells and the
mechanisms underlying its formation and maintenance are critical to understanding how EMT

is induced.

1.1.1 Apicobasal polarity

Apicobasal polarity is required for the establishment and maintenance of epithelial
organisation. Polarity is essential to define the apical, lateral and basal domains, which

subsequently define the position of the junctions that form between neighbouring epithelial



integrity and organisation of the epithelia, as well as its biological function. For example,
occluding junctions, namely the tight junctions in vertebrates and septate junctions in
invertebrates, maintain the barrier function of the epithelia, preventing diffusion across the
epithelia (Garcia et al., 2018). Adherens junction play a major role in initiating and stabilising
cell adhesion between neighbouring cells (Harris and Peifer, 2004). Dysregulation of
apicobasal polarity can disrupt the positioning and formation of these junctions, which leads

to the collapse of epithelial organisation (Harris and Peifer, 2004; McGill et al., 2009).

Classic polarity factors can be divided into 2 main groups: complexes that define the apical
domains or the basolateral domains (Chen and St Johnston, 2022). Key apical polarity factors
include members of the Crumbs (Crb) and Par complex. Key basolateral polarity factors
consist of members of the Scribble complex (Table 1). These polarity factors demonstrate
antagonistic interactions, excluding one another from co-localising. For example, Atypical
protein kinase C (aPKC) antagonises the Scribble complex member Lethal giant larvae (Lgl)
(Bailey and Prehoda, 2015) and Par-3/Bazooka (Baz) (Morais-de-S4 et al.,, 2010) via
phosphorylation to define the lateral and sub-apical domains respectively (Hong, 2018).
These types of antagonistic interactions help position the complexes required to form

junctions that establish epithelial organisation.



Complex Human/Drosophila Names Localisation

Crumbs Crumbs (Crb) Apical

Protein associated with LIN7 1 (Pals1)/Stardust (Std)

Patj

Par Par3/Bazooka (Baz) Apical

Par6

atypical Protein Kinase (aPKC)

Scribble Scribble (Scrib) Basolateral

Discs Large (Dlg)

Lethal Giant Larvae (Lgl)

Table 1. Classic Polarity factors. Polarity proteins have largely been discovered in C. elegans or
Drosophila. As such some of the names reflect this. For example, Par proteins were found in a screen
for C. elegans embryos with a partitioning defect (Nance and Zallen, 2011). Similarly, mutations in DIg

causes an overgrowth phenotype in Drosophila imaginal discs (Hough et al., 1997).

It should be noted that the mechanisms underlying apicobasal polarity do vary between
different contexts. For example, regulatory mechanisms underlying polarity in vertebrates are
typically more complex and may be redundant; loss of one polarity factor does not typically
result in collapse of polarity (Choi et al., 2019), as seen in more simpler organisms such as
Drosophila (Bilder and Perrimon, 2000; Tepass and Knust, 1993) or Caenorhabditis elegans
(Hung and Kemphues, 1999). Furthermore, it appears that distinct mechanisms can govern
polarity even within a single species. For example, the Drosophila adult midgut epithelium is
unique in that it has an apical septate junction, similar to in vertebrate epithelia (Chen et al.,
2018). This is in contrast to a typical epithelium in the Drosophila, such as the embryonic
epidermal layer, in which the adherens junctions are positioned apically to the septate
junctions. This difference in the position of the junctions implies that the mechanisms that
define polarity between the two tissues are distinct from one another. Despite these
differences, the complexes underlying epithelial polarity appear to be largely conserved in

invertebrates and vertebrates (Izumi et al., 1998; Lin et al., 2000).



1.1.2 Lateral Junctions

As briefly described earlier, the two main types of lateral junctions include occluding junctions

and adherens junctions.

Tight junctions: Tight junctions are the occluding junctions in vertebrates (Furuse and Takai,
2021). They are more apically positioned compared to the adherens junction on the lateral
membrane. They are composed of 2 main transmembrane proteins: claudins and occludins
(Garcia et al., 2018). Claudins have two main functions; they mediate adhesion between cells
and mediates paracellular transport, acting as a selective barrier for ion transport across the
epithelia (Angelow et al., 2008). Occludins may play a role in preventing the paracellular
transport of large macromolecules (Al-Sadi et al., 2011) but whether it is essential for tight
junction function is controversial (Bamforth et al., 1999; Saitou et al., 1998). Claudins and
occludins form the tight junction strands, which encircle epithelial cells. The strands from
neighbouring cells then bind to one another, closing the paracellular space between the two

cells and forming a selective barrier in its place (Piontek et al., 2020).

The formation and function of tight junctions appears to require ZO-1, a member of the
membrane-associated guanylate kinase homologs (MAGUK) family. It has been shown that
Z0-1 is essential for tight junction formation (Rodgers et al., 2013), mediating links to the
cortical actin cytoskeleton (Fanning et al., 1998). ZO-1 appears to orchestrate this through
phase separation (Beutel et al., 2019); ZO-1 drives the localisation of key tight junction-related
proteins, such as claudins and actin, to the site of tight junction formation. It has been
proposed that phase separation then allows claudins to be concentrated in high enough
concentration to drive its polymerisation, a process required for tight junction strand
formation. This phase separation appears to facilitate the recruitment of other key adaptor
proteins and transcription factors , such as cingulin (Beutel et al., 2019), an adaptor protein
responsible for linking tight junctions to actin and microtubules (Yano et al.,, 2018).
Transcription factors ZONAB and YAP were also found to be concentrated by phase separation

of ZO-1 (Beutel et al., 2019), linking tight junction formation to cell proliferation and cell size.



Septate Junctions: Septate junctions are the invertebrate equivalent of vertebrate tight
junctions. Their formation and composition has been studied extensively in Drosophila
(Furuse and Izumi, 2017). There are two types of septate junctions in Drosophila: Pleated and
Smooth. These junctions are named after their appearance when cross-sections of the
junctions are examined via electron microscopy. When cross-sections of cells are examined,
both septate junctions form ladder-like structures that span across the membrane of
neighbouring cells. The difference in appearance is likely a result of differences in protein
composition of the junctions. The two types of septate junctions are found in distinct tissue
types. Pleated septate junctions (pSJ) are found in ectoderm-derived tissues such as the
epidermis, while smooth septate junction (sSJ) mostly form in endoderm-derived tissue such
as the midgut and Malpighian tubules (Tepass and Hartenstein, 1994a). Functional
differences between the two types of junctions have not been identified (Furuse and lzumi,

2017).

The composition of the pleated septate junction has been extensively characterised and are
reviewed in (Jonusaite et al., 2016). These include 15 transmembrane proteins specific to the
pSJ complex. These include members of the claudin family, various cell adhesion molecules
such as Neurexin IV and subunits of the Na+,K+-ATPase. In contrast, far fewer members of sSJ
proteins have been characterised. The four key sSJ proteins have been identified so far
include Snakeskin (Yanagihashi et al., 2012), Mesh (lzumi et al., 2012), Tsp2a (lzumi et al.,
2016) and Hoka (lzumi et al., 2021). All are required for barrier function and smooth septate
junction formation. The correct localisations of Snakeskin, Mesh and Tsp2a are co-dependent
on each other. This suggests that they form a complex together and likely form the core
complex of smooth septate junction proteins. Hoka also forms complexes with the three
other proteins but likely plays a role in the initial assembly and apical localisation of smooth
septate junction proteins in stage 15-16 embryos (lzumi et al., 2021). Studies in the
Malpighian tubules (Beyenbach et al., 2020; Jonusaite et al., 2020) suggest that smooth
septate junction formation play a role in epithelial integrity. Additionally, smooth septate
junctions were shown to have a critical role in controlling paracellular transport of ion and

macromolecules; loss of smooth septate junctions led to renal failure (Jonusaite et al., 2020).



Mechanisms underlying pSJ formation show some similarities to the mechanism underlying
sSJ formation. Studies using the lateral epidermis showed that pSJ junction proteins formed
a core complex, not unlike the core complex seen in sSJs. Formation of the core complex was
also shown to be co-dependent, such that loss of one member appeared to affect the stability
of the complex. This core pSJ complex included Coracle (cora), a key FERM domain protein,
and Neurexin IV. Loss of Dlg affected localisation of the pSJ core complex, but not its
assembly, suggesting that Dlg plays a role in the localisation of the pSJ. Intriguingly, both Cora
and Dlg are found in both sSJs and pSJs. It was previously shown that mutants for dlg causes
extension of the sSJ towards the lateral membrane (lzumi et al., 2012), perhaps indicative
that Dlg also plays a conserved role to localise both types of septate junctions. In contrast,
Coracle (Cora), together with Neurexin IV, Na+,K+-ATPase and Yurt, has been shown to play
arole in the maintenance of polarity (Laprise et al., 2009), rather that its establishment. Given
that Neurexin IV and Na+,K+-ATPase are pSJ-specific proteins (Jonusaite et al., 2016), this may

suggest that the function of Cora to maintain polarity is specific to pSJs.

sSJ are critical for barrier function but may also act as part of an important mechanism
underlying tissue homeostasis. Disrupting septate junction formation in the adult Drosophila
midgut by knocking down Ssk and Mesh increased proliferation in enterocytes and
enteroblasts. It was found that membrane-bound septate junction proteins repressed Yorkie,
regulating proliferation. Increased proliferation was also observed in neighbouring interstitial
stem cell population, which normally do not have septate junctions (Chen et al., 2020; Izumi
et al., 2021). These observations suggested that an external signal was driving interstitial stem
cell proliferation. This was indeed the case; the growth factor Upd3, found downstream of
Yorkie signalling, could be expressed by the enterocytes and enteroblasts to drive
proliferation of the interstitial stem cells. As membrane-bound septate junction proteins in
enteroblasts and enterocytes repressed Yorkie, disrupting smooth septate junction formation
activated Yorkie, induced expression of Upd3 and induced proliferation of the neighbouring
interstitial stem cell population. Thus, maintenance of smooth septate junctions were
implicated with regulation of stem cell-mediated midgut homeostasis (Chen et al., 2020). It is
likely that this link between septate junction integrity and proliferation mediates a functional

mechanism that drives proliferation upon injury or tissue damage (Chen et al., 2020).
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Adherens Junctions: Adherens junctions exist in all epithelial cells, although where it is
positioned along the lateral membrane can vary (Buckley and St Johnston, 2022). Adherens
junctions are primarily composed of cadherins and nectins (Meng and Takeichi, 2009). Both
cadherins and nectins function to maintain cell-cell adhesion and recruit adaptor proteins that
mediate several different functions, including actin cytoskeleton remodelling and intracellular

signalling (Meng and Takeichi, 2009).

Members of the cadherin family are defined by cadherin repeats, a conserved extracellular
subdomain. This domain is responsible mediating homophilic interactions with a
neighbouring cell in a calcium sensitive manner (Perez and Nelson, 2004). The link between
cadherins and the actin cytoskeleton is mediated by catenins, a family of adaptor proteins. E-
cadherin (Ecad)/B-catenin (armadillo) is one such pair that is important for maintaining cell-
cell adhesions. Ecad/B-catenin recruits and interacts with a-catenin, although the precise
mechanisms for this interaction appears to be controversial (Desai et al., 2013; Drees et al.,
2005; Yamada et al., 2005). a-catenin binds to various actin-binding proteins such as formin
(Kobielak et al., 2004) and EPLIN (Abe and Takeichi, 2008). Formin and EPLIN appear to be
necessary for the initial polymerisation and maintenance of actin filaments respectively and
are required for cadherins to mediate adhesion (Abe and Takeichi, 2008; Kobielak et al.,
2004). Actin remodelling is required at sites of cadherin-mediated adhesion to drive cell
adhesion and the sealing of membranes between two neighbouring cells (Vasioukhin et al.,

2000).

Interactions between cadherins and polarity proteins appear to be critical for adherens
junction formation. For example, Scribble has been shown to stabilise Ecad/p120 catenin
interactions and play a role in regulating Ecad trafficking (Lohia et al., 2012). Furthermore,
Drosophila Par3 homolog Baz was shown to be required for the formation and maintenance
of adherens junctions in the Drosophila embryo. While adhesion between cells via apical
cadherin-catenin clusters was shown to form independently of Baz, Baz appears to be
required to reposition cadherin-catenin clusters to form mature adherens junctions required
to maintain epithelial integrity (McGill et al., 2009). Conversely, cadherins may play a role to
reinforce polarity through interactions with polarity complexes. For example, Ecad has been

shown to maintain the alignment of cell division that occurs in prostate luminal cells, by
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anchoring Scribble to the lateral membrane (Wang et al., 2018). Together, these studies
provide evidence of a cooperative relationship between cadherins and polarity protein

complexes to reinforce polarity.

Members of the nectin family are defined by their immunoglobulin-like domain. Unlike
cadherins, nectins can form both homo- and heterophilic interactions (Meng and Takeichi,
2009). Nectins plays several roles in promoting epithelial phenotypes, many of which is

mediated by the key adaptor protein Afadin.

With regards to adherens junction formation, Nectin signalling alone can drive the
accumulation of weaker non-trans-interacting form of Ecad and the recruitment of catenins
to the site of cell-cell contact. Upon recruitment of Afadin, Nectin drives the conversion
towards the stronger trans-interacting form of Ecad, enhancing cell-cell adhesion (Honda et
al., 2003; Sato et al., 2006). These two processes occur simultaneously, forming microclusters
of Nectin and cadherin adhesion that fuse to form mature adherens junctions. LMO7 (Ooshio
et al., 2004) and ADIP (Asada et al., 2003) have been shown to bind to both Afadin and a-

catenin, perhaps indicative of a close interaction between Nectins and cadherins.

Nectins also plays a role in positioning tight junctions. Afadin mediates this via recruitment of
adaptor protein ZO-1 to Nectin adhesion sites (Yokoyama et al., 2001). Furthermore, Par-3,
which determines the position of tight junctions, has been shown to directly bind to Nectins
in neuroepithelial cells of the mice embryonic forebrain (Takekuni et al., 2003), suggesting
that Nectins may also play a role in positioning tight junctions through direct interactions with

polarity complexes.
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1.1.3 Basal adhesion

Interactions with a basal extracellular matrix (ECM) is essential for epithelia formation. Typical
epithelial cells have hemidesmosomes on their basal side, which facilitate adhesion to the
ECM (Walko et al., 2015). The cell-matrix interactions are mediated by adhesion receptors
such as integrins (Walko et al., 2015). These adhesion receptors can recruit accessory proteins
with a range of functions that act to induce changes in the cell, such as differentiation (Wang
et al.,, 2015) and cell proliferation (Moreno-Layseca and Streuli, 2014). With respect to
epithelial cells, basal adhesion to the ECM play a central role in establishing and maintaining
polarity (Lee and Streuli, 2014) and remodelling the cytoskeleton (Delon and Brown, 2007).
Thus, these adhesion receptors and associated accessory proteins play important roles in
mediating the cells response to the external environment and establishing an epithelial

phenotype.

Integrins are a key family of adhesion receptors and are a key component of
hemidesmosomes. Integrins function as heterodimers of a and B subunits to bind to various
ECM proteins such as collagen, fibronectin or laminins (Kechagia et al., 2019). The different
combinations of heterodimers can determine its affinity for specific ECM proteins (Campbell
and Humphries, 2011). Additionally, it appears that different heterodimers can induce
different signalling pathways; c-Src has been found to be a a,f3 heterodimer-specific
accessory protein despite the fact that both asPfi and avfs heterodimers can bind to
fibronectin, demonstrating that different heterodimers associated with the same ECM
molecule can recruit different accessory proteins, which consequently can lead to differences
in downstream signalling (Huveneers et al., 2007; Morgan et al., 2009). Furthermore, different
integrin heterodimers are able to promote differentiation of embryonic stem cells into
specific lineages (Wang et al.,, 2015), demonstrating functional differences between the
heterodimers. Thus, it appears that cells can raise different responses based on external cues,
determined by the composition of the ECM; and internal cues, determined by the types of

integrin heterodimers expressed.

Talin is an essential accessory protein recruited by integrins. Talin acts to promote integrin
signalling in a process called “inside-out” activation of integrins. Talin recruited to an ECM-

bound integrin changes the conformation of integrin and thus activating it and promoting its

13



binding affinity to the ECM (Klapholz and Brown, 2017). Talin bound to an ECM-bound
integrin can simultaneously recruit adjacent integrins to the adhesion site and promote ligand
binding to them. Thus, Talin can both activate and cluster integrins to mediate maturation of
cell-matrix adhesions. Upon actin-binding, Talin undergoes a conformational change that
allows it to recruit various accessory proteins (Klapholz and Brown, 2017). These accessory
proteins mediate the multitude of signalling factors downstream of integrins, such as

cytoskeleton remodelling and adhesion (Lu et al., 2022).

Studies have shown that integrins and ECM proteins play important roles both in initiating a
basal cue to orient polarity in epithelial cells, and also in remodelling the surrounding ECM to
further reinforce basal cues. Studies in vitro using Madin—Darby canine kidney (MDCK)
epithelial cysts (O’Brien et al., 2001; Yu et al., 2005) revealed an autocrine signalling
mechanism involving Racl and laminins. Collagen-bound B1 integrins were shown to activate
Racl signalling, which upon activation drove extracellular laminin assembly. Cysts deficient in
Racl showed mis-assembly of laminin on the cyst surface. These cysts with deficient Racl
failed to polarise but could be rescued by embedding them in ECMs with exogenous laminin.
However, cysts embedded in ECMs richin collagen IV or fibronectin did not rescue the polarity
defect, demonstrating a specificity for the role of laminins in orienting apicobasal polarity.
Separate work using MDCK epithelial cysts identified that laminin-binding integrin
heterodimer asf4, together with collagen-binding integrin heterodimer a,B1, played a central
role in initiating a basal cue via Rac1 signalling (Myllymaki et al., 2011). Taken together, these
studies demonstrate that integrin-ECM interactions not only provide an initial basal cue
orientating polarity, but also a mechanism for cells to be able to remodel their environment

to reinforce polarity.
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1.2 Hallmarks of EMT

As discussed, epithelial cells demonstrate apicobasal polarity, form junctions with
neighbouring cells and are adherent to a basal surface, typically to an extracellular matrix
(Buckley and St Johnston, 2022; Yang et al.,, 2020). Establishment and maintenance of
apicobasal polarity and cellular junctions is a complex interdependent process and it is these
processes that are disrupted during EMT. This transition is driven by transcriptional changes,
regulated by a group of transcription factors called EMT-transcription factors (EMT-TFs). The
two key hallmarks of EMT are the loss of apicobasal polarity and the disassembly of cellular
junctions. Additionally, this shift in phenotype driven by EMT-TFs are typically accompanied
by the acquisition of migratory behaviours (Campbell and Casanova, 2015; Shtutman et al.,
2006; Thiery et al., 2009). Expression of EMT-TFs are also associated with the acquisition of

oncogenic qualities such as proliferation (Qiu et al., 2000; Williams et al., 2017).

Studies in developmental models have identified a number of transcription factors that drive
EMT. A list of core EMT-transcription factors (EMT-TFs) include members of the Snail, Zeb and
Twist families. They have been found to regulate the changes in gene expression required for
cellstoundergo EMT (Lim and Thiery, 2012; Yang et al., 2020) and to be responsible for driving
EMT in disease settings as well (Antony et al., 2019; Thiery et al., 2009; Yang et al., 2020). It
should be noted that EMT-TFs typically have other non-EMT related functions in
development. For example, Snail (Sna) drives mesoderm fate in Drosophila (Leptin, 1991) and
but also functions as an EMT-TF in many developmental (Carver et al., 2001; Dale et al., 2006;
Weng and Wieschaus, 2016; Wu and McClay, 2007) and disease settings (Batlle et al., 2000;
Campbell et al., 2019; Tran et al., 2014). While the mechanisms by which EMT-TFs drive EMT
tend to be highly contextual (Lim and Thiery, 2012; Stemmler et al., 2019), they are widely
conserved and are considered a central part of the regulatory mechanisms underlying EMT

(Yang et al., 2020).
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Studies
T A .
ranscription Type demon:str.atmg Roles in Development
Factor transcriptional
repression of Ecad
e Mesenchymal differentiation (Leptin, 1991);
. . Zinc (Batlle et al., 2000; | e Somitogenesis (Dale et al., 2006);
Snail (Snail) . ) .
Finger | Cano et al., 2000) e Bone morphogenesis (Chen and Gridley,
2013)19/12/2023 11:35:00
. Zinc . e Bone morphogenesis (Chen and Gridley
Snai2 (Sl H t al., 2002 !
nai2 (Slug) Finger (Hajra et a ) 2013)
Zinc o Skeletal patterning (Takagi et al., 1998)
Zebl Fineer (Aigner et al., 2007) e Smooth muscle differentiation (Nishimura et
& al., 2006)
Zi .
Zeb2 (SIP1) F;:;er (Comijn et al., 2001) | e Neuroectoderm differentiation
e Neural tube formation (Chen and Behringer,
Twist1 bHLH | (Yang et al., 2004) 1995)
e Mesenchymal differentiation (Leptin, 1991)

Table 2. Core EMT-TFs. All of the core EMT-TFs transcriptionally repress of Ecad. They also play
important roles in development, some independent of their ability to drive EMT. For example, Twist
and Snail both drive expression of mesenchymal genes (Leptin, 1991). It should be noted that the list

of core EMT-TFs is not a comprehensive list; other EMT-TFs have been identified. Adapted from Yang

A key common function of the core EMT transcription factors is to drive the breakdown of
intercellular adhesion between epithelial cells, typically via the downregulation of Ecad. All of
the core EMT-TFs have been shown to be direct transcriptional repressors of Ecad (Table 2).
Thus, expression of these EMT-TFs drives the breakdown of adherens junctions and the
subsequent loss of epithelial integrity. In many contexts, expression of EMT-TFs is also

associated with cell motility and increased invasive capacity (Yang et al., 2020).

One example of how downregulation of Ecad drives EMT is the breakdown of the membrane
bound Ecad/ B-catenin complex. While membrane-bound B-catenin plays a central role in
adhesion, B-catenin is also associated with Wnt signalling (Bienz, 2005). Cytoplasmic B-
catenin can localise to the nucleus to bind TCF, a transcriptional co-activator of downstream
Whnt genes. This switch between membrane-bound B-catenin to cytoplasmic B-catenin has

been shown to drive EMT in both disease and developmental contexts (Kim et al., 2019; Li et
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al., 2020; Liebner et al., 2004; Mylavarapu et al., 2019; Sanchez et al., 2021), highlighting that
adherens junction stability is central to the maintenance of epithelial phenotype. The
mechanisms underlying this switch between catenin as an adhesion molecule or as a

signalling molecule are complex and are reviewed in (Gammons and Bienz, 2018).

While repressing transcription of Ecad is a common hallmark of EMT, it is important to note
that EMT is not simply a consequence of transcriptional repression of Ecad. This is evident in
the embryonic Drosophila midgut. Serpent (Srp), a GATA-factor, was identified in the
Drosophila embryo as an EMT-TF that drives the disassembly of adherens junctions through
the delocalisation of Ecad protein, without affecting Ecad at the transcriptional level. The key
mechanism through which Srp drives EMT, instead appears to be through the inhibition of crb
transcription; this disturbs apicobasal polarity and results in the loss of Ecad at the junctions
(Campbell et al., 2011). Furthermore, this non-junctional Ecad was shown to be play an active
role during the subsequent migration of the embryonic Drosophila midgut cells, mediating
transient adhesion of the non-epithelial cells with the rest of the midgut cells, coordinating
their collective migration (Campbell and Casanova, 2015). This demonstrates that Ecad is not
simply an epithelial characteristic that is switched off during EMT but can in fact can be
dynamically regulated to mediate migratory cell behaviours. Additionally, studies in vitro
using experimentally- driven EMT in mammary epithelial cells (EpH4) showed that
endocytosis and lysosomal degradation of Ecad occurs prior to transcriptional repression,
suggesting that EMT can initiate the breakdown of adherens junctions prior to transcriptional
repression of Ecad (Janda et al., 2006). This illustrates that transcription repression of Ecad
does not necessarily initiate EMT; and that alternative regulatory mechanisms independent
of transcriptional repression of Ecad may also act as a driving force. Put together, these
studies suggest that transcriptional repression of Ecad does not fully explain the cellular

changes that occur during EMT.

In line with this, EMT-TFs can also mediate EMT by interacting with polarity complexes
directly. For example, Snail (Sna) and Zeb1 have been shown to disrupt junction formation by
repressing transcription of crb (Aigner et al., 2007; Whiteman et al., 2008). In contrast, aPKC
has also been shown to be able to promote Snail degradation by phosphorylating Snail (Jung

et al., 2019), which may suggest an inverse role in which polarity complexes can regulate EMT-
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TF activity. These examples show the antagonistic interactions between polarity proteins and
EMT-TFs, illustrating the different mechanisms that controls whether cells maintain an

epithelial state or transition to a mesenchymal state.

EMT-TFs are also associated with activation of genes involved in ECM remodelling and
migration, such as matrix metalloproteinases (MMPs) (Scott et al., 2019). All classic EMT-TFs
have been associated with upregulation of MMP family members; studies in cancer cell lines
have shown that repression of these MMPs leads to an attenuated invasion phenotype (Bae
et al., 2013; Jorda et al., 2005; Joseph et al., 2009; Khales et al., 2020; Miyoshi et al., 2004;
Yalim-Camoci et al., 2019). MMPs have a range of functions in both disease and development;
MMPs facilitate delamination of epithelial cells through degradation of the cell-matrix or cell-
cell junctions. MMPs can also stimulate EMT via the degradation of ECM proteins into
fragments with active roles in signalling, the cleavage of cell-surface receptors and the
processing of growth factors (Page-McCaw et al., 2007; Radisky and Radisky, 2010). However,
it should be noted these pro-EMT activities of MMPs are often context specific (Radisky and
Radisky, 2010) and reflect an intersection between the effects of MMP activity and ECM

composition on EMP.

In summary, EMT is a multifaceted process involving loss of junctions, loss of apical-basal
polarity and increased motility. As such, it is widely agreed upon that EMP should be
characterised by changes in gene expression of numerous molecular markers together with

descriptions of changes in cellular phenotypes (Yang et al., 2020).
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1.3 EMP in Cancers

EMP is considered a critical characteristic of cancer cells that mediates metastasis (Yang et
al., 2020). Metastatic cancers are responsible for the majority of cancer deaths (Chaffer and
Weinberg, 2011) and thus represents an area of critical research. EMT is associated with the
early stages of cancer progression, facilitating escape from the primary tumour and
intravasation. Expression of EMT-TFs is also associated with the acquisition of stemness, the
ability to seed tumours (Dongre and Weinberg, 2019). Intermediate cell states that manifest
in collective migration appear to facilitate survival during circulation (Saxena et al., 2020).
Finally, colonisation at a secondary site appears to be enabled by MET. Understanding how
EMP contributes to cancer progression may help identify drug targets to develop therapeutics

that prevent cancer metastasis (Yang et al., 2019).

There is extensive literature examining the role of EMT in cancers. The increase in motility
and the ability to degrade the extracellular matrix acquired during EMT promote cell
dissemination from primary tumours (Derynck and Weinberg, 2019). Consistent with this,
experimental models show that expression of EMT-TFs, such as Sna and Twi, can drive
metastasis (Tran et al., 2014; Tsai et al., 2012). Furthermore, metastatic primary tumour cells
undergoing EMT in a physiological disease state have been described (Beerling et al., 2016),

providing evidence of EMT during metastasis in vivo.

Cancer cell EMT is also often associated with the gain of stemness. These cancer cells display
stem-cell like properties, such increased proliferation, and acquire the ability to seed
tumours; these are dubbed cancer stem cells (CSC). It is possible that EMT is accompanied by
stem-cell like behaviours which promote self-renewal and therefore, the progression of
tumour formation (Martin-Belmonte and Perez-Moreno, 2012; Shibue and Weinberg, 2017).
This stemness may facilitate survival and underlie the capacity for the cells to adapt to

secondary sites.

While the role for EMT during the initiation of metastasis has been made clear, the role of

MET during the subsequent stage of metastasis is not fully clarified. Several lines of evidence

demonstrate that MET is required to mediate subsequent metastatic colonisation (Williams
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et al., 2019). In contrast to mesenchymal disseminated tumour cells (Beerling et al., 2016),
distant secondary tumours are often epithelial, suggesting that these cells undergo MET
(Beerling et al., 2016; Williams et al., 2019). Additionally, multiple models have shown that
there is a requirement for MET during secondary tumour formation and proliferation.
Crucially, decreased tumour formation is observed in experimental models in which cells are
prevented from undergoing MET (Ocafia et al., 2012; Tsai et al., 2012). Thus, EMP and the
plasticity to go between epithelial and mesenchymal states appears to be a critical aspect of

metastatic potential.

How this cancer cell MET is regulated is still an active field of research (Shibue and Weinberg,
2017). Unlike EMT, there does not appear to be any conserved transcription factor that drives
the process. Rather, MET occurs when EMT-TFs are downregulated. Some evidence suggests

that specific environmental cues promote cancer MET.

In mice models with breast tumours that form metastases in the lung, the secretion of
Versican, an ECM chondroitin sulfate proteoglycan, by a subpopulation of myeloid cells from
the bone marrow, was shown to promote tumour formation and MET (Gao et al., 2012).
These myeloid cells were found to specifically migrate to the lungs prior to metastasis;
myeloid cells did not appear to migrate to primary tumours in the breast. Knockdown of
Versican in these myeloid cells attenuated tumour growth. The tumours that did form in the
absence of Versican expressed high levels of vimentin and low levels of Ecad, indicative of
failure to undergo MET. Furthermore, human breast cancer cell lines grown in media
conditioned by Versican-secreting myeloid cells isolated from the mice showed increased
proliferation and acquired epithelial phenotypes, demonstrating that Versican can MET via
paracrine signalling. Versican appeared to drive MET by disrupting the TGFB/Smad2 pathway
and Sna expression, both of which contribute to EMT. Intriguingly, expression of Versican
does not appear to be a cue mediating migration of the tumour cells to the lungs. Upon
injection of breast cancer cells in the tail vein of severe combined immunodeficiency (SCID)
mice without tumours, breast cancer cells engineered to express Versican showed greater
load of metastases compared to control. Importantly, these metastases still formed in the

lungs, suggesting that increased Versican expression in the pre-metastatic lungs is not a
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prerequisite for preferential lung metastasis. This demonstrates Versican does not determine

the site of metastasis but rather the potential for metastatic progression (Gao et al., 2012).

A similar example demonstrating the role of the environmental cues was observed in mice
studies of bone metastasis (Esposito et al., 2019). Cancer cell MET during the formation of
bone metastases was shown to be mediated by the receptor E-selectin, which is expressed in
the bone vascular niche. In the context of the bone metastasis model, E-selectin was shown
to bind to Glgl with a terminal sialyl Lewis X or A (sLeX/A) tetrasaccharides, with formation
of sLeX/A requiring al-3 fucosyltransferases (Fut) 3 and 6. Although E-selectin was not
essential for metastasis formation, it appeared to promote bone metastasis growth by
inducing an MET. Upon injection of bone-tropic breast cancer cell lines SUM159-M1a or the
BM2 subline of MDA-MB-231 into WT or E-selectin knockout non-obese diabetic (NOD)/SCID
background mice, the absence of E-selectin attenuated bone metastasis growth, but not
primary tumour growth. Additionally, injecting SUM159-M1a engineered to express Fut3 and
Fut6 respectively into the mammary fat pad of NOD/SCID mice showed that Fut3 and Fut6
expression promoted bone metastasis, but not primary tumour growth, further
demonstrating that E-selectin binding plays a role specifically during metastasis. In-vitro
experiments with both BM2 and M1a lines demonstrated that E-selectin coated plates were
sufficient to induce a shift toward epithelial phenotypes and significant changes in gene

expression, indicative of a MET (Esposito et al., 2019).

These studies suggest that environmental cues drive MET. However, it should be noted that
in both of these examples, the key experiments demonstrating that these cues actually drive
MET, rather than just contribute to it, were conducted in vitro. Thus, how these external cues
influence cancer cell MET in vivo is still not well understood. Studying cells undergoing MET
appears to be a major challenge, due to challenges of detecting these cells. Cells that undergo
EMT and MET make up a small subset of cells (Beerling et al., 2016). Furthermore, studying
the actual process of MET during tumour formation is made difficult due to the challenges of

predicting sites of colonisation and the subsequent imaging of these processes.
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1.4 Understanding of MET from development.

As described above, two common traits observed in cancer MET appears to be that it requires
downregulation of EMT-TFs and the presence of external cues from its environment. Evidence
from developmental models appears to suggest that MET does not lead to a reversal of
phenotypes to the initial epithelial state (reviewed in Plygawko et al, 2020). Instead, MET
appears to drive cells towards an epithelial state distinct from the initial state. It is therefore
possible that it is the combination of internal signals mediating MET and external signals from
a neighbouring tissue that permits the acquisition of a distinct epithelial phenotype (Plygawko
et al.,, 2020). However, despite the fact that MET occurs in a range of developmental
processes, studies examining the molecular mechanisms underlying MET are somewhat
limited (Plygawko et al., 2020). Here, | describe two developmental processes in which MET
plays a central role: nephrogenesis and somitogenesis. In both example, cells undergo EMT,
collective migration and MET in sequence. Considering the different contexts in which MET

occurs, may help identify general conserved mechanisms governing MET.

Nephrogenesis

MET is central to the formation of nephrons, which is triggered by interactions between the
nephron progenitor cells, derived from the metanephric mesenchyme, and the ureteric bud,
an epithelial structure that starts to branch off the Wolffian duct. Signalling from the ureteric
bud recruits a mass of cells from the metanephric mesenchyme, forming a structure called
the cap mesenchyme around the ureteric bud. The cap mesenchyme has a sub-population of
mesenchymal progenitor stem cells that proliferate, which gives rise to a transient population
of cells called the nephron progenitor cells. These nephron progenitor cells condense at the
base of the ureteric bud to form a pretubular aggregate (Yang et al., 2013), which undergoes
MET to form the renal vesicle, comma shaped body and S-shaped body in sequence,
eventually forming a continuous lumen. This forms the collecting duct of the kidney.
Nephrogenesis is followed by glomerulogenesis, which leads to the formation of a functional

kidney (Chambers and Wingert, 2020; Kuure et al., 2000).

External signals from the ureteric bud mediated by Wnt9b permits the nephron progenitor

cells to undergo MET. Loss of Wnt9b does not disrupt early ureteric bud formation or the
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metanephric mesenchyme, it does disrupt branching growth of the nephron, indicative of a
specific failure to induce the epithelisation required for renal vesicle formation. Wnt9b
appears to mediate MET by inducing the metanephric mesenchyme to express Wnt4 (Carroll
et al., 2005), an autoinducer of MET (Stark et al., 1994). Experimentally induced Wnt4 was
sufficient to drive MET in the absence of Wnt9b, positioning Wnt4 as a downstream effector
of Wnt9b signalling. Additionally, it suggests that Wnt4 expression in the metanephric
mesenchyme initiates signalling cascades required for the formation of the renal vesicle

(Carroll et al., 2005).

Six2, a homeodomain transcription factor involved downstream of Wnt9b signalling
(Kobayashi et al., 2008), shows some similarities with the core EMT-TFs and plays a central
role in regulating nephron formation. During normal development, Six2 is expressed in the
metanephric mesenchyme and is lost during epithelialisation. Six2-null mice showed ectopic
and premature formation of renal vesicles, as well as an expansion in the region of Wnt4
expression (Self et al., 2006). This suggests that Six2 functions to maintains mesenchymal
phenotypes via the repression of Wn4. Six2 also appears to functions to promote stemness;
Six2-positive cells in the cap mesenchyme can differentiate into all cell types present of the
nephron (Kobayashi et al., 2008). Further evidence of this link between Six2 and stemness can
be observed in mice models of breast cancer (Wang et al., 2014); Six2 was shown to drive
repression of Ecad via methylation of the Ecad promoter site and upregulation of Zeb2.
Together, this shows that Six2 is required to maintain a mesenchymal phenotype and to

maintain stemness, both of which are common features of EMT-TFs.

The core EMT-TF Sna is also downregulated during kidney formation. The mesoderm
expresses Sna early during development and this is maintained in the metanephric
mesenchyme. However, during epithelialisation of the metanephric mesenchyme, Sna is
downregulated. This downregulation is accompanied by the upregulation of cadherin-16, a
kidney specific cadherin, and is likely to play a role in promoting lateral cell adhesion during
epithelialisation. Additionally, activation of Sna in adult transgenic mice kidneys was shown
to repress cadherin-16 and drive EMT, suggesting a role for Sna in EMP throughout kidney

development and disease (Boutet et al., 2006).
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Following the downregulation of Six2 and Sna, the mesenchymal nephron progenitor cells
undergo MET to form the renal vesicles. Formation of the renal vesicle from the pretubular
aggregate requires de novo lumen formation; the apical domains have to be defined within
the mesenchymal mass prior to epithelialisation. This process appears to involve the Par
complexes; Par3 enriched membrane domains were found in precursors of the renal vesicle
and were localised apically in mature renal vesicles (Yang et al., 2013). The regulation of Par
complex formation required afadin, which was shown to also play a role in recruit R-cadherin
and actin at the apical junction (Yang et al., 2013). Together, this demonstrates the role for
afadin to define and establish the apical domains during MET to form the renal vesicle. This
implicates nectins and tight junction formation as processes that play central roles in nephron

MET.

In summary, nephron formation demonstrates several conserved characteristics of an MET.
Nephron formation requires environmental cues, mediated by external Wnt9b from the
ureteric bud to drive a signalling cascade that drives MET. As part of this cascade, Sna and
Six2 appear to act as EMT-TFs, both of which are downregulated during MET of the
metanephric mesenchyme. Downregulation of Sna also appears to be required for the
expression of a kidney-specific cadherin, contributing to MET. While it is unclear whether
these external cues specifically help orient apicobasal polarity of the renal vesicles, afadin has

been shown to organise the apical domain required for de novo lumen formation.

Somitogenesis

MET plays a central role in the formation of somites, a transient circular structure with an
outer layer of epithelial cells that surround a central population of mesenchymal cells.
Somitogenesis is a process conserved in all vertebrates, in which the two strips of paraxial
mesoderm on either side of the extending neural tube undergo MET in a controlled manner.
Somites form in pairs flanking the neural tube, in a sequential manner, starting from the
anterior to the posterior. In each developing somite, the posterior membrane neighbouring
the presomitic mesoderm forms last, forming distinct segments separated by an intersomitic
gap (Baker et al., 2006). The patterning and segmentation of the somite is determined by a
clockwork-wavefront mechanism (Baker et al., 2006; Niwa et al., 2011). These somites go on

to form the precursors of axial bones and skeletal muscles (Takahashi et al., 2005).
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Downregulation of Sna is required for somite MET and epithelialisation. Sna is precisely
controlled during somitogenesis by FGF and Wnt signalling pathways, leading to oscillating
expression of Sna within the mesenchymal presomitic mesoderm (Dale et al., 2006). Regions
in which FGF and Wnt are simultaneously downregulated results in the loss of Sna expression.
This allows for MET to occur, leading to epithelialisation of the presomitic mesoderm and
subsequent segmentation. Additionally, ectopic overexpression of Sna inhibits MET and
blocks segmentation (Dale et al., 2006), demonstrating that this downregulation of Sna is

required for MET.

The surface ectoderm appears to play the role of an external cue during somitogenesis MET.
In the absence of any ectoderm, the presomitic mesoderm does not undergo MET (Correia
and Conlon, 2000). It was found that surface ectoderm cells that overlap the developing
somites secrete Wnt6, which drives expression of the bHLH transcription factor Paraxis in the
presomitic mesoderm (Linker et al., 2005; Schmidt et al., 2004). Paraxis appears to drive the
expression of many genes required during somite MET, including those that play roles in
cytoskeleton remodelling, ECM remodelling, cell-cell adhesion, and cell-matrix adhesion. It
should be noted that Paraxis also regulated transcription factors known to play roles in
patterning and cell fate decisions, highlighting that Paraxis is also involved in regulating more
than just MET alone (Barnes et al., 1996; Leimeister et al., 2000; Rowton et al., 2013). Aside
from its role to drive Paraxis, Wnt6 is also likely to provide basal cue that helps orient the

polarity of the somite undergoing MET (Takahashi et al., 2005).

Put together, somitogenesis shows characteristics conserved in other METs. As in other
examples, downregulation of EMT-TF Sna is required for somite MET. Furthermore, the
overlying ectoderm provides an external cue, driving transcriptional changes via Paraxis and
providing a basal cue to help orient somites. This cue provided by the ectoderm appears to

be another example of how the external environment can drive MET.
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1.5 Leveraging the Drosophila embryonic midgut to study MET.

As discussed, studies that explore the mechanisms underlying MET are far fewer than those
examining mechanisms underlying EMT. It appears that characterising cells during MET using
in vivo cancer models continues to be a challenge. In this regard, the Drosophila embryonic
midgut provides an excellent developmental system that is amenable to both genetic
transformation and imaging techniques to study MET. The Drosophila embryonic midgut
undergoes EMT, collective migration and MET in quick succession as part of embryogenesis
(Figure 2). This forgoes the need for any experimental intervention to study the mechanisms

underlying physiological EMP.

Drosophila is a well-established developmental model organism. The mechanisms underlying
the establishment of polarity and formation of cellular junctions have been studied
extensively in Drosophila, providing a foundation to explore how MET re-establishes polarity
and forms junctions. Furthermore, the mechanisms underlying polarity in Drosophila are
simpler than that of vertebrate systems (Buckley and St Johnston, 2022), which may make for
better model to identify genes that disrupt polarity, and thus a better model to understand

the mechanisms underlying MET.

Previous work from the Campbell lab has already established the principal midgut epithelial
cells from the posterior midgut (PMG) primordium as a model system to study for EMT and
collective migration. In stage 10 embryos, the three distinct endoderm populations form: the
principle midgut epithelial cells (PMECs), interstitial cell precursors (ICPs) and adult midgut
precursors (AMPs) (Tepass and Hartenstein, 1995, 1994b). AMPs and ICPs make up a
subpopulation of endoderm cells that remain mesenchymal throughout embryogenesis. The
rest of the cells make up the PMECs, and while all of the midgut cells undergo EMT and
migrate together in an organised coordinated fashion, only the PMECs undergo MET and re-

epithelise.
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Figure 2. Drosophila Embryonic midgut as a model to study EMP.

The midgut undergoes EMT, collective migration and MET. In stage 9 embryos, the PMECs are
epithelial (coloured yellow). As the midgut undergoes EMT, it becomes more mesenchymal (green)
and starts to migrate towards the posterior. At stage 11, upon reaching the posterior end of the
embryo, the posterior midgut (PMG) primordium migrates ventrally and back towards the anterior
and forms a bilobed forked structure that fuse with the similarly shaped anterior midgut primordium
(AMG). Upon fusion, the midgut extends laterally to close around the yolk and forms a tube. At stage

14, the PMECs regains its epithelial state (yellow). ICPs are in pink, and AMPs are in purple.
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EMT of the PMG is driven by a single EMT-TF, Srp (Reuter, 1994; Campbell et al., 2011). In
contrast, the anterior midgut (AMG) cells also express Sna, making it more complicated to
elucidate molecular and cellular targets downstream of each of the EMT-TFs (Reuter and
Leptin, 1994). The fact that all processes downstream of PMG EMT and migration is controlled
by Srp alone makes the PMG a simpler and thus more tractable model to study the

downstream processes that occur during both EMT and MET.

A recent study from the Campbell Lab (Pitsidianaki et al., 2021) showed that while
downregulation of an EMT-TF is required, it is not sufficient for MET to take place in the
midgut in the Drosophila embryo; midgut-MET requires additional external cues, mediated
by the ECM and the underlying visceral muscle. This is in line with the previously discussed
evidence in cancer and developmental systems suggesting that MET can be driven by external
cues. Thus, the embryonic midgut also provides an opportunity to examine how external cues
promote MET. In combination with single cell sequencing data capturing the transcriptional
changes throughout midgut development, the model can be used study midgut EMP and to
examine how these precisely timed and coordinated changes in cell phenotype are regulated
throughout midgut development with respect to both cell-intrinsic gene expression and

external cues.
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1.6 Collective migration and MET in the Drosophila embryonic midgut.

Here | review the known mechanisms underlying cell migration and MET in the Drosophila
embryonic midgut. A key cell-intrinsic factor mediating migration and MET is the regulation
of EMT-TF Srp. With respect to external cues, two mechanisms by which visceral muscle
provides an external cue for midgut morphogenesis have been explored to-date. One is
mediated by the secretion of laminins (Pitsidianaki et al., 2021). The other is mediated by
Netrin, a secreted chemokine (Pert et al., 2015). Given the close link between the midgut
migration and MET, understanding the underlying mechanisms of both processes will be

required to investigate how the mesenchymal cells organise to form the epithelia.

Srp — Primary EMT-TF of the embryonic PMG:

At stage 9, prior to EMT, the cells in the PMG are columnar and have apical adherens junction
(Tepass and Hartenstein, 1994a). As a key component of adherens junctions, Ecad is tightly
apically localised at this stage. Crb, Stardust (Sdt), Stranded-at-second (Sas), and Par complex
proteins aPKC and Baz are also apically localised (Campbell et al., 2011). In wildtype embryos,
EMT is initiated at stage 10, upon which cells of the PMG start to round up and form a
mesenchymal mass (Campbell et al., 2011). By stage 11, adherens junctions are disassembled,

and Ecad and the Par complex proteins are no longer apical localised.

The expression of GATA-factor Srp, the Drosophila ortholog of human GATAs 4 and 6, is critical
for EMT (Campbell et al., 2011). In srp mutants, the PMG maintains apical Ecad at stage 10
and is unable to undergo EMT, demonstrating that Srp acts as the upstream EMT-TF
responsible for the changes in junctional organisation that occurs. Analysis of Srp binding sites
demonstrated that Srp mediated transcriptional repression of crb, std and SAS, but not baz
or aPKC. This is in line with the complete loss of Crb, Std and SAS protein expression in midgut
cells in stage 11 embryos. In contrast, although Ecad and the Par complex proteins are no

longer apically localised, their expression is maintained throughout stage 11 and onwards.

Unlike typical core EMT-TFs such as Sna, Srp in the midgut does not repress Ecad. Instead, Srp

was shown to drive loss of junctional Ecad via transcriptional repression of crb. While apical

Ecad is maintained in srp mutants, Ecad is delocalised from the apical domain in double
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mutants of srp and crb. This demonstrates that loss of Crb disrupts junctional Ecad.
Furthermore, in contrast to the complete failure of EMT in srp mutants, double mutants of
srp and crb appeared to undergo EMT, demonstrating that disruption of junctional Ecad
mediated by Srp induced repression of crb is a crucial aspect of PMG EMT (Campbell et al.,
2011). This agrees with the known function of Crb to aid in the formation and maintenance
of adherens junctions (Tepass, 1996). Put together, Srp functions as an EMT-TF, driving loss

of apical polarity and loss of junctional Ecad that occurs during PMG EMT.

Although junctional Ecad is lost at stage 10, expression of Ecad, Baz and aPKC expression is
maintained throughout EMT and migration. It was suggested that these act in conjunction to
form sAls to mediate adhesion during migration (Campbell et al., 2011). However, very few
sAls were found in migrating cells by EM analysis. Instead, Ecad was shown to localise to
short-lived punctate spots on the membrane that appeared to mediate adhesion. In the
absence of Ecad, large gaps between the migrating cells were observed, suggesting that Ecad
functions to maintain membrane adhesion between midgut cells without forming any

junctions visible by electron microscopy (Campbell and Casanova, 2015).

Downregulation of Srp occurs at stage 11. Following this, midgut cells of stage 12 embryos
undergoing MET regain epithelial organisation and apical localisation of Ecad and Baz
(Pitsidianaki et al., 2021). This process is analogous to examples of MET discussed above,
where downregulation of an EMT-TF is required for MET to occur. Moreover, sustaining Srp
expression in the PMG disrupted MET, further demonstrating that downregulation of Srp is
essential for PMG MET (Campbell et al., 2011). However, it has also been demonstrated that
this downregulation of Srp is not sufficient to drive MET; in the embryos lacking mesodermal
cells, Srp is downregulated in midgut cells as in wildtype, but MET does not occur and the cells

remain in a mesenchymal state through embryogenesis (Pitsidianaki et al., 2021).
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Interaction with the muscle

Observations in various mutants which affect mesoderm development indicate that contact
between the midgut and muscle is essential for both midgut migration and MET. Observations
in strong twi allele mutant twi*?’¢ and sna and twi, sna double mutants that lack mesoderm
entirely, both the AMG and PMG do not migrate; while both the AMG and PMG are
internalised, they remain as large mesenchymal clusters at opposing ends of the embryo,

indicative of a failure to migrate or differentiate (Reuter et al., 1993).

Given that the midgut is in direct contact with the visceral muscle after stage 10 throughout
migration and MET (Reuter et al., 1993; Wolfstetter et al., 2009), it was proposed that the
visceral muscle plays a specific role to provide a basal substrate for the midgut cells to migrate
along (Reuter et al., 1993). In mutants deficient for tin that lacked the visceral muscle, the
AMG and PMG did not form bilobate structures and demonstrated a significant delay in
migration such that the guts did not fuse at stage 13, suggesting a role for the visceral muscle

in mediating migration (Reuter et al., 1993).

In addition to its role in migration, the visceral muscle has been proposed to play a role in
driving MET. In tinmanf (tin) mutant embryos, it was reported that a few small remnant

clusters of visceral muscle remained. In these tinf°

mutants, only small islands of midgut
cells that came into contact with the mesodermal cells formed an epithelial layer (Tepass and
Hartenstein, 1994b), suggesting a specific role for the visceral mesoderm for MET. Put
together, these observations suggest that the visceral muscle provides the external cue that

contributes to migration and MET.

The visceral muscle of the hindgut also appears to be capable of supporting midgut MET. In
torso*?? (tor) mutant embryos, the midgut visceral muscle is completely absent and the
posterior midgut fails to invaginate and shows significant morphological defects (Tepass and
Hartenstein, 1994b). However, in these mutants, a small proportion of midgut cells are able
to interact with the hindgut visceral muscle and those that do form epithelial layers. The
hindgut visceral muscle is thought to be distinct from that of the midgut visceral muscle — for
example the midgut visceral mesoderm uniquely expresses Fasciclin Il (Tepass and

Hartenstein, 1994b). Despite this difference, contact between the hindgut mesoderm and
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midgut cells was able to drive MET. This may be interpreted to suggest that the midgut does
not specifically require contact with the midgut visceral muscle, and that the cues which drive

MET are present in all types of visceral muscle (Tepass and Hartenstein, 1994b).

Integrins and Laminins mediate interactions with the visceral muscle for migration.

Integrins and laminins are major players that facilitate cell-matrix contacts between tissues
and an underlying ECM in other systems (Yu et al., 2005) and in different tissues in Drosophila
(Urbano et al., 2011, 2009). Several papers documenting the various phenotypes in mutants

for integrins and laminins have revealed their roles in midgut migration and MET.

Four integrin subunits expressed in the midgut are known to play key roles during midgut
morphogenesis: aPS1, aPS3, BPS and Bv (Devenport and Brown, 2004; Martin-Bermudo et
al., 1999). These integrin subunits form dimers of one a and  subunit each to form functional
receptors. Meanwhile, Laminins in Drosophila are encoded by four genes; Laminin subunits
a1,2, a5, B and y are encoded by the genes wingblister (wb), Laminin A (LanA), Laminin B1
(LanB1) and Laminin B2 respectively. Laminins form trimers made up of one a-, B-, y-subunit
each (Fessler et al., 1987). Thus, Drosophila only has 2 different heterotrimers; Heterotrimer
LamininW consists of the a1, B, y subunits while Heterotrimer LamininA consists of the ass,

B, v subunits (Fessler et al., 1987; Martin et al., 1999).

In embryos mutant for the two integrin B subunits, there is a complete absence of integrin
heterodimers. In these mutants that lack functional integrin receptors, a failure to initiate
migration was observed. Importantly, this failure to migrate was observed despite the
presence of an intact visceral mesoderm at stage 12 (Devenport and Brown, 2004). In these
embryos, the AMG and PMG primordium remained clustered and did not fuse. Similarly, in
embryos mutant for LanB1, in which neither Laminin heterotrimers are able to assemble
(Urbano et al., 2009), midgut migration was slower, demonstrated less directional
persistence, and was less coordinated. (Pitsidianaki et al., 2021). Together, this suggests that

both integrins and laminins are required for midgut migration.

Of the two B integrin subunits, BPS was shown to play a more important role in the migration.

In the absence of BPS, midgut migration was delayed but the AMG and PMG primordium
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fused at a later stage. In contrast, the absence of Bv alone did not appear to cause any
phenotype (Devenport and Brown, 2004), suggesting that the BPS alone is able to drive
normal migration. As BPS mutants resulted in defects in muscle organisation, the role of BPS
integrin independent of muscle organisation was examined. Upon driving BPS under a
mesoderm-specific driver, aberrant muscle phenotypes were rescued but did not rescue the
strong delays in midgut migration or the presence of cell projections (Martin-Bermudo and
Brown, 1999). This demonstrated the requirement of BPS in the midgut for migration. This
functional difference between the two B subunits is likely due to the fact that the Bv subunit
lacks the cytoplasmic tail found in the BPS subunit that mediates its interaction with Talin,
highlighting a key functional difference (Brown et al., 2002; Devenport and Brown, 2004). In
line with this, migration in talin mutants were comparable to migration in the absence of 3PS,
suggesting that the role of BPS in migration is dependent on its interaction with Talin

(Devenport and Brown, 2004).

Analysis of integrin a subunits involved in migration revealed distinct roles for aPS1 and aPS3.
aPS1 mutants demonstrated a mild delay in midgut migration, while aPS3 had no phenotype.
This delay observed was exacerbated in double mutants of aPS1 and aPS3, suggesting that
there is interplay between aPS1 and aPS3 in mediating migration. Furthermore, this delay
observed in double mutants was comparable to the loss of BPS, suggesting that aPS1 and
aPS3 functions together with BPS to mediate midgut migration. Together, this demonstrates
that while both aPS1 and aPS3 play roles in migration, aPS1 is comparatively more important.
A key distinction between aPS1 and aPS3 was their ability to stimulate expression of integrin
target genes such as teashirt. This functional difference was suggested to underly the ability
of aPS1 to compensate for the absence of aPS3 (Martin-Bermudo et al., 1999). However, a
subsequent paper looking at aPS1 and aPS3 localisation indicates that aPS1 is largely basally
localised while aPS3 is largely apically localised (Pitsidianaki et al., 2021). This may suggest
that this difference in function maybe due to differences in localisation. It would make sense
that migration is mediated primarily proteins localised to the basal domain given that with

the visceral muscle provides a basal substate upon which the midgut migrates.

Examining localisation of Laminins in wildtype embryos showed that both LanA and Wb were

found along the basal membrane of the midgut. Examining localisation of Laminins in mutants
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lacking mesodermal derivatives showed that a complete loss of Wb while LanA remained
present, indicating that Wb is predominantly expressed in the muscle and that the midgut
secretes LanA. Furthermore, it was shown that secretion of LanA by the midgut was disrupted
in wb mutants, leading to punctae of LanA within the midgut (Pitsidianaki et al., 2021). Put
together, this suggested that secretion of Wb by the muscle is required for the secretion of
LanA by the midgut. Blocking laminin secretion in either the midgut or visceral muscle using
a Sarl dominant negative construct showed similar defects in migration, suggesting that both
Wb from the visceral muscle and LanA from the midgut are required for migration
(Pitsidianaki et al., 2021). In agreement with this, both wb mutants and LanA mutants have
similar migration defects to LanB1 mutants, suggesting that both Laminin W and Laminin A
trimers are required for migration (Pitsidianaki et al., 2021). Given these results, it appears
that instead of being entirely dependent on the visceral muscle to lay down a basal substrate

for migration, the midgut plays an active role in mediating migration by secreting LanA.

Integrins and Laminins mediate interactions with the visceral muscle for MET.

As for migration, both integrins and laminin are vital for MET. In the absence of integrin
heterodimers, the midgut PMECs failed to polarise, indicative of a disruption of MET
(Devenport and Brown, 2004; Martin-Bermudo et al., 1999). Similarly, in the absence of both
Laminin heterotrimers, midgut cells fail to undergo MET; apical localisation of Ecad and Baz

are lost, and the basal localisation of BPS integrin is lost.

BPS appears to be critical for interactions between the basal surface of the midgut and the
visceral muscle. In BPS mutants, gaps form between the visceral muscle and PMECs,
demonstrating a role for BPS in mediating adhesion. In these mutant, basal localisation of
talin is also completely lost (Devenport and Brown, 2004) and as such, suggests that BPS-
mediated adhesion drives Talin localisation. It is likely that aPS1BPS heterodimers mediate
this process, as aPS1 was shown to localise to the basal domain. This is in line with
observations in embryos lacking aPS1; in the absence of aPS1 the midgut was unable to
polarise and did not form a monolayer. This phenotype resembled Wb mutants, in which the
PMECs are unable to repolarise or form a monolayer. Together, this suggested that aPS1BPS
heterodimers binding to LamininW trimers secreted by the visceral muscle is required for

polarisation. Furthermore, the polarisation defect observed in wb mutants was also
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comparable to expression of Sarl dominant negative in the mesoderm, emphasizing the role

of the mesoderm in forming the LamininW trimer and driving polarisation.

In contrast to the polarisation defects observed in wb mutants, LanA mutants have a milder
phenotype; in the absence of LamininA, the midgut forms a monolayer with a disordered
apical domain, such that BPS is basally localised but apical localisation of both Baz and Ecad
are disrupted (Pitsidianaki et al., 2021). A similar phenotype is observed in the absence of
aPS3. In both of these mutants, the midgut can still form a columnar epithelium, suggesting
that LanA and aPS3 have a role in organising apical polarity. Together, this suggests that aPS3
mediates binding to LamininA trimers. Previous observations have suggested that Bv forms a
heterodimer with aPS3 (Devenport and Brown, 2004), perhaps suggesting that the
interaction between LanA and aPS3Bv heterodimer is responsible for organising the apical
domain. Crucially, LanA accumulates in the midgut cells when Wb is absent. This places the
polarised secretion of LanA by the midgut cells downstream of Wb-driven polarisation of the
PMECs. Thus, this secretion of LanA, which appears to drive apical localisation of aPS3, has
been proposed to further reinforce apicobasal polarity after the initial cue provided by LanW

(Pitsidianaki et al., 2021).

Frazzled and Netrins play roles in migration and MET.

Another mechanism by which the visceral muscle drives MET involves chemotrophic
signalling mediated by the secreted ligands Netrin and its receptor Frazzled (Fra) (Pert et al.,
2015). In Drosophila, there are two Netrin genes, encoded by NetA and NetB respectively,
and both netrins are expressed in the visceral muscle. Meanwhile, Fra is expressed in the
midgut PMECs. In wild type, Fra is strictly localised to the basal membrane in the midgut while
netrins are found in internal puncta within the basal domain of the PMECs, indicative of
endocytosis. Fra mutants led to loss of internal netrin puncta, suggesting that Fra mediates
this endocytosis. In agreement with this, inhibiting endocytosis via expression of a Rab5
dominant negative in the midgut also resulted in the loss of internal netrin puncta (Pert et al.,

2015). Thus, it is clear that netrins from the visceral muscle is internalised by PMECs.

This signalling mediated by Netrins and Fra appears to play a role in midgut migration; in the

absence of both netrins, midgut migration is delayed. This delay observed in netAB double

35



mutants could be rescued by expression of either netrins, suggesting that both NetA and NetB
are sufficient to support normal midgut migration. On the other hand, Fra mutants exhibit a
greater delay compared to netAB double mutants, suggesting an additional role for Fra in

migration.

Netrins and Fra were also shown to play a role in MET. In netAB double mutants, PMECs were
rounded and failed to form a single-layered epithelium. Apical localisation of Ecad was also
partially affected, with a greater proportion being localised to the lateral membrane. Mutants
for Fra demonstrated a similar but milder phenotype, perhaps indicative of a role for Netrins
independent to its role as a ligand for Fra during MET or perhaps in muscle development.
Compared to wildtype, both netAB double mutants and fra mutants demonstrated stricter
localisation of BPS to the basal side of the midgut. A exaggerated version of this strict basal
BPS phenotype was observed upon blocking endocytosis via expression of a Rab5 dominant

negative, suggesting that Fra and netrins play a role in BPS endocytosis (Pert et al., 2015).

This link between Fra-Netrin signalling and BPS endocytosis may partially explain various
phenotypes observed upon disrupting Fra-Netrin signalling. For example, attenuating integrin
endocytosis has previously been shown to cause delayed cell migration in vitro (De Franceschi
et al., 2016) and thus, delayed migration observed upon disturbing Fra-Netrin signalling could
partially be a result of blocking integrin endocytosis. Additionally, the overall tissue
morphology of migrating midgut cells in fra mutants resembles that of PS mutants (Martin-
Bermudo and Brown, 1999; Pert et al.,, 2015). In both mutants, the midgut migrated as
rounded cluster, as opposed to a wedge-shaped mass observed in wildtype. Furthermore, the
fine cell protrusions in the front-most cell found in wildtype were also lost in both mutants.
However, it was noted that delays in midgut migration in double mutants of Fra and 8PS were
greater compared to single mutants of either gene, suggesting that Fra has an effect on

migration independent of integrin endocytosis (Pert et al., 2015).

This additional role of Fra independent of integrin endocytosis may be related to
Cheerio/Filamin localisation. Cheerio (Cher) crosslinks actin filaments, anchors actin filaments
to the plasma membrane and can act as a mechanosensor (Razinia et al., 2012). Basal

localisation of Cher is maintained in the absence of both B integrin subunits (Devenport and
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Brown, 2004), but this localisation is partially lost in double mutants of Fra and 8PS (Pert et
al.,, 2015), suggesting that Fra helps localises Cher in an integrin-independent manner.
However, Fra does not appear to be the only cue driving basal localisation of Cher; basal Cher
is only partially reduced in fra mutants (Pert et al., 2015), which may point to other

mechanisms that also contribute to Cher localisation.

In summary, BPS appears to play a central role in the basal membrane of the midgut,
mediating both adhesion and polarisation via interactions with basal laminin W. Furthermore,
BPS also drives basal localisation of Talin, which functions as the major integrin activator and
likely other downstream functions of BPS-mediated integrin signalling (Klapholz and Brown,
2017). For example, the establishment of the basal aPS1BPS heterodimer appears to be a
prerequisite for organisation of the apical domain, likely mediated by apical aPS3Bv. Defects
in MET observed upon disrupting Fra and Netrin signalling may be partially a result of its effect
on integrin endocytosis, further establishing BPS as a central player in MET. One key aspect
of shown to be independent of integrin is the basal localisation of Cher, which may partially
be regulated by Fra and Netrin signalling. While the extent to which Cher contributes to
midgut MET is not known, basal Cher in the absence of BPS has been shown to be insufficient
to mediate MET (Devenport and Brown, 2004). Regardless, it is clear that contact with the
visceral muscle plays a key role to provide a basal cue to help orient polarity. In this regard,
this system appears to be analogous to the other developmental contexts discussed where
the external cue appears initiate MET, e.g Wnt9b from the ureteric bud in Nephrogenesis and

Wnt6 from overlying ectoderm in somitogenesis.
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1.7 Objectives

The goals of my project were as follows:
1) Chart midgut MET at the cellular and molecular level.
2) Identify mesoderm-dependent molecular mechanisms and signals that drive MET in
midgut cells.
3) Use single-cell RNA sequencing (scRNAseq) data to identify transcriptional changes

associated with MET and the underlying mechanisms.

Given the difficulties of studying MET in vivo, descriptions of changes in cell phenotypes that
occur during MET are somewhat limited. To this end, | aimed to characterise and describe
wild type migration and MET of the Drosophila embryonic PMG cells in detail. So far, methods
of quantifying the localisation of proteins have been established but descriptions of cell shape
and morphology are limited and brief. Thus, | aimed to quantify aspects of cell morphology at
various timepoint throughout MET in an attempt to characterise the various cellular
processes that occur within MET. The Drosophila embryo is amenable to both high resolution
fixed and live imaging, making it possible for the process to be studied at a fine temporal

resolution.

The presence of an external cue that drives MET appears to be conserved in various settings.
Existing literature specifically points to the visceral muscle as the external cue driving MET.
Thus, | set out to explore the role of the visceral muscle and its effects on collective migration

and MET.

Finally, the scRNAseq data available in the lab allows for analysis of the transcriptional
changes that occurs in specific subsets of both midgut and mesodermal cells during the time
windows in which the midgut cells undergo EMT, migration and MET. Using this data, |
attempted to identify genes involved in midgut MET. Given the evidence suggesting a role for
the visceral muscle in migration and MET, | aimed to identify and screen candidate genes that
may mediate interactions between the visceral muscle and the midgut that drive MET. A
functional screen of various candidate genes from this data revealed Off-track and
Semaphorin 1a as potential receptor ligand interaction mediating signals between the visceral

muscle and midgut that drive MET.
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Chapter 2. Dissecting the role of somatic and visceral muscle

in midgut morphogenesis.

2.0 Introduction

As discussed in the previous chapter (Section 1.6), various studies (Reuter et al., 1993; Tepass
and Hartenstein, 1994b) have examined migration and MET in various mesoderm mutants.
While it has been suggested that the visceral muscle plays a central role in driving MET for
the formation of the midgut epithelium (Tepass and Hartenstein, 1994b), the specific
mechanisms underlying this have not been thoroughly explored (Pert et al., 2015; Pitsidianaki
et al., 2021). Given the role for visceral muscle in driving MET, | wanted to examine migration
and MET in a mutant that lacked visceral muscle. For this, mutants for biniou (bin) previously
identified as a mutant lacking the visceral muscle (Zaffran et al., 2001), provided an
opportunity to examine the role of the visceral muscle in midgut morphogenesis. Here, |
briefly describe embryonic muscle development, with a focus on the development of visceral

muscle and the role of Bin.

The visceral mesoderm is defined by expression of Bagpipe (Bap) and Bin (Zaffran et al., 2001).
Between the two, Bin is considered to be the central transcription factor that defines visceral
muscle fate; ectopic Bin expression under a general mesoderm driver disrupts somatic muscle
differentiation and drives expression of visceral muscle markers (Zaffran et al., 2001). Bin
plays an active role in regulating transcription throughout visceral muscle development. Chip-
on-chip sequencing revealed 218 different bin-bound enhancers (Jakobsen et al., 2007). Of
these enhancers, Bin is continuously bound to 47% throughout visceral muscle development.
However, it was also shown that Bin binding to enhancers is temporally regulated; 22% and
31% of Bin-bound enhancer regions are bound specifically at stages 10 to 11, and 14 to 15,
respectively (Jakobsen et al., 2007). This temporal restriction of Bin binding is likely mediated
by co-factors. This dynamic binding to enhancers throughout visceral muscle development
enables Bin to drive transcription of various genes in spatially and temporally restricted
patterns. For example, Bin was shown to continuously bind to the bap3.5 enhancer, which
drives expression in the foregut and hindgut, demonstrating a regional restriction to the gene

expression. In contrast, Bin was shown to bind to the fd64a enhancer specifically at stage 12.
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This corresponded with the activity of the fd64a enhancer, which drives expression within a
subset of trunk visceral muscle at stage 13 (Jakobsen et al., 2007). Putting these results
together, it appears that while Bin functions throughout visceral muscle development, it is
also able to mediate spatially and temporally restricted transcription throughout visceral

muscle development.

The visceral mesoderm defined by Bap and Bin differentiates into two distinct muscle types:
an inner layer called the circular visceral muscle, and an outer layer called the longitudinal
visceral muscle. Although previously thought to be mononuclear, the development of visceral
muscle involves the fusion of founder cells to fusion competent myoblasts to form syncytial
fibres (Klapper et al., 2002; Martin et al., 2001). Founder cells of the circular visceral muscle
are defined by secretion of Jelly belly (Jeb) from the somatic muscle (Lee et al., 2003) and
form two rows within trunk visceral mesoderm on either side of the region to be occupied by
the midgut (Martin et al., 2001). These circular visceral founder cells fuse with adjacent
visceral fusion competent myoblasts that reside within the trunk mesoderm to form syncytial
circular visceral muscles (Martin et al., 2001). In contrast, the founder cells of the longitudinal
visceral muscle are migratory. They arise within the mesoderm close to the hindgut but
migrate along the circular visceral muscle to the trunk mesoderm (Ismat et al., 2010;
Macabenta and Stathopoulos, 2019; Urbano et al., 2009). Migration of the longitudinal
founder cells occurs during the formation of syncytial circular visceral muscle fibres
(Wolfstetter et al., 2009; Zaffran et al., 2001). After migration, the longitudinal visceral muscle
founder cells, now adjacent to the visceral fusion competent myoblasts that reside in the
trunk mesoderm, are able to fuse to form syncytial longitudinal muscle fibres (Martin et al.,

2001).

In wildtype, the migration of midgut cells occurs at the same time as the migration of the
longitudinal visceral muscle founder cells. Midgut cells make contact and migrate along the
inside of the syncytial circular visceral muscle and unfused fusion competent myoblasts
(Wolfstetter et al., 2009). This migration does not appear to require the formation of syncytial
fibres; midgut migration occurs normally in mutants for Jeb and its receptor Alk, which lack
visceral muscle founder cells and cannot undergo myoblast fusion (Shirinian et al., 2007). In

these mutants, the lack of visceral founder cells causes the visceral fusion competent
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myoblasts to fuse with the somatic founder cells, resulting in the absence of visceral muscles.
Lateral migration of the midgut cells fails in these mutants (Shirinian et al., 2007), supporting

the idea that the visceral muscle plays a key role in midgut morphogenesis.

Given that Bin plays a central role in defining the visceral mesoderm, the precursors of both
the circular and longitudinal visceral muscle, it was suggested that bin mutants would lack
both the circular and longitudinal visceral muscle (Zaffran et al., 2001). In line with this, the
circular visceral muscle is absent in bin mutants, indicated by the absence of tissue expressing
circular visceral muscle-specific markers Vimar and Brokenheart (Zaffran et al., 2001).
Furthermore, a study using single cell assay for transposase-accessible chromatin with
sequencing (scATAC-seq) to track mesoderm lineage trajectory indicated that bin®?? mutant
cells were unable to differentiate towards a circular visceral muscle lineage (Secchia et al.,
2022). While it is clear that the circular visceral muscle is disturbed in bin mutants, the existing
literature is unclear whether the longitudinal visceral muscle is present in bin mutants.

R22 mutant embryos for HLH54F, a key marker of longitudinal visceral founder cells

Staining bin
(Ismat et al., 2010), suggested that the number of founder cells are greatly reduced and that
those that remain, fail to migrate to regions surrounding the midgut (Zaffran et al., 2001). In
contrast, data from the scATAC-seq mesoderm lineage trajectory suggested that
differentiation towards the longitudinal visceral muscle lineage was unchanged in bin®??
mutants and comparable to wildtype (Secchia et al., 2022). Regardless, description of bin

mutants suggested that it could be used to dissect out the precise role of the visceral muscle

in midgut morphogenesis.

In this chapter, | focus on characterising midgut morphogenesis in wildtype and bin mutants

to examine the role of the visceral muscle during migration and MET.
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2.1 Results

2.1.1 Characterisation of the bin®?? mutant

Given the role of the visceral muscle in midgut morphogenesis (Tepass and Hartenstein,
1994b), | wanted to leverage the bin®??to examine midgut morphogenesis in the absence of

R22 carries a mutation within the first exon that

the visceral muscle. The null allele bin
introduces a premature stop codon. The resulting polypeptide lacks the Forkhead domain,
and thus cannot bind to DNA or induce transcription (Zaffran et al., 2001). In bin®??> mutants,
the mesoderm is unable to differentiate in to circular visceral muscle and instead said to
transformed into somatic muscle (Zaffran et al., 2001). However, there are conflicting
descriptions as to the presence of the longitudinal visceral muscle (Secchia et al., 2022;
Zaffran et al., 2001). Although the circular visceral muscle appears to be more important
during midgut morphogenesis, the possibility that remnant longitudinal visceral muscle in
bin®?? mutants may contribute to midgut morphogenesis cannot be ruled out. Thus, |

R22

examined the visceral muscle in bin"4* mutants to confirm the absence of the circular visceral

muscle and determine whether the longitudinal visceral muscle was present.

Ig-domain adhesion molecule Fasciclin /Il (Faslll) is specific to the trunk visceral mesoderm
surrounding the midgut (Martin et al., 2001; Patel et al., 1987). Faslll staining in stage 13
wildtype embryos shows the presence of the visceral muscle. The muscle at this stage shows
a striated pattern, typical of the syncytial circular visceral muscle fibres (Figure 4A,
arrowhead). A dorsal view of a stage 13 wildtype embryos shows that the visceral muscle is

R22 mutants, staining with

in close contact with the midgut (Figure 4B). In homozygous bin
Faslll reveals a complete absence of visceral muscle (compare Figure 4B and Figure 4C). As
Faslll stains both longitudinal and circular visceral muscle (Martin et al., 2001; Patel et al.,

1987), this suggested that both the longitudinal and circular visceral muscle was absent.
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Figure 4. The visceral muscle is absent in homozygous bin mutants.

A. Lateral view of a wildtype (48ystGFP) embryo at stage 13. Staining for Faslll (magenta) reveals the
striated pattern of the visceral muscle (arrowhead). The midgut is visualised by staining for Bazooka
(Baz) (green) which localises to the apical domain of midgut cells after migration.

B. Ventral view of a wildtype embryo at stage 13. Faslll stains reveal two rows of visceral muscle
(arrowhead), in close contact with the midgut.

C. Ventral view of homozygous bin®?? mutant at stage 13. Absence of Faslll indicate that the visceral
muscle is absent in binf?? mutants.

All scale bars 50um. 48ystGFP, N = 18. bin, N=12.
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To confirm the absence of the longitudinal visceral muscle, | checked for the presence of
longitudinal visceral muscle founder cells using Teyrha-Meyrha (Tey) as a marker for
(Macabenta and Stathopoulos, 2019). Examining stage 13 wildtype embryos revealed the
presence of longitudinal visceral muscle founder cells around the midgut, in a region occupied
by the visceral muscle (Figure 5A). In contrast, in stage 13 bin mutant embryos, the
longitudinal visceral muscle founder cells were entirely absent (Figure 5B). As the founder
cells are required for the formation of longitudinal visceral muscle, this indicates that the
longitudinal visceral muscle is absent in bin mutants. This observation, together with the
absence of Faslll-positive tissue around the midgut, indicates that both types of visceral

muscle are absent in bin®?2 mutants.
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Figure 5. Longitudinal visceral muscle founder cells are absent in homozygous bin mutants.

A. Ventral view of a wildtype embryo at stage 13. Tey stains (green) reveal a row of longitudinal
visceral muscle founder cells (arrowhead). The nucleus of midgut cells are marked by Hnt stains
(Magenta). It appears that the midgut does not make direct contact with the longitudinal visceral
muscles.

B. Ventral view of a bin®??2 mutant embryo at stage 13. Absence of Tey (Green) stains indicate that
longitudinal visceral muscle founder cells are absent in bin®?? mutants.

All scale bars 50um. 48ystGFP, N = 7. bin, N= 3.
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2.1.2 Dissecting the role of the somatic and visceral muscle during midgut migration.

Having established that bin mutants completely lack visceral muscle, | next wanted to
examine midgut migration under these conditions. To examine migration, | made movies of
live stage 10 embryos with midgut cells labelled with nuclear GFP, at which point the midgut
is just starting to initiate migration (Tosi and Campbell, 2019). In previously published work,
a fixed speed was subtracted from the observed nucleus migration to compensate for the
general embryo-wide movement resulting from germband retraction (Campbell and
Casanova, 2015). Instead of this, | came up with an approach that allowed me to measure
germband retraction for each embryo. Using the two-photon laser, | created small regions of
fluorescence by intentionally causing photodamage (Galli et al., 2014). Using these marks, |
was able to track the speed of germband retraction for each embryo and thus, was able to
isolate midgut migration dynamics from overall germband retraction (Figure 6A).
Photodamaging the embryos did not appear to cause any changes to the speed of germband
retraction and was consistent between embryos (see methods). Quantifying migration with
movies of stage 10 embryos has been previously used to show uncoordinated migration in
Ecad/shotgun (shg) mutants between PMEC and ICP populations (Campbell and Casanova,
2015). Given this finding, | also measured PMEC and ICPs population separately (Figure 6B,
Q).

The speed, directional persistence and displacement of cells and the overall length of tracks
were examined. Displacement refers to the straight-line distance between the start and end
point. The calculations behind each metric are described in Tosi and Campbell, 2019. All four
metrics did not show a difference in migration between wildtype and bin mutant PMECs
(Figure 7A, B) or ICPs (Figure 7C, D). Thus, the data suggests that wildtype and bin mutants
show the same capacity to undergo migration. The fact that migration is unperturbed in bin
mutants suggests that collective migration does not specifically require the visceral muscle.
Furthermore, given that the bin mutants have a similar migratory capacity as wildtype, the
results also suggests that the subsequent failure to undergo fusion in bin mutants is not likely

to be the result of differences in capacity to migrate.
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Figure 6. Experimental setup to quantify migration of midgut cells.

A. Schematic demonstrating experimental setup. Red square indicates point of laser ablation. Laser
ablations were made adjacent to the midgut to mark the germband. Germband retraction causes
overall morphological movement, moving the point of laser ablation relative to the length of the
embryo (blue dotted line). However, as the point of laser ablation remains constant relative to the
germband (red dotted line), the point can be used as marker to isolate midgut movement from overall
morphological movements caused by germband retraction.

B. Exemplar of PMEC tracks. Coloured lines indicate migration tracks. Red circle indicates point of laser
ablation.

C. Exemplar of ICP tracks. Coloured lines indicate migration tracks. Red circle indicates point of laser

ablation.
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Figure 7. Early migration is unchanged in bin mutants.

A. Plots describing migration of PMECs. Each box plot corresponds to tracks from a single embryo,
showing the distribution of tracks. Black dot plot corresponds to mean of the average values of each
embryo. Black error bars are standard deviation. 48ystGFP, N = 6 embryos. bin, N=5 embyros. n for
WT tracks: 13 ~ 71, n for bin tracks: 9 ~ 36.

B. Summary table of PMEC measurements. Values in the table correspond to the mean of the average
values of each embryo. P-value for all four measurement suggests that medians are not shifted, and

thus suggest that there is no difference between WT and bin mutants.
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Figure 7. Early migration is unchanged in bin mutants.

C. Plots describing migration of ICPs. Each box plot corresponds to tracks from a single embryo,
showing the distribution of tracks. Black dot plot corresponds to mean of the average values of each
embryo. Black error bars are standard deviation. (48ystGFP, N = 6 embryos. bin, N='5 embryos. n for
WT tracks: 42 ~ 112, n for bin tracks: 41 ~ 60)

D. Summary table of ICPs measurements. Values in the table correspond to the mean of the average
values of each embryo. P-value for all four measurement suggests that medians are not shifted, and

thus suggest that there is no difference between WT and bin mutants.
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Given the capacity for the midgut to undergo migration in the absence of visceral muscle, this
suggested that the somatic muscle is able to support migration. In light of this, | wanted to
examine migration in the absence of both visceral and somatic muscle. It has been previously
reported that the midgut fails to form in single mutants of sna and twi (Reuter et al., 1993). |
found that this was also the case in sna’® twi? double mutants, which lack all mesodermal cells
(Leptin, 1991). Live imaging the posterior midgut of sna twi mutant embryos proved to be
difficult as the midgut appeared to be positioned more internally than that of wildtype or bin

mutant embryos. Instead, | examined midgut migration in fixed sna twi mutant embryos.

In wildtype stage 11 embryos, the posterior midgut extends towards the posterior and
migrates ventrally. In contrast, the posterior midgut in stage 11 sna twi mutants appears to
remain clustered and fails to migrate (Figure 8A, arrowhead). Absence of Bazooka (Baz), a
marker for the apical side of midgut cells, indicates that this cluster of midgut cells is a
mesenchymal mass. In wildtype stage 12 embryos, the posterior midgut fuses with the
anterior midgut. This does not occur in stage 12 sna twi mutants (Compare WT and sna twi,
Figure 8B). Furthermore, the cluster of posterior midgut cells remains as a mesenchymal mass
around the hindgut (Figure 8B, arrowhead), indicative of failure to migrate. This is clearly
distinct from the behaviour of midgut cells in wildtype; cell of the posterior midgut extends
nearly halfway across the length of the embryo away from the hindgut. However, there are
gross morphological phenotypes in sna twi mutants, as these embryos fail to undergo

germband retraction.
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Figure 8. The midgut does not actively migrate in the absence of mesodermal tissue in sna18 twi3
double mutants.

At stage 11, the wildtype gut undergoes significant migration. The midgut extends towards to
posterior, moving ventrally. In comparison, the midgut in sna® twi® double mutants remains clustered,
indicative of failure to migrate (arrowhead). At stage 12, the wildtype midgut fuses. At a comparable
stage, the midgut in sna*® twi® double mutants remains clustered at the posterior end of the embryo.
It should be noted that staging of sna'® twi® double mutants is difficult due to extensive morphological
defects. The hindgut and Malpighian tubule are used to stage sna'® twi® double mutants.

All scale bars 50um.

Stage 11: 48ystGFP, N = 7 embryos. sna twi, N= 11 embryos.

Stage 12: 48ystGFP, N = 22 embryos. sna twi, N= 11 embryos.
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This failure to undergo germband retraction observed in sna twi mutants could be interpreted
to suggest that germband retraction is required for midgut migration. To investigate this, |
leveraged a u-shaped (ush) mutant, which fails to undergo germband retraction (Reuter et al.,
1993). Crucially, the failure to undergo germband retraction in ush mutants is the result of
effects on the amnioserosa, such that an key mechanical contraction force that permits
germband retraction is lost (Lynch et al.,, 2013). Thus, any phenotypes observed in ush

mutants should be independent of gut development.

Examination of embryo morphology firstly confirmed that ush? mutant embryos fail to retract
their germband (Figure 9A and B). Second, Faslll stains showed that the visceral muscle forms
normally (Figure 9A). Midgut migration occurs normally along the visceral muscle (Figure 9A),
and subsequent MET also appears normal, indicated by localisation of apical Baz (Figure 9B,
arrowhead). Together, this demonstrated that midgut migration is entirely independent of
germband retraction. Furthermore, it indicates that the migration phenotypes observed in
the sna twi mutant are independent of its failure to undergo germband retraction.
Observations from the sna twi mutant and ush mutant together emphasizes the role of the

mesoderm in supporting midgut migration.
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Figure 9. Midgut migration, fusion and MET is independent of germband retraction.

A. Lateral view of stage 11 ush? mutant embryo at a central z-stack bisecting the midgut (upper panel)
and at a higher z-stack level with the visceral muscle (lower panel). Germband retraction fails to occur.
The midgut, stained with Baz (green), appears to migrate normally along the visceral muscle, as
labelled by Faslll (magenta). The visceral muscle is intact and striated.

B. Lateral view of stage 14 ush? mutant embryo. The AMG and PMG fuse normally and forms an
epithelial tube. Furthermore, Baz is apically localised throughout the midgut (arrowhead),
demonstrating normal MET.

All scale bars 50um. Stage 11, N = 8 embryos. Stage 14, N = 6 embryos.
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2.1.3 Dissecting the role of the somatic and visceral muscle during MET.

Several studies have noted the epithelialisation of the midgut cells upon contact with the
visceral muscle (Reuter et al., 1993; Tepass and Hartenstein, 1994b; Wolfstetter et al., 2009).
The integrin BPS appears to be a central part of midgut polarisation, providing a means for
the midgut to interact with the major ECM component Laminin (Devenport and Brown, 2004;
Pitsidianaki et al., 2021). Together with BPS, the ai,; Laminin chain Wingblister (Wb) secreted
by the visceral muscle is thought to play an important role during polarisation of the midgut

by providing an initial basal cue (Pitsidianaki et al., 2021).

| therefore examined the localisation of Wb and BPS in bin mutants. In wildtype stage 12
embryos, Wb appears to be localised at the interface between midgut cells and the visceral
muscle (Figure 10A, white arrowhead). BPS was basally localised in the midgut cells (Figure
10A, blue arrowhead). Surprisingly, Wb was also found at the interface between the midgut
and somatic muscle in stage 12 bin mutants (Figure 10B, white arrowheads). Furthermore,
BPS was also basally localised (Figure 10B, blue arrowhead), although it appeared that there
were greater levels of lateral BPS as well (Figure 10B, blue arrow). Basal localisation of BPS
suggested that the midgut in bin mutants were partially polarised; although BPS localisation
was somewhat disrupted, there is a clear difference between basal and lateral domain.
Furthermore, BPS stains suggest that there are no gaps between the midgut and the somatic

muscle, indicative of adhesion between the two tissues, likely mediated by Wb.

In light of basal polarisation of BPS in the bin mutants, | next examined localisation of Talin, a
major component of the integrin adhesion complex, which mediates the majority of integrin
functions (Klapholz and Brown, 2017). In wild type embryos, Talin localisation appeared to be
tightly restricted to the basal membrane (Figure 10C, arrowhead). In contrast, Talin
localisation in bin mutants appeared to be dispersed (Figure 10C, blue arrow), but retained a
basal bias (Figure 10C, white arrowhead). This could suggest a failure to traffic Talin or

maintain Talin at the basal membrane.
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Figure 10. Mislocalisation of proteins in bin mutants suggests that the midgut is partially polarised
but is unable to organise its apical domain.

A. Ventral view of stage 12 wildtype midgut stained for Wb and BPS. Wb is localised to the interface
between the visceral muscle and the midgut (white arrowhead). BPS is polarised to the basal
membrane of midgut cells (blue arrowhead).

B. Ventral view of stage 12 bin mutant midgut stained for Wb and BPS. Wb is localised to the interface
between somatic muscle and the midgut (white arrowhead). BPS is polarised to the basal membrane
of midgut cells (blue arrowhead). BPS may also be dispersed laterally (blue arrow). The midgut appears
to maintain close contact with the underlying somatic muscle.

All scale bars 50um.

48ystGFP, N = 6 embyros. bin, N = 6 embryos.
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Figure 10. Mislocalisation of proteins in bin mutants suggests that the midgut is partially polarised

but is unable to organise its apical domain.

C. Ventral view of stage 12 embryos. Upper panel: Talin is localised to the basal membrane (blue

arrowhead). Lower panel: Talin appears much more dispersed in bin mutant but retains a basal bias

(white arrowhead). Talin also appears to be dispersed in the cytoplasm but also along the lateral

membranes (blue arrow). 48ystGFP, N = 4 embryos. bin, N = 4 embryos.

D. Ventral view of stage 12 embryos. Upper panel: Cheerio is localised basally in wildtype (blue

arrowhead). Lower panel: Localisation of Cher is largely lost, although faint signal appears along the

basal membrane (white arrowhead).

All scale bars 50um.

Talin stain: 48ystGFP, N = 4 embyros. bin, N = 4 embryos.
Cher stain: 48ystGFP, N = 14 embyros. bin, N = 18 embryos.
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Next, | examined localisation of Cher/filamin, previously shown to be basally localised in
wildtype midguts in an integrin-independent manner (Devenport and Brown, 2004). As
previously reported, | found that Cher was basally localised in midgut cells of a wildtype stage
13 embryo (Figure 10D, arrowhead). However, localisation of Cher was largely lost in bin
mutants, suggesting that the visceral muscle likely plays a role in its localisation (Figure 10D,

compare WT and bin).

Previous work has established that organisation of the apical domain occurs downstream of
the basal cues provided by Wb (Pitsidianaki et al., 2021). Given the presence of Wb and partial
polarisation of the bin mutants, | next examined the localisation of Baz and Ecad, both known
to be apical in the wildtype midgut (Pitsidianaki et al., 2021). In wildtype stage 13 embryos,
both Ecad and Baz were apically polarised (Figure 10 E and F, blue arrowheads). In contrast,
in bin mutants, the apical localisation of both proteins are lost, indicative of a failure to

organise the apical domain (Figure 10E and F, white arrowheads, compare WT and bin).

Together, these results suggest that the midgut in bin mutants appear to retain some aspects
of basal polarisation but fail to organise an apical domain. As previously suggested
(Pitsidianaki et al., 2021), Wb at the interface between the midgut and somatic muscle likely
facilitates adhesion between the two tissues. This in turn appears to be sufficient for basal
localisation of BPS. Similarly, Talin appears to retain a basal bias. However, these basal cues
appear to be insufficient to drive the organisation of an apical domain. This suggests that cues
from the visceral muscle are critical for organisation of the apical domain. Basal localisation
of Cher, previously shown to be independent of integrins, is also lost in bin mutants,
suggesting that the visceral muscle is required to provide a basal cue that drives Cher

localisation.
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Figure 10. Mislocalisation of proteins in bin mutants suggests that the midgut is partially polarised
but is unable to organise its apical domain.

E. Ventral view of stage 12 embryos. Upper panel: Baz is localised to the apical membrane (blue
arrowhead). Lower panel: Baz appears punctate along the membrane of unpolarised midgut cells.
(white arrowhead).

D. Ventral view of stage 14 embryos. Upper panel: Ecad is localised apically in wildtype (blue
arrowhead). Lower panel: Localisation of Ecad is largely lost, it appears largely uniform around the
membrane (white arrowhead).

All scale bars 50pum.

Baz stain: 48ystGFP, N = 20 embyros. bin, N = 12 embryos.

Ecad stain: 48ystGFP, N = 14 embyros. bin, N = 9 embryos.

57



A role for Wb in mediating adhesion of the mesoderm and midgut cells, as well as acting as
an initial polarising cue, has been suggested by previous work from the lab (Pitsidianaki et al.,
2021). However, MET failed in bin mutants despite the fact that Wb was present at the
interface between the midgut and somatic muscle. In light of the fact that a BPS retained a
basal bias, it was likely that this was mediated by Wb. Thus, | wanted to confirm whether Wb
is able to drive basal localisation of BPS. Thus, homozygous wb”?%9*3” mutant was examined

to confirm its functions.

In wildtype embryos, the visceral muscle and the midgut remain in close contact with one
another. In contrast to wildtype, wb mutants formed visible gaps in between the visceral
muscle and the midgut (Figure 11A and B, blue arrows). Furthermore, basal localisation of
BPS was completely absent, indicative of the absence of a basal polarising cue (Figure 11A,
arrowheads, compare WT and wb). In line with previous work, apical localisation of Baz was
also lost in these mutants (Figure 11B, compare WT and wb). These observations suggest that
Wb plays a key role in adhesion and, given that it is a major binding partner for integrins, is

also likely required for basal localisation of BPS.

Cher localisation was previously shown to be independent of integrins and also maintained
despite gaps between the visceral muscle and the midgut (Devenport and Brown, 2004). | re-
examined Cher localisation in wb mutants to confirm this. However, in my hands, basal
localisation of Cher was largely lost in wb mutants (Figure 11C, compare WT and wb).
Together with the results from bin mutants, it appears that Cher localisation is dependent on
the presence of the visceral muscle but also requires Wb to be expressed. This could suggest
that possible integrin-independent functions of Wb plays a role in mediating cues required

for MET.

Reconsidering the bin mutants in light of these findings, it is likely that Wb at the interface
between the midgut and somatic muscle in bin mutants mediates both adhesion and basal
localisation of BPS. As such, the bin mutant likely represents a phenotype in which basal cues
mediated by Wb are present. In other words, the failure to undergo MET observed in bin

mutants is likely the results of loss of basal cues normally provided by visceral muscle.
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Figure 11. Complete loss of localisation BPS localisation upon detachment of the midgut from the
visceral muscle suggests that adhesion mediated by Wb is a prerequisite for MET.

A. Ventral view of stage 13 embryos. Upper panel: BPS is localised to the basal membrane wildtype
midguts. Lower panel: Gaps form between the midgut and visceral muscle (blue arrows). BPS
localisation is lost in wb mutants. The phenotype is distinct from bin mutants such that no basal bias
remains (compare with Figure 10B). 48ystGFP, N = 18 embryos. wb, N = 10 embryos.

B. Ventral view of stage 13 embryos. Upper panel: The midgut is adherent to the visceral muscle. Baz
is apically localised (Blue arrowhead). Lower panel: Gaps form between the midgut and visceral muscle

(blue arrows). Apical Baz is lost (white arrowhead). 48ystGFP, N = 18 embryos. wb, N = 7 embryos.
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Figure 11. Complete loss of localisation BPS localisation upon detachment of the midgut from the
visceral muscle suggests that adhesion mediated by Wb is a prerequisite for MET.

C. Ventral view of stage 13 embryos. Upper panel: Cher is basally localised in wildtype midguts. Lower
panel: Cher localisation is lost in wb mutants. 48ystGFP, N = 18 embryos. wb, N = 10 embryos.

All scale bars 50um.
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2.1.4 Epithelial PMECs exhibit apical-basal microtubule arrays.

The wb and bin mutants demonstrate failure to undergo MET, likely due to loss of certain
contact with the visceral muscle and/or basally localised BPS integrins. Previous work from
the lab supports this idea, showing that organisation of the apical domain by aPS3 completely
fails in wb mutants (Pitsidianaki et al., 2021), indicating that basal cues are required for the
organisation of the apical domain that occurs later during MET. Given the importance of basal
cues in polarisation, this raises the question as to how loss of basal cues translates into
organisation of the apical domain. One such possibility is apical-basally oriented tubulin
bundles. Tubulin bundles are known to be critical for intracellular trafficking in epithelial
tissues (Misch, 2004). Thus, the organisation of microtubules in wildtype and mutants were

examined.

Staining for alpha-Tubulin in the wildtype midgut shows that epithelial cells have tubulin
bundles that extend from the apical domain towards the basal domain (Figure 12, red lines to
blue lines). These structures are found both pre-EMT (Figure 12A, stage 8) and post-MET
(Figure 12C, stage 13), although the tubulin bundles appear less dense in stage 13 embryos
(Figure 12C). It appears that these tubulin bundles are disassembled when the midgut cells
transition to a mesenchymal state. Close examination of the stage 10 midgut (Figure 12B,
yellow arrowheads) reveals short bars of tubulin within the cells. These are likely the spindle

microtubules in dividing cells.

Staining for alpha-Tubulin in bin mutants showed an absence of polarised tubules in bin
mutants. (Figure 13A, compare arrowheads). Additionally, the tubulin structures are much
less dense and fainter compared to wildtype, suggesting a defect in tubulin bundling. Given
that the midgut cells in bin mutants are adherent to the somatic muscle via Wb, the results
suggests that adhesion to the somatic muscle is not sufficient to organise tubulin. Instead, it
appears that the midgut specifically requires contact with the visceral muscle for tubulin

organisation.

Staining for alpha-Tubulin in wb mutants showed an absence of polarised tubules (Figure 13B,
compare arrowheads). Similar to bin mutants, the tubules are much less dense and fainter

compared to wildtype. Given that midgut is detached from the visceral muscle in wb mutants,
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this suggests that the presence of the visceral muscle is not sufficient to drive tubulin
organisation but rather that adhesion to the visceral muscle is required for tubulin
organisation in the midgut. Putting together the results from bin and wb mutants suggest that

that adhesion specifically to the visceral muscle plays a key role in mediating this process.

62



A. 48ystGFP
B. 48ystGFP
C. 48ystGrp 8

Figure 12. Apical-basal microtubule arrays are disassembled and reassembled during midgut
development.

A. Dorsoventral view of a stage 8 embryo. The PMG is epithelial. Ecad is apically localised.

A’. Digital zoom of A. Apicobasal microtubule arrays can be observed (white arrowhead). Red and blue
dotted lines indicate the apical and basal domains respectively.

B. Dorsoventral view of stage 10 embryo, showing the midgut undergoing EMT.

B’. Digital zoom of B. Sections of the midgut that have undergone EMT are more mesenchymal,
indicated by the loss of apical Ecad and also appear to lose apicobasal microtubule arrays. Short bars
within the midgut are likely to be the spindle microtubules that form during cell division (yellow
arrows).

C. Dorsoventral view of a stage 13 embryo. The midgut is epithelial.

C'. Digital zoom of C. Apical localisation of Ecad is reacquired. Apical-basal microtubule arrays can be
observed (white arrowhead), indicating that these have been reassembled during MET. Red and blue
dotted lines indicate the apical and basal domains respectively.

A, B, C: Scale bars 50um. A’, B’ C’: Scale Bars 10um

Stage 8, N =4 embryos. Stage 10, N = 3 embryos. Stage 13, N = 7 embryos.
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Figure 13. Formation of apical-basal microtubule arrays is disrupted in both bin and wb mutants.
A. Dorsoventral view of stage 12 embryos.

A’. Digital zooms of A. In wildtype, apical-basal microtubule arrays can be seen (white arrowheads). In
bin mutants, these microtubule arrays appear to be lost (blue arrowhead).

B. Dorsoventral view of stage 13 embryos.

B’. Digital zooms of B. In wildtype, apical-basal microtubule arrays can be seen (white arrowheads). In
wb mutants, these microtubule arrays appear to be lost (blue arrowhead).

A, B: scale bars 50um. A’, B’: Scale Bars 10um.

Stage 12 48ystGFP, N = 4 embryos. Stage 12 bin, N = 3 embryos. Stage 13 48ystGFP, N = 7. Stage 13
wb, N =9,
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2.1.5 Characterising and quantification of cell shape reveals gradual changes in cell shape

over time during normal MET.

One of the critical outcomes of MET is the change in cell shape from an irregular mesenchymal
shape to columnar epithelium. Thus, | aimed to characterise and measure cell shape in
wildtype and bin mutants across stage 12 and 15 to examine the changes that occur during
normal MET and the consequences of disrupting this process. Furthermore, | investigated
whether a quantified measure of cell shape could be used as a measure of how epithelial or
mesenchymal cells are, which will be referred to as EM state. Being able to quantify EM state

would allow for statistical comparisons to be made in other mutants with aberrant MET.

To assess cell shape changes during MET, Resille-GFP (GFPC%8668-117-2) gnd Spider-GFP
(gish®P9er) constructs were used to label the cell membrane. Resille-GFP is a GFP tagged form
of CG8668, a membrane protein orthologous to human beta-1,3-galactosyltransferase
(Gramates et al., 2022). Spider-GFP is a GFP-tagged form of Gilgamesh (gish), a plasma
membrane kinase. Both have been previously used to look at cell shape (Mateos et al., 2020;
Reversi et al., 2014). To examine cell shape in wildtype, a fly line with both the Resille-GFP
and Spider-GFP constructs was used. It was subsequently found that Resille-GFP alone was
sufficient to examine cell shape Furthermore, Spider-GFP appeared to cause more
background when studying the midgut, as seen by the signals observed in the yolk. Thus, only
the Resille-GFP construct was used to examine cell shape in homozygous bin mutants
(compare Resille-GFP; Spider-GFP vs Resille-GFP; bin in Figure 14A vs 14B). Although it should
be noted that the cell membrane was labelled in different ways in wildtype and bin mutants,
the lack of Spider-GFP in bin mutant embryos is unlikely to cause any differences in cell shape

measurements.

Wildtype cell shape suggests that significant cell shape changes and tissue organisation occur
during MET. Examination of the epithelium at stage 12 shows some cells extend throughout
the epithelium, indicative of a pseudostratified epithelium (Figure 14A, yellow arrows).
Furthermore, examining the cells across z-stacks suggests that many of the cells that initially
appear multi-layered are also intact throughout the epithelium, indicating that many cells
weave in and out of the z-stack at this stage. In contrast, many more cells stage 13 onwards

extend throughout the monolayer in single-z stack images (Figure 14A, yellow arrows),
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suggesting that PMECs shift from a pseudostratified epithelium with cells that interweave
with one another to a more regular columnar monolayer throughout MET. Given that the
midgut cells form a single cluster at stage 10, it appears that the midgut cells shift sequentially
from a mesenchymal state, pseudostratified epithelium, and to a columnar monolayer. Given
that the formation of a pseudostratified epithelium appears to occur prior to stage 12, earlier
stages may be of interest for future experiments for a more comprehensive examination of
how these cell shape changes occur. In contrast, there does not appear to be a significant cell
shape change in bin mutants; cells maintain irregular cell shapes and fail to organise an apical

domain (Figure 14B, arrowheads).
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Figure 14. Cell shape changes during MET in wildtype and MET.

A &B. Ventral view of wildtype embryos between stage 12 to 15. Upper panels show overview of the
midgut. Lower panels show 63x AiryScan images. All scale bars 20um.

A. Yellow outline indicates cells used for quantification. Yellow arrows point to cells that extend
throughout the epithelium. White arrowheads point to cells that appear multi-layered in stage 12
embryos. Blue arrow points to diffuse GFP signal in stage 12 embryos, possibly indicative of apical
trafficking. In wildtype, apical-basal microtubule arrays can be seen (white arrowheads). In bin
mutants, these microtubule arrays appear to be lost (blue arrowhead).

B. Yellow outline indicates cells used for quantification. White arrowheads point to cells with irregular

shapes.
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To quantify the images, | needed to create masks by segmenting cell shape from the images
captured. In order to segment cells, | initially attempted to use 2D CellPose, a deep learning
based segmentation tool trained on image sets from both in vivo and in vitro experiments
(Stringer et al., 2021). Unfortunately, CellPose tended to cut irregular concave-shaped cells
into two cells and did not accurately segment along the membrane. Thus, the masks for the
following results were drawn manually. The masks were then quantified using Imagel’s in-

built Circularity measurements.

The cell shapes of the posterior-most portion of the posterior midgut were quantified,
corresponding to the most organised region of the bin mutants (Figure 14A and B). This was
done as to allow for like-to-like comparisons to be made between the same sub-population
of PMECs; the more anterior regions of bin mutants are more unorganised and make it
difficult to compare to wildtype. Thus, it should be noted that the changes observed reflect a

conservative comparison between wildtype and bin.

The circularity of wild type cells indicated that the cells undergo shape change in a gradual
manner between stage 12 and 14 (Figure 14C). This corresponds to cell shape changes
observed, as the cells are initially elongated at stage 12 but appear to gradually flatten against
the visceral muscle (Figure 14A). Cell shape changes appear to plateau at stage 15, which
indicates that the bulk of cell shape change occurs between stage 12 and 14. In contrast, bin
mutants appear to undergo little cell shape changes until a large shift between stage 14 and
stage 15 (Figure 14D). Although the quantified data may appear to indicate that difference in
cell shape in the bin mutant is rescued at stage 15 (Figure 14E, compare stage 15), qualitative
observations reveal differences in organisation. Wildtype PMECs form a distinct epithelial
monolayer showing an alignment of their apical domains, while bin mutant PMECs are multi-
layered. The results indicate that wildtype undergoes a series of cell shape changes that does
not occur in bin mutants. While the method of quantification used can capture differences
between two states, it does not appear to be a good measure of EM state; this is best
highlighted by the fact that epithelial cells in stage 15 wildtype have a similar circularity with

the irregularly shaped cells in stage 15 bin mutants.
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Figure 14. Cell shape change during MET in wildtype and MET.

C, D and E. Circularity of PMECs during MET. A minimum of 6 cells were measured in each embryo.

C and D. Circularity of wildtype (C) and bin (D) PMEC cell shape. Each box plot represents the
distribution of cell shapes from one embryo. The black dot represents the average of the mean
circularity of each embryo. Error bars are standard deviation.

E. Summary graph showing circularity of wildtype and bin mutant PMEC cell shape. Each smaller dot
indicates the mean of each embryo. Larger dot indicates average of genotype. Error bars are standard
deviation.

Wildtype, N=5, 6, 6, 6 embryos for stages 12, 13, 14, 15 respectively.

bin, N = 3, 6, 3, 6 embryos for stages 12, 13, 14, 15 respectively.
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2.1.6 Nuclear shape changes according to EM states but is not a robust qualitative

measurement.

Circularity of cell shape did not appear to be a good measure of EM states. An alternative to
cell shape may be to use cell nuclei. In agreement with this, in vitro studies have shown that
EMT correlates with changes in nuclear shape (Leggett et al., 2016). Thus, | examined nuclear
shape change throughout midgut development to see if cell nuclei can be used as a proxy for
EM state. Nuclear cell shape was detected in a semi-automated manner using StarDist 2D, an

object-detection plugin for star-convex shape priors (Schmidt et al., 2018).

Nuclear shape was quantified using ImagelJ’s in-built formula for circularity. Single Z-stacks of
stage 8, 10 and 13 embryos of flies with the 48y-Gal4 driver expressing nuclear stinger-GFP
reporter (48ystGFP) were imaged (Figure 15A). Stage 13 midguts could not be imaged in the
same orientation as prior stages; the midgut at stage 13 is positioned ventrally and cannot be
imaged from the dorsal side like with stage 8 and 10 midguts. As a result, imaging the gut in
the same embryo at the 3 selected stages was not possible. Thus, the data reflects unpaired

datasets; each embryo was imaged at a single timepoint.

In wildtype embryos, epithelial cells at stage 8 were less circular compared to mesenchymal
cells at stage 10, suggesting a quick, dramatic change in nuclear shape during EMT (Figure
15C). While nuclear shape at stage 13 tended to be less circular than stage 10, these changes
were not statistically significant (Figure 15C). The mild differences between stage 10 and 13

in WT suggests that circularity of nuclear shape is a poor indicator of EM states.
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Figure 15. Nuclear shape cannot be used as a proxy to measure EM state.
A. Stardist 2D allows for nuclear shape to be segmented in a semi-automated way. Examples show

masks overlayed on top of the microscopy images of the midgut expressing nuclear GFP. Scale bar

20pm.

B. Examples of segmented masks.

C. Nuclear circularity in wildtype. Each boxplot represents the distribution of the values measured in
each embryo. Black dots represent the average of the mean circularity measured from each embryo.

Asterix indicates significance to 0.05. (Stage 8 vs Stage 10, p = 0.046). N = 4, 5, 4 for stages 8, 10 and
13 respectively.
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2.2 Discussion:

The visceral muscle has been considered to be an important basal substrate for midgut
migration and MET (Devenport and Brown, 2004; Pitsidianaki et al., 2021; Reuter et al., 1993;
Tepass and Hartenstein, 1994b). In this chapter, | aimed to characterise migration and MET
in wildtype and bin®?? mutants to examine the role of the visceral muscle. First, due to
conflicting reports regarding the presence of the longitudinal muscle in binf?? mutants, |
examined Faslll and Tey stains to look for any visceral muscle around the midgut. No tissue

R22

positive for either marker was found around the midgut in bin®%¢ mutants, confirming that

the bin®?2 mutants lack all visceral muscle.

Having established bin?? mutants as a mutant that lacked visceral muscle, | examined midgut
migration. In wildtype, the midgut makes contact with the circular visceral muscle during
migration (Wolfstetter et al., 2009) and thus, was thought to be critical for migration.

R22

Additionally, delay or failure of gut fusion, as seen in bin"“ mutants, was previously used as

an indicator for perturbed migration (Pert et al., 2015). Therefore, it was unexpected that

R22

there was measurable no difference between wildtype and bin®“ mutants at stage 10, despite

the absence of the visceral muscle.

Critically, this finding suggests that the visceral muscle does not play a role in initiating
migration or during early migration. Furthermore, considering that migration fails outright in
the absence of all mesoderm, as seen in sna twi double mutants, the results also suggests
that the somatic muscle, which underlies the midgut in bin®?? mutants, is sufficient to support
the initiation of midgut migration. Finally, the similarity in migratory capacity indicates that
bin®?? mutants and wildtype midgut cells have a comparatively similar intermediate
mesenchymal phenotype. In light of this, it can also be concluded that the subsequent failure
to undergo midgut fusion and MET in bin mutants is not the result of any differences in

mesenchymal phenotype at stage 10.
The finding that the visceral muscle does not play a role in collective migration may contradict

the finding that Netrins secreted from the visceral muscle contribute to migration (Pert et al.,

2015). Differences in the way cell migration was studied may resolve aspects of this
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contradiction. Firstly, the method used to quantify migration in bin mutants focused on stage
10, focusing on the initiation of migration. In contrast, the methods used to examine the role
of Fra-Netrins during migration relied on measuring the gap between the AMG and PMG at
stage 12 and 13 as a readout for migration speed. Although the capacity to migrate was
unchanged in bin mutants at stage 10, later stages of migration may indeed be affected by
the absence of the visceral muscle. Thus, without looking at later stages, it is not clear
whether PMEC migration at later stages is affected in bin mutants. Thus, this apparent
contradiction cannot be reconciled without further experiments. Future experiments
quantifying midgut migration in fra and netAB mutants with the same methods used for
wildtype and bin mutants would help resolve this conflict. Regardless, it seems clear that early

midgut migration can be supported by the somatic muscle.

Integrins and laminins are key mediators of MET (Devenport and Brown, 2004; Pitsidianaki et
al., 2021). It was previously suggested that the laminin chain Wb plays important roles in
mediating adhesion (Pitsidianaki et al., 2021). The visceral muscle is a major contributor of
Wb during MET (Pitsidianaki et al., 2021), and thus it was expected that in the absence of the
visceral muscle, bin mutants would lack basal laminin to adhere to. It was therefore surprising
to see Wb at the interface between the midgut and somatic muscle in bin mutants. It remains
unclear which tissue is responsible for the Wb found at the interface of the two tissues in bin
mutants. Experiments blocking secretion of Laminins by driving the a Sar1-Dominant Negative
construct in either tissue (Pitsidianaki et al., 2021) could help identify which tissue is

responsible for Wb secretion.

The importance of Wb for midgut adhesion to a basal substrate confirmed upon examining
wb mutants; the absence of Wb causes the midgut to detach from the underlying visceral
muscle. Furthermore, this loss of adhesion completely disrupts BPS localisation, despite the
presence of the visceral muscle. Thus, it appears that adhesion mediated by Wb is a
requirement for polarisation. Reconsidering bin mutant phenotypes in light of these
observations also indicates that adhesion mediated by Wb is not sufficient to drive MET
despite the fact that basal Wb and BPS is maintained in bin mutants, basal localisation of

Cheerio and the organisation of the apical domain is disrupted, indicative of a failure to drive
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MET. Thus, it appears that adhesion to somatic muscle is not sufficient to drive MET, and thus

supports the idea that the visceral muscle is specifically required for midgut MET.

It remains unclear what drives localisation of Cher. Published results showed that basal
localisation of Cher was retained in mutants for both B integrin subunits, indicating that Cher
localisation was independent of integrin mediated signals, as well as adhesion (Devenport
and Brown, 2004). Thus, | hypothesised that Cher localisation would be mediated by cues
from the visceral muscle. This was also supported by findings that Fra and Netrins play a
partial role in the localisation of Cher (Pert et al., 2015). In line with this, Cher localisation was
lost in bin mutants, and as such suggests that the visceral muscle is required in driving its
localisation. However, | also found that Cher localisation was also lost in Wb mutants. If Cher
localisation is independent of adhesion, integrin-mediated signals and requires the visceral
muscle, the fact that Cher localisation is lost in wb mutants despite the presence of the
visceral muscle suggests that Cher localisation is downstream of cues mediated by the visceral
muscle. This also suggests Cher localisation is dependent on Wb, unrelated to its role in
adhesion or integrin signalling. In support of this, laminins play a critical role to organise the
basal membrane (Urbano et al., 2009); loss of LanB1 is known to disrupt ECM organisation in
stage 17 embryos. Given that LanA is lost from the midgut-muscle interface in in wb mutants
(Pitsidianaki et al., 2021), the loss of both laminin a chains likely results in the loss of Laminin
heterotrimers. Thus, this suggests that the organisation of the basal ECM would be disrupted
in wb mutants. Put together, this could indicate that specific signals from the visceral muscle,

mediated via the ECM, drives localisation of Cher.

Previous work from the lab showed that organisation of the apical domain by Bv is
downstream of cues provided by Wb (Pitsidianaki et al., 2021). My results suggested that cues
driving basal polarisation provided by Wb were maintained in bin mutants but failed to
organise the apical domain. The failure to translate these basal cues into organisation of the
apical domains suggested a breakdown in a functional link between the processes. |
hypothesized that tubulins could play a role in this process. Examining tubulin formation in
wildtype showed that the midgut cell post-MET reformed polarised tubulin bundles oriented
parallel to the lateral membrane. These polarised tubulin bundles were lost in both wb and

bin mutants, suggesting that adhesion to the visceral muscle is required for tubulin
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organisation but also that adhesion to the somatic muscle is not sufficient, further
emphasising the importance of the visceral muscle. Further experiments will be needed to
examine the roles of these microtubules. | attempted to sever microtubules to see whether
the formation of apical domains was downstream or upstream to microtubule organisation,

but these experiments were inconclusive.

Finally, examining cell shape changes over time revealed a gradual but continuous change in
cell shape throughout stages 12 to 15; the epithelium appeared to shift from pseudostratified
epithelium to a monolayer. During this shift, cells in the pseudostratified epithelium appeared
to straighten their lateral membranes to form more columnar cells. These cell shape changes

were lost in bin mutants.

Put together, close examination of wildtype and bin mutant embryos indicate that MET is a
multi-faceted sequential process (Figure 16). Adhesion mediated Wb to a basal substrate
appears to be a key initial step required for the localisation of BPS (Figure 16, steps 1 and 2).
This is followed by organisation of the apical domain and organisation of tubulin structures
(Figure 16, steps 3 and 4); although which comes first is unclear, it appears that both of these
processes require cues from the visceral muscle. Basal polarisation of Cher appears to be a
parallel process independent of integrin mediated signals, but likely requires an intact ECM
and cues from the visceral muscle. It is likely that these mechanisms work together to drive
the cell shape changes that occur during MET, enabling the midgut to transform from a
pseudostratified epithelium into a more columnar monolayer. The bin mutants show that
basal cues mediated by Wb is not sufficient for MET and that various aspects of MET appear
to specifically require the visceral muscle. Thus, the role of the visceral muscle during MET

will be investigated in the following chapters.
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Figure 16. Schematic of processes that occur during MET.

1. Midgut comes into contact with the visceral muscle. Wb likely mediates adhesion of the midgut to
the visceral muscle. It is unclear what drives the mesenchymal midgut cell to come into contact with
the visceral muscle.

2. Wb at the interface between the visceral muscle and the midgut drives basal polarisation of
oPS1BPS integrin dimers. NetAB from the visceral muscle drives basal polarisation of Fra. The
mechanisms driving basal polarisation of Cher but is thought to be dependent on cues from visceral
muscle that also depend on the organisation of the ECM. The epithelial is a pseudostratified and cell
shapes are irregular.

3. Basal cues are thought to drive organisation of the apical domain including apical localisation of Baz
and aPS3pBv, and apicolateral localisation of Ecad. Organisation of aligned tubulin bundles oriented in
an apicobasal manner is also thought to be downstream of basal cues.

4. Cell shape changes continue up until stage 15. Lateral membranes become more linear as the cells

adopt a more regular shape to form a columnar monolayer.
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Chapter 3. scRNA-seq Analysis reveals potential mechanisms

underlying MET.

3.0 Introduction to scRNA-seq

Single cell RNA-sequencing (scRNA-seq) allows for the sequencing of mRNA transcripts within
individual cells, and therefore provides an insight into patterns of gene expression,
developmental lineage and function of the sampled tissue or organism. For example, scRNA-
seq data of the Drosophila adult midgut has previously been used to reconstruct lineage
trajectories and identify new markers of enteroendocrine (EEs) cells. Furthermore, five
neuropeptides previously not known to be expressed by EEs were identified (Hung et al.,
2020). Thus, this demonstrates that scRNA-seq can be used to infer information about

developmental lineage and function of different cell types.

To construct a scRNA-seq atlas of gene expression in midgut cells and the surrounding tissues
during early stages of development, the posterior region of the embryo was dissected from
living embryos from four different developmental timepoints were sequenced. The
timepoints corresponded to key steps during midgut development: timepoint 1 captured the
pre-EMT epithelial state; timepoint 2 captured EMT; timepoint 3 captured migration and MET
and timepoint 4 captured the post-MET epithelial state (Figure 1A, bottom schematic). For
each timepoint, the dissected posterior region from 100-150 embryos were pooled together.
Details regarding the methods for dissection and single cell sequencing have been described
in Plygawko et. al, 2024 (in submission) and are also outlined in the methods section. In
addition to the wildtype midguts, bin mutant midguts at stages 13-14, corresponding to
stages post-MET in wildtype were also dissected and sequenced. Embryo dissections and

single cell sequence sample preparation were performed by Kyra Campbell.

Unsupervised clustering of the wildtype cells from all four timepoints gave rise to four distinct
clusters (Figure 1A, UMAP), corresponding to the endoderm, mesoderm, ectoderm, and germ
cells. The different cell populations were identified using known marker genes (Figure 1B)

(from Plygawko et. al, 2024, in submission).
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Distinct lineages within these clusters were identified using Monocle (Trapnell et al., 2014), a
program designed to calculate transcriptional similarity between cells. By ordering cells by
transcriptional similarity, the program is able to order cells based on relative progression
through a differentiation process. This measure of relative progression was dubbed
Pseudotime. Crucially, by calculating Pseudotime across a group of cells, the program is able
to detect branching differentiation lineages and thus, identify precursor cells with no input
regarding the cell type, its gene expression or collection timepoint. Upon calculating
Pseudotime of the wildtype scRNA-seq data, the Pseudotime largely corresponded to the
timepoints in which cells were sampled. This suggested that the scRNA-seq data captured the
differentiation of cells. The UMAPs in Figure 17 were generated using Seurat and Monocle by

Camille Stephan-Otto Attolini.

In this chapter, | leverage the scRNA-seq data to examine transcriptional changes within the
PMEC population and the mesoderm population. Using this data, | investigate the expression
patterns of genes thought to play a role in MET. From this, | confirm that the mechanisms
governing polarity post-MET are distinct from those governing polarity mechanisms pre-EMT.
Given that just the visceral, but not the somatic muscle, is capable of supporting MET, |
examined for genes specifically upregulated in the circular visceral muscle that are not
expressed in the somatic muscle. Finally, | outline an approach used to investigate possible
interactions between the visceral muscle and the midgut to identify candidate genes that may

play a role in driving MET.

78



O n
Q
Q@ T3
O 14

UMAP2

UMAP1 Q

Figure 17. scRNA-seq data of the dissected midguts from embryos at four different timepoints
reveals transcriptional changes in the midgut and muscle population throughout development.
From (Plygawko et al., 2024).

A. Single cell sequencing data represented on a Uniform Manifold Approximation and Projection
(UMAP). Each dot represents a cell. UMAP is coloured according to the timepoints at which the
embryos were sampled. Distance within clusters correlate with differences in transcription such that
cells closer together within a cluster reflect similar transcriptional state. Distances between clusters

do not correlate with differences in transcription.
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Figure 17. scRNA-seq data of the dissected midguts from embryos at four different timepoints
reveals transcriptional changes in the midgut and muscle population throughout development.
From Plygawko et al., 2024.

B. Clusters labelled using known markers of distinct cell types. The clusters can be divided into four
major populations, corresponding to the endoderm, mesoderm, ectoderm, and germ cells. Within
these clusters are key sub-populations. For example, the largest of the clusters, which correspond to

the endoderm, consist of cells from the midgut and the Malpighian tubules.
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Figure 17. scRNA-seq data of the dissected midguts from embryos at four different timepoints
reveals transcriptional changes in the midgut and muscle population throughout development.
From Plygawko et al., 2024.
C. Pseudotime plot reveals distinct lineages within clusters. With the exception of germ cells, cells
early in development (dark blue) appear to differentiate to give rise to a number of different cell types.
The cluster corresponding to the midgut appeared to undergo the greatest amount of transcriptional

change.
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3.1 Results

3.1.1 Examining PMEC Gene expression.

The midgut population, identified by expression of a combination of marker genes including
hindsight (hnt) and GATAe, was extracted from the whole dataset and plotted separately on
a UMAP (Figure 18A). The midgut UMAPs and dot plot in Figure 18 were generated using
Seurat and Monocle by Camille Stephan-Otto Attolini. Comparing the plots showing
sampling timepoint and the calculated Pseudotime shows that they are largely in line with
one another (Figure 18A, compare left and right). Given that timepoint 1 and lower
pseudotime corresponds with one another, this indicates that the different populations
within the midgut likely originates from a single progenitor population. Plygawko et al.,
2024 (in publication) demonstrated that four different midgut cell populations could be
identified. Of these population, | will focus on PMECs, as they are the only population that

undergoes MET (Tepass and Hartenstein, 1994b).

Dotplots of known markers genes (Figure 18B) were generated based on expression within
Seurat clusters, another method of unsupervised clustering (Butler et al., 2018).
Pebbled/hindsight was used as a general midgut marker to identify the midgut (Yip et al.,
1997), and was found to be expressed throughout all midgut cells, albeit at varying levels.
Various genes encoding sSJ proteins including mesh, snakeskin (Ssk) and hoka (lzumi et al.,
2021) were expressed in clusters 10, 16, 17, and 20 (Figure 18B), corresponding to clusters
within cells sampled at T4 (Figure 18C). Tetraspanin 2A (Tsp2A), known to organise sSJs
(lzumi et al., 2021), was also similarly expressed. Given that mature sSJ are only found in
PMECs at larval stages (Tepass and Hartenstein, 1994a), these clusters likely correspond to
PMEC populations at later stages. Fasll, which is found along the lateral membrane of
PMECs, appears to be strongly expressed in cluster 0, 7 and 8, corresponding to cells
collected at T1 (Figure 18B). Thus, the largest lineage within the midgut population appears
to reflect the PMECs.
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Figure 18. SCRNA-seq data can be used to identify PMECs within the midgut population.

A. UMAP of midgut cells coloured by timepoints (Right) and by Pseudotime (Left).

B. Dot plot of genes expressed in the UMAP, based on expression within clusters. Dot colour
corresponds to level of expression while dot size corresponds to the proportion of the population
expressing the gene.

All figures adapted from Plygawko et al., 2024, in submission.
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Figure 18. SCRNA-seq data can be used to identify PMECs within the midgut population.

C. UMAPs coloured by relative expression level. Labelling with various known markers reveals
expression of sSJ proteins in PMECs. Brackets in the ssk, hoka and mesh UMAPs correspond to T4
timepoints.

All figures adapted from Plygawko et al., 2024, in submission.
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Identifying the clusters corresponding to the PMECs within the midgut UMAPs allowed for
subsequent analysis of the PMECs to examine the transcriptional changes associated with
polarity. | used R to examine and analyse the transcriptional changes based on the datasets
from the single cell data processed by Camille. SAS and Crb are apically localised pre-EMT
and have been shown to be downregulated during EMT (Campbell et al., 2011). Examining
sas expression within PMECs shows that sas is indeed downregulated at early stages of
midgut morphogenesis (Figure 19A). Similarly, crb is strongly expressed at early stages and
downregulated in PMECs prior to migration (Figure 19B). This is in line with reports that Srp

drives repression of crb.

In contrast to these apical polarity protein, Baz protein has been shown to be continuously
expressed throughout EMT and migration (Campbell et al., 2011). This appear to be the case
at the RNA level, as baz appears to be lost in PMECs during T2 and T3 (Figure 19C). It was
unexpected to see downregulation of baz at late stages of PMEC differentiation given that
Baz remains apically localised in stage 15 midguts post-MET (Pitsidianaki et al., 2021),
suggesting that the protein persists after transcription has been turned off. Downregulation
of baz is interesting in the context of findings that Baz is not expressed in the adult midgut,
which may suggest that baz is not re-expressed at later stages (Chen et al., 2018). In contrast,
expression of jtgbn, which encodes integrin subunit Bv, appears to be is restricted to late
stages of PMEC differentiation (Figure 19D). Late expression of itgbn coincides with the
proposed role for Bv to organise the apical domain with aPS3 (Devenport and Brown, 2004;
Pitsidianaki et al., 2021). Put together, the patterns of baz and itgbn expression in PMEC
appear to indicate a switch in transcriptional module. It is tempting to suggest that this switch
in transcriptional activity indicates shift in function from a mechanism that establishes apical

polarity to one that reinforces apical polarity.

Put together, temporally restricted expression of sas and crb at early stages and 8v at later
stages is indicative of their specific role to organise polarity in the PMECs pre-EMT and post-
MET respectively, suggesting that the mechanisms underlying polarity in pre-EMT and post-

MET midgut cells are distinct from one another.
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To further investigate the common mechanisms underlying polarity pre-EMT and post-MET,
| examined genes that were differentially expressed during epithelial and mesenchymal
states. To do this, | compared relative gene expression levels in PMECs from timepoint 1, 3
and 4, corresponding to the pre-EMT epithelial state, mesenchymal state, and the post-MET
epithelial state respectively. By comparing relative expression levels, | could broadly split

gene expression into 9 different trajectories (Figure 19E).

Thresholding for genes showing a log fold change (log.FC) greater than 0.25 (~20% change)
only gave a total 16 genes that were specifically upregulated in epithelial cells compared to
mesenchymal cells (Figure 19E, Trajectory 7. Genes list in Figure 19F). Within these genes, the
polarity protein lethal giant larvae (Igl) was part of this list. The other terms do not appear to
be obviously linked to epithelial biology; running the list through g:Profiler (Kolberg et al.,
2023) suggests that the list is enriched in genes associated with metabolism and
mitochondrial respiratory chain complex Il (Figure 19F). Thus, it appears that there are very
few genes that are specifically upregulated midgut cells in both the early pre-EMT epithelial
and post-MET epithelial states, when compared to during their migratory stage, which
indicates that the re-epithelialisation of PMEC cells post-MET is distinct from the mechanisms

underlying formation of the epithelia pre-EMT.
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Figure 19. Examining transcriptional patterns in PMECs suggests that epithelial states pre-EMT and
post-MET are regulated by distinct mechanisms.

A, B, C, D. Midgut UMAP coloured by relative expression of respective genes.

E. Trajectory of genes in wildtype PMECs. Thresholding differential expression by log,FC < 0.25

shows only 16 genes that are specifically upregulated at epithelial states (Trajectory 7).
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3.1.2 Identifying and validating mesoderm lineages in single cell data

The expression of various mesodermal markers was used to identify the different
mesodermal lineages present in the samples (Figure 20A, 20B). Four distinct populations were
identified, consisting of the somatic muscle, circular visceral muscle, longitudinal visceral
muscle, and the fat body (Figure 20B). The mesoderm UMAP in Figure 20A were generated
using Seurat and Monocle by Camille Stephan-Otto Attolini. Dot plot in Figure 20B generated
with help from Camille. Subsequent interpretation and analysis of the mesoderm UMAPs was

done independently.

Somatic muscle was identified by expression of fusion competent myoblasts markers, which
make up the majority of the somatic cell population. Somatic fusion competent myoblasts are
defined by expression of Lameduck (Lmd), a transcription factor of the Gli superfamily that
functions to transcriptionally regulate myoblast fusion (Duan et al., 2001) (Figure 20 C).
Downstream of Lmd is Stick and stones (Sns), an immunoglobulin domain adhesion protein
that mediates myoblast attachment (Gildor et al., 2012) (Figure 20D). Verprolin 1 (Vrp1)
associates with Sns and is responsible for actin polymerisation required at the later stage of
myoblasts fusion (Massarwa et al., 2007) (Figure 20E). Expression of vrp1 in particular seemed

to be restricted to the somatic muscle population.

Expression of bin and bap was used to identify the visceral mesoderm. Bin is expressed
throughout the visceral mesoderm (Zaffran et al.,, 2001) and as such, appeared to be
expressed in both visceral muscle populations (Figure 20F). Expression of bap was found to
be strongest early during visceral mesoderm differentiation but appeared to be restricted at
later stages to the one visceral muscle population (Figure 20G); this is in line with published
results that show that longitudinal visceral muscle founder cells does not express Bap (Zaffran
et al., 2001). Expression of Connectin (con), an adhesion molecule expressed specifically by
circular visceral founder cells, confirmed that this branch was indeed the circular visceral

muscles (Martin et al., 2001; Meadows et al., 1994) (Figure 20H).

The longitudinal visceral muscle was identified by expression of longitudinal muscle founder

cell markers. Helix-loop-helix transcription factor HLH54F and Teyrha-Meyrha (Tey) are both

required for migration of the longitudinal muscle founder cells and subsequent differentiation
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into longitudinal visceral muscles (Frasch et al., 2022; Ismat et al., 2010). Expression of both
of these genes appeared to be highly restricted to the bap-negative visceral muscle
populations. As such, it was likely that this branch was the longitudinal muscle lineage (Figure
201,J). Finally, expression of Faslll appeared to be expressed in both the circular and
longitudinal visceral muscle (Figure 20K); this was expected as Faslll marks both visceral
muscles in the trunk mesoderm. UMAP region for Fat body markers also indicated that these

were present in the dissected material.

In addition to identifying differentiated muscles, the single cell data also appears accurately
captures the transcriptional changes that occur throughout differentiation. For example,
expression of I’sc, which marks muscle progenitor cells, is detected. Furthermore, this is
restricted to a population corresponding to cells sampled at timepoint 1 (Figure 20N, compare
with Figure 20A), indicating that the data also captures early mesoderm development.
Additionally, it has been previously observed that bap is expressed at stage 10 before
downregulation at late stage 11 (Martin et al.,, 2001). The UMAP appears to reflect this;
expression of bap is strongest in population corresponding to the visceral mesoderm but
drops off in the branch corresponding to the circular visceral muscle (Figure 20G). These
observations indicate that the single cell data also captures changes in expression levels that

occur throughout mesoderm differentiation.

Put together, the above data shows that the single cell sequencing data of the dissected
midgut also accurately captures mesoderm development. The data captures four unique
lineages including the circular visceral muscle and the somatic muscle. | therefore next used
the scRNA-seq data of the different muscle populations to investigate the potential

mechanisms underlying their distinct roles in mediating midgut migration and MET.
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A. UMAP of the mesodermal population coloured according to the timepoints at which the embryos

were sampled.

B. Dotplot of the mesodermal population, based on expression within Seurat clusters.
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Figure 20. Mesoderm populations branch into 4 distinct populations.

C ~ I. UMAPs coloured by relative expression level of each gene. Labelling with various mesoderm

markers reveal distinct populations arising from the mesoderm.
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3.1.3 Examining laminin and integrin expression patterns in midgut and the mesoderm.

One surprising aspect about the bin phenotype, described in the previous chapter, was the
presence of basal Wb between the midgut and the somatic muscle. This came as a surprise
as it was previously suggested that the visceral mesoderm is the major source of Wb at the
basal interface of the midgut in wildtype embryos (Pitsidianaki et al., 2021). Given this
observation, | wanted to examine gene expression of laminins in the midgut and muscle to

clarify which tissues expressed each gene.

Wb expression in the muscle appears to be strongest early in development. Given that both
the circular visceral muscle and somatic muscle express similar levels of wb (Figure 21A), this
supports my finding that the somatic muscle appears sufficient to provide the Wb found at
the basal interface of the midgut in bin mutants. In contrast, there appears to be stronger
expression of /anA in the circular visceral muscle compared to the somatic muscle (Figure

21B).

In contrast to the muscle, both Laminin a-chains appeared to show similar expression
patterns within PMECs (Figure 21C & D). Both Laminin a -chains are upregulated during
migration and MET and are downregulated at late stages of PMEC differentiation. One minor
difference is that expression of wb is upregulated earlier than lanA (compare Figure 21C and
21D), which corresponds with its earlier role in driving epithelialisation (Pitsidianaki et al.,

2021).

In summary, expression of wb does not appear to be significantly different between the
somatic and circular visceral muscle. This is in line with observations of bin mutants, in which
Wb at the interface between the midgut and the somatic muscle appears to be sufficient to
mediate adhesion. Instead, expression of lanA appears to be a major distinguishing factor

between the circular visceral muscle and the somatic muscle.
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Figure 21. Relative expression levels of laminins in the mesoderm and midgut.

A & B. Mesoderm UMAPs coloured by relative expression level of Laminin a chains

C & D. Midgut UMAPs coloured by relative expression level of Laminin a chains.
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3.1.4 Examining differentially expressed genes between the circular visceral muscle and the

somatic muscle.

As discussed in the previous chapter, the circular visceral muscle appears to specifically drive
MET; observations of bin mutants suggests that the somatic muscle is able to support early
migration but is unable to drive MET. While it has been shown in bin mutants that Wb is
present at the interface between the midgut and the somatic muscle, it is also plausible that
Wb at this interface, while sufficient to mediate adhesion, fails to play a functional role to
organise the basal domain. In support of this, partial mislocalisation of Talin can be observed
in bin mutants. Regardless, basal localisation of Cher, which has been shown to be
independent of adhesion (Devenport and Brown, 2004), is also lost in bin mutants, clearly

implicating the visceral muscle in midgut MET.

Thus, | assumed that the genes responsible for driving MET would be expressed in the circular
visceral muscle and not the somatic muscle. To find these genes, | examined a list of
differentially expressed genes between the clusters reflecting the two muscle populations at
T3 and T4, which reflected the differentiated populations (Figure 22A). This was done in R
based on datasets generated by Camille. Con and Fas3 were both present in the list of top 15
differentially expressed genes for clusters 6 and 16, suggesting that the list accurately reflects
genes specific to the circular visceral muscle (Figure 22B, left). Likewise, somatic muscle
marker Vrpl was present in the list of top 15 differentially expressed genes for cluster 1, 4,
14 (Figure 22B, right). argk, sug, ab and eno are also in published list of genes expressed by
the somatic muscle, predicted based on differentially accessible ATAC peaks generated by
SCATAC-seq (Secchia et al., 2022). Thus, it appears that the two lists accurately reflect

differences in gene expression between the circular visceral muscle and somatic muscle.
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Figure 22. Using single cell data to identify circular visceral muscle-specific gene expression.
A. UMAP of the mesodermal cells. Unsupervised clusters were generated using Seurat. Clusters 1, 4
and 14 correspond to somatic muscles from T3 and T4 sample windows. Clusters 6 and 16 correspond
to visceral muscles from T3 and T4 sample windows. B. Top 15 genes differentially expressed between
the visceral muscle and somatic muscle. Con and Fas3, in bold, are known specific markers of the
circular visceral muscle that were strongly differentially expressed. Vrp1, also in bold, is a known
marker of somatic fusion competent myoblasts.
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3.1.5 Identifying midgut-circular visceral muscle interactions.

In order to identify cues from the circular visceral muscle that contribute to midgut
morphogenesis, the cross talk between the two tissues must be considered. The manner in
which the two tissues can interact can be broadly divided in to three types. These include
interactions mediated by the ECM, ligands secreted by the circular visceral muscle and
transmembrane ligands expressed on the circular visceral muscle. Examples of the first two
have been discussed. It is difficult to rule out the possibility of interactions mediated by
transmembrane ligands expressed on the circular visceral muscle; at stage 13, the ECM
between the midgut and the visceral muscle is punctate (Wolfstetter et al., 2009) and thus
could allow for transmembrane ligands expressed on the surface of midgut cells to interact
with the visceral muscle. Only at stage 14 onwards upon flattening of the visceral muscle does
the ECM form a continuous layer at the interface between the midgut and visceral muscle
(Wolfstetter et al., 2009). Thus, all three types of interactions were considered for candidate

genes mediating signalling between the two tissues.

In an attempt to find receptor-ligand interactions, | started with the genes differentially
upregulated in the circular visceral muscle compared to somatic muscle at timepoints 3 and
4. From this list, | made a list of cognate genes based on a curated list of ligand-receptor
interactions provided by FlyPhoneDB (Liu et al., 2021). The expression of each of the cognate
genes in the midgut were manually checked using the single cell data using the Loupe cell
Browser and the Berkeley Drosophila Genome Project in situ expression database
(Hammonds et al., 2013; Tomancak et al., 2007, 2002) (Figure 23A). The list of ligand-receptor
pairs that fulfilled the above requirements are listed in Figure 23B. With respect to the
cognate genes, genes expressed across the midgut at both timepoint 3 and 4 were included

to cast a wide net for possible interactions.

Semala - Otk was identified in the list of possible interactions mediated by CVM receptors.
Although typically characterised as a ligand, Semala can mediate bi-directional signalling with
Otk as its cognate receptor during motor axon guidance (Jeong et al., 2017; Nguyen et al.,
2022). Its cognate receptor otk is one of the most differentially upregulated genes in the

circular visceral muscle. PlexA was also added to the list of candidate genes as a potential
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receptor for Semala. PlexA can function as a receptor for Semala signalling during axon
guidance (Cho et al.,, 2012; Winberg et al.,, 1998) and has been suggested to have some

interaction with Semala — Otk signalling as well.

Wnt4, which is involved in MET during nephrogenesis (Carroll et al., 2005), was identified as
one of the most differentially upregulated genes in the circular visceral muscle. It has been
suggested that it can potentially acts as a ligand for Otk (Peradziryi et al., 2011), which is also
expressed in the midgut. It should be noted that this has been called into question, with
another paper suggesting Wnt2 to be a ligand for Otk (Linnemannstons et al., 2014).
Regardless, the presence of Wnt4 and the expression of various possible receptors in the
midgut pointed towards a possible conserved role for Wnt4 to drive MET and thus was added

to the list of candidate genes.

Various BMP signalling receptors also appear to be expressed in the midgut and muscle. For
example, Babo, associated with Activin signalling, appears to be uniquely expressed in the
midgut. Two different Mad/BMP ligands, mav and gbb were shown to be expressed in the
circular visceral muscle, which may mediate the signalling from the visceral muscle to the
midgut mediated by BMP signalling. It should be noted that the visceral muscle also expresses
BMP signalling receptors, and thus could simply reflect the dual roles that BMP signalling can
play in the development of muscle and the midgut (Upadhyay et al., 2017). One known
interaction mediated between the visceral muscle and the midgut mediated by BMP signalling
is the expression of /ab. However, as expression of mothers against decapentaplegic (mad),
the key downstream mediator of BMP signalling, occurs much earlier than lab, Mad probably
plays other roles during PMEC development (Figure 24). Similarly, the expression of BMP
signalling receptors throughout development point towards a role for BMP signalling. Thus,
Mad was added to the list as of genes to screen as a potential downstream mediator for

various BMP receptors.
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Figure 23. Examining receptor-ligand interactions between the midgut and the circular visceral
muscle interactions to identify candidate genes for functional screens.

A. Schematic showing the process taken to examine receptor-ligand interactions. B. Receptor-ligand
interactions between the midgut and circular visceral muscle. In red are the genes within the list of

top 15 upregulated genes in the circular visceral muscle.
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Figure 24. Midgut UMAPs showing expression of lab, mad and BMP signalling receptors.

Expression of lab is strictly in terminal stage of PMEC and ICP specification. BMP signalling receptors
including baboon (babo), put (punt), sax (saxophone) and tkv (thickveins) are expressed throughout
PMEC development. BMP Type 2 Receptor wishful thinking (wit) was not in the expression matrix.
However, the in situ database indicates that wit is not expressed in the embryo (Hammonds et al.,

2013; Tomancak et al., 2007, 2002).
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3.2 Discussion

In this chapter, | used the scRNA-seq data to examine midgut gene expression throughout
midgut morphogenesis. | first examined the changes in gene expression between the midgut
epithelia that forms pre-EMT and the midgut epithelial that forms post-MET to explore both
common and distinct mechanisms associated with an epithelial state. | also examined
mesoderm gene expression to look at the genes expressed in the circular visceral muscle,
which has been shown to be specifically required for midgut MET. Given this key role for the
circular visceral muscle, | used the midgut and mesoderm scRNA-deq data to identify
potential ligand-receptor pairs that mediate the interaction between the circular visceral

muscle and the midgut to drive midgut MET.

Examining gene expression patterns within PMECs showed that expression of polarity
proteins sas was downregulated early during PMEC differentiation, suggesting that it does
not play any role during MET. This is in line with published results that indicate SAS is not
expressed post-EMT (Campbell et al., 2011). Expression of crb also appeared to be
downregulated prior to migration. Given this finding, it was likely that the mechanisms

governing polarity pre-EMT were distinct from those governing polarity post-MET.

To examine this further, | looked for genes in PMECs that were upregulated during both
epithelial stages. Surprisingly, very few genes were identified. One of the genes conserved in
both epithelial states encoded the polarity protein Lgl. Lgl is a basolateral polarity protein,
that antagonise apical proteins including members of the Par protein complex (Buckley and
St Johnston, 2022; Chalmers et al., 2005). It is tempting to suggest that apical localisation of
Baz is regulated by transcription of /gl. However, this is unlikely to be the case; maternal
contribution of Lgl in wildtype is sufficient for normal embryogenesis (Manfruelli et al.,
1996). Furthermore, it is also noted that midgut MET occurs normally in the absence of Lgl
function (Manfruelli et al., 1996). Regardless, there appears to be very few genes that are

upregulated specifically when PMECs are epithelial.

One possible explanation for this is that the re-epithelialisation of PMEC cells post-MET is

distinct from the mechanisms underlying formation of the epithelia pre-EMT. This would not
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be a surprise given the difference in morphological changes that occur; the process of
epithelial folding that occurs early during the development of the posterior midgut (Lengyel
and Liu, 1998) is a distinct process from MET. Alternatively, it could also suggest that
epithelialisation during midgut MET is regulated by additional mechanisms separate from
transcriptional regulation. For example, expression of baz is downregulated during PMEC
differentiation but is still retained apically in the midgut epithelia post-MET. In contrast, the
expression pattern of itgbn, encoding Bv, suggests that some aspects of polarity are
controlled by regulation of protein expression at the transcription level. Thus, while it is likely
that some aspects of MET are regulated by transcription, some appear to be determined by
other mechanisms. One such mechanism may involve post-translational modifications; post-
translation modifications are known to affect the localisation and stability of tight junction
proteins in vertebrates (Reiche and Huber, 2020). This idea that transcription does not fully
capture the mechanisms underlying epithelial organisation is one that has slowly gained
traction within the field of EMT (Yang et al., 2020). This is of particular relevance given the
widespread use of biomarker expression levels as an indicator of an epithelial state and

highlights the importance of functional studies examining localisation of proteins.

Examining scRNA-seq of the mesoderm revealed that expression of /anA in the circular
visceral muscle is much greater than the somatic muscle. This suggests that the midgut in bin
mutants lack a major source of basal LanA. Despite this, the midgut retains the capacity to
migrate in bin mutants. Together with the fact that migration in LanA mutants is slowed
(Pitsidianaki et al., 2021), this suggests that LanA from the underlying muscle is not required
for migration, but rather that LanA secreted by the midgut cells themselves is important for
normal midgut migration. This is in line with previous work suggesting LanA secreted by

midgut plays a key role in midgut migration (Pitsidianaki et al., 2021).

With regards to MET, it appears that adhesion and basal localisation of BPS is not disrupted
in bin mutants despite loss of LanA. This is in line with observations that indicate that the /anA
mutant remains adherent to the muscle and maintains basal localisation of BPS (Pitsidianaki
et al., 2021), confirming that LanA from the visceral muscle does not play a role in adhesion
or basal localisation of BPS. The phenotypes of the /anA mutants are distinct from bin in that

the PMECs form a monolayer of columnar cells and retain apically localised Ecad and Baz,
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albeit in a dispersed manner compared to wildtype (Pitsidianaki et al., 2021). In contrast, my
results show that bin mutants fail to form a monolayer and lose Ecad and Baz localisation.
Thus, it appears that the phenotypes observed in /lanA mutants are milder than that of bin
mutants, indicating that loss of basal LanA is likely not the cause of phenotypes observed in
bin mutants. Furthermore, it is thought that organisation of the apical domain mediated by
LanA is driven by apical secretion of LanA from the midgut (Pitsidianaki et al., 2021), rather
than a function of LanA from the underlying the visceral muscle. Thus, while LanA does play
roles in MET at later stages, the loss of LanA from the visceral muscle does not explain the
phenotype observed in bin mutants. Put together, it appears that LanA expressed in the

visceral muscle does not affects midgut migration or MET.

Finally, | examined genes expressed in the visceral muscle that were differentially upregulated
in the somatic muscle to identify candidate genes that might play a role in driving midgut
MET. For this, | used a curated list of high confidence ligand-receptor interactions from
FlyPhone DB (Liu et al., 2021). It should be noted that Fra and Netrins, a receptor-ligand
interaction between the midgut and visceral muscle that contributes to MET (Pert et al.,
2015), was not part of the list of curated receptor-ligand interactions from FlyPhone. While
this does suggest that the list may not comprehensive, both Netrin A and B were identified as
genes specifically upregulated in the visceral muscle and thus would have been picked up had
Fra-Netrin interactions been on the list of possible interactions. Thus, this does not take away
from the validity of this methods; using this method, | have examined an extensive list of
receptor-ligand interactions for possible interactions between the visceral muscle and midgut
that play a role in MET. Although Semala and Mad-related genes were prioritised for further
investigation, the other possible receptor-ligand interactions include candidates that may be

worth exploring in the future.
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Chapter 4. Phenotypic Screen for signals from the circular

visceral muscle that drive midgut MET

4.0 Introduction

As described in Chapter 1, examining midgut MET in bin mutants showed that adhesion to
the somatic muscle is not sufficient for MET and that the circular visceral muscle, the basal
substrate for the midgut during wildtype MET, is specifically required to provides cues that
is critical for midgut MET. By leveraging scRNA-seq data, | compared the transcriptome of
visceral mesoderm and the somatic muscle to identify genes expressed specifically by the
circular visceral muscle. Using this list, | identified a number of potential receptor-ligand
interactions that might mediate signalling between the midgut and the visceral muscle that
drives midgut MET. In this chapter | will focus on characterising embryos mutant for the
genes that potentially mediate the mechanisms that drives midgut MET. In the following
section, | will describe the literature surrounding BMP signalling and genes related to
Semala, both of which were identified as possible mediators of receptor-ligand interactions

driving midgut MET.

BMP signalling

BMP signalling, one of the two Transforming growth factor B (TGF-B) family signalling
pathways in Drosophila, is a well characterised signalling pathway that plays roles in a wide
range of developmental processes in Drosophila, including embryonic patterning and axon

guidance (Upadhyay et al., 2017).

The downstream activities of BMP signalling are mediated by a single central transcription
factor called Mothers against dpp (Mad). The signalling cascade that leads to the
phosphorylation of Mad is initiated by extracellular BMP ligands that promote the
dimerization of Type | and type || BMP receptor kinases. Constitutively active type Il BMP
receptor kinases phosphorylate Type | BMP receptor kinase, which in turn phosphorylates
Mad. Upon phosphorylation, Mad forms a complex with Medea (Upadhyay et al., 2017).
This Mad-Med complex moves to the nucleus, where it is able to regulate gene expression

with other transcription cofactors (Hamaratoglu et al., 2014).
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BMP signalling also plays roles in midgut morphogenesis. The activation of BMP signalling in
the midgut is dependent on expression of BMP signalling ligand Dpp in the visceral muscle.
Dpp is expressed in the visceral muscle in parasegment 7, corresponding the middle region of
the midgut. Downstream signalling BMP signalling in the midgut is mediated by the binding
of Dpp to Type | receptor Thickvein (Tkv) (Casas-Tinto et al., 2008). Phosphorylation of Mad
by Tkv is thought to drive expression of D-Fos, a member of the AP-1 family of transcription
factors (Riese et al., 1997) and FoxK, a member of the Fox family of transcription factors
(Casas-Tinto et al., 2008), which together promote the expression of Lab in the midgut
corresponding to parasegment 7. Lab is itself a transcription factor of Hox gene family
required for embryonic midgut constrictions (Casas-Tinto et al., 2008), as well as the

specification copper cells in the adult midgut. (Dubreuil et al., 2001; Hoppler and Bienz, 1994).

This mechanism of BMP signalling between the visceral muscle and midgut is particularly
interesting given the expression of other BMP ligands and receptors in PMECs and the visceral
muscle (see Figures 23 and 24); given that BMP signalling occurs between the visceral muscle
and the midgut, other ligands or receptors may play a role in coordinating MET. Whether
there is a role for BMP signalling earlier than midgut constriction is not clear. Phospho-Mad
stains of stage 13 wildtype embryos indicated that Mad signalling was active in parasegment
7 in both the visceral muscle and midgut, corresponding to the region populated by the ICPs

(Shirinian et al., 2007).

A possible role for BMP signalling during MET was suggested in a study looking at mutants for
Anaplastic Lymphoma Kinase (Alk) (Shirinian et al., 2007). Alk is a receptor expressed in
visceral muscle for the ligand Jelly belly (Jeb) which is produced by the somatic muscle. This
Jeb-Alk signalling is critical for expression of dumbfounded (duf), which defines specification
of visceral muscle founders. In the absence of Alk and Jeb, there is an absence of visceral
muscle founders, resulting in aberrant myoblast fusion between visceral fusion competent
myoblasts to somatic founder cells and thus, failure to form visceral muscles (Lee et al., 2003).
These mutants are thought to be distinct from bin mutants in that they are able to define the
visceral mesoderm and form visceral fusion competent myoblasts. In these mutants, no

migration or midgut fusion defects were reported. However, a failure of dorsal-ventral
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spreading of the midgut was noted, such that the midgut fails to enclose the yolk. Although
speculative, this could be a consequence resulting from a failure to undergo MET. Crucially,
BMP signalling in the midgut is disrupted in alk mutants, leading to loss of lab expression in
the midgut (Shirinian et al., 2007). Furthermore, the disruption of BMP signalling in these alk
mutants was shown to be independent of myoblast fusion (Shirinian et al., 2007); migration
of the midgut and BMP signalling are unperturbed in sns mutants, in which founder cells are
specified but fail to fuse with fusion competent myoblasts. Thus, this suggested the possibility
that the failure of dorsal-ventral spreading observed in alk mutants were the result of

aberrant BMP signalling between the visceral muscle and midgut.

Semala
Semaphorins are a widely conserved family of proteins, defined by the presence of an

extracellular Sema domain (Goodman et al., 1999). They function in a wide range of processes
including cell morphology and motility (Alto and Terman, 2017). Members of the Semaphorin
family can be secreted, transmembrane or glycosylphosphatidylinositol-linked (GPI) proteins

(Goodman et al., 1999), which function to anchor the protein to the exterior of the cell.

The majority of binding partners for Semaphorins belong to the Plexin family of receptors.
Plexins are unique among cell surface receptors in that they have GTPase activating protein
(GAP) domains (Pascoe et al., 2015). These GAP domains can activate small GTPase, which are
responsible for a variety of molecular functions including cytoskeleton dynamics (Dent et al.,
2004; Driessens et al., 2001). Interestingly, Plexins also have a Sema domain, despite the fact

that Plexins are evolutionarily distant from Semaphorins (Goodman et al., 1999).

A key characteristic of transmembrane Semaphorins, such as Semala, is its ability to mediate
bidirectional signalling. This means that it can function as a ligand during forward signalling,
such that it mediates activation of a signalling cascade in the opposing cells, but also as an
receptor during reverse signalling, such that binding of a ligand to the transmembrane
Semaphorin will activate a signalling cascade through its cytoplasmic domain (Battistini and
Tamagnone, 2016; Hernandez-Fleming et al., 2017; Hsieh et al., 2014; Jeong et al., 2017,
2012).
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Early studies examining Semaphorins in Drosophila characterised Semala as a repulsive axon
guidance cue in Drosophila. During the development of motor neurons, fasciculated bundles
of axons grow together and segregate at their respective destinations to innervate the correct
muscle. Ectopic expression of Semala in muscle prevented innervation of the motor axon,
indicative of its repulsive function (Yu et al., 1998). This function of Semala as a repulsive
axon guidance was shown to be mediated by its binding to Plexin A (PlexA); motor axon
defects observed upon ectopic expression of Semala in muscles could be rescued upon loss
of PlexA in the neuron (Winberg et al., 1998). PlexA is one of two Plexins in Drosophila (Yu
and Kolodkin, 1999). In addition to its role in the axon guidance, PlexA has also been
associated with coordinating migration of follicular epithelial cells; expression of PlexA at the
trailing edge and transmembrane Semaphorin Sema5C at the leading edge suppresses the

formation of leading-edge protrusion into neighbouring cells (Stedden et al., 2019).

Notably, in the context of motor axon guidance, PlexA does not mediate Semala reverse
signalling (Jeong et al., 2012). This is particularly relevant in the context of the potential
ligand-receptor interactions between the midgut and circular visceral muscle, as Semala was
identified as a potential binding partner expressed in the midgut for PlexA, which was found
to be enriched in the circular visceral muscle compared to the somatic muscle (Figure 23). If
the assumption that PlexA also does not mediate reverse signalling holds true in the midgut,
it is likely that any function for Semala as it relates to midgut MET is mediated by Otk, the

other Semala-binding protein enriched in the circular visceral muscle.

Off-track (Otk) mediates Semala reverse signalling in motor axons (Nguyen et al., 2022;
Rozbesky et al., 2020). Otk is a ortholog of vertebrate protein tyrosine kinase 7 (Ptk7), which
functions as a regulator of planar cell polarity during neural tube closure (Lu et al., 2004). The
extracellular domain of Otk is composed of five immunoglobulin-like domains and, in addition
to Semala, can also bind to Wnt4 and the glycosaminoglycans heparan and heparin sulfate

(Rozbesky et al., 2020).

Like Plexins, Semala reverse signalling is associated with cytoskeleton remodelling (Jeong et
al., 2017, 2012). During motor axon guidance, the intracellular domain of Semala is able to

recruit Pebble (Peb), a Rho GEF, and RhoGAPp190. These are likely to act upon Rhol (Jeong
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et al.,, 2017), which can mediate cytoskeleton remodelling required during axonal growth
(Bodakuntla et al., 2021). Interestingly, it has been proposed that Cher and Varicose are also
recruited to the intracellular domain of Semala (Jeong et al., 2017). Varicose is a membrane
associated guanylate kinase (MAGUK) that is also associated with smooth septate junctions
(Bachmann et al., 2008), and likely functions as a scaffold to organise various signalling
complexes at the axon-axon contact sites (Jeong et al., 2017). It has been proposed that Cher
and Varicose function to coordinate localised cytoskeleton remodelling by anchoring Peb to
both Semala and the actin cytoskeleton (Jeong et al., 2017). This is interaction between
Semala and Cher is of particular interest given that the mechanisms driving Cher localisation
in the midgut has not been fully characterised (Devenport and Brown, 2004; Pert et al., 2015).
It has also been shown that Semala reverse signalling drives activation of Moesin in
photoreceptor axons, but whether this is dependent on Otk has not been shown (Hsieh et al.,
2014). This represents an alternative mechanism that might play a role in mediating MET;

Moesin has been shown to be basally localised in midgut cells post-MET (Pert et al., 2015).

Otk is also expressed in the midgut as well (Figure 23) and as such may mediate signalling that
affects midgut morphology. Wnt4, a binding partner for Otk (Peradziryi et al., 2011; Rozbesky
et al., 2020), is also highly enriched in the circular visceral muscle (Figure 23), and as such
could act as a ligand for Otk expressed in the midgut. It has been shown in the context of wing
patterning that Otk can function as a co-receptor with Frizzled to bind Wnt4. Upon binding
with Wnt4, Otk recruits Dishevelled (Dsh) to the cell membrane via its cytoplasmic domain,

which inhibits canonical Wnt signalling (Peradziryi et al., 2011).

Given the expression patterns of Semala, PlexA, Otk, and Wnt4 in the midgut and muscle,

and their links to mechanisms related to midgut MET, mutants for Semala, PlexA, Otk, and

Wnt4 were selected as candidates to screen for MET phenotypes.
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4.1 Results

4.1.1 Phenotypic Screen of Mad

Given the expression of various Mad-related ligands and receptors in the visceral muscle and
midgut, the Mad?? allele, that functions as a null mutant specifically for the BMP pathway
(Eivers et al., 2009), was used to examine the possible role for Mad signalling between the
visceral muscle and midgut to drive midgut MET. Examination of stage 13 Mad’? mutant
embryos revealed no obvious defects in dorsal-ventral spreading, with the midgut fusing and
enclosing the yolk in a similar manner to wildtype (Figure 25A). ICP localisation and basal

localisation of BPS and Cher appeared normal.

It should be noted that maternal contribution of Mad may be playing a functional role in the
Mad*? mutant. Mad is maternally expressed as indicated by the in situ database (Hammonds
et al., 2013; Tomancak et al., 2007, 2002) (Figure 25B). While maternal contribution of Mad
appears to be restricted to early stages, it is also possible that the protein persists until later
stages. Thus, examination of the Mad*? mutant does not entirely rule out a role for Mad
signalling in midgut MET. One possible phenotype from the Mad?? mutants was the

aberrant Cher expression in the foregut, but this was not explored further.
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Figure 25. Examination of Mad!2 mutants.

A. Dorsal-ventral view of stage 13 embryos. Basal Cher (Green) and BPS (Magenta) are maintained in
mad?*? mutants. ICP localisation also appears normal. Cher expression is possibly aberrant in the
foregut; a clear distinction in Cher expression between the midgut and the foregut could be observed.
N = 48ystGFP, N = 18 embryos. Mad12, N = 4 embryos.

B. In-situ hybridisation staining for Mad shows maternal contribution of Mad. Mad appears to be
expressed by the midgut after stage 9. Images taken from the Berkeley Drosophila Genome Project in

situ database (Hammonds et al., 2013; Tomancak et al., 2007, 2002).
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4.1.2 Phenotypic Screen of Wnt4 and PlexA

Given the analysis presented in the previous chapter showing Semala expression in the
midgut and enriched Otk expression in the visceral muscle respectively (Figure 23), Otk-
Semala reverse signalling was thought to be the most likely to be mediating interactions
between the visceral muscle and the midgut. Wnt4 and PlexA were implicated in Otk-Semala

signalling and thus mutants for Wnt4 and PlexA were also initially examined.

PlexAMB0459 (Bellen et al., 2011) is a previously characterised loss of function mutation (Jeong
et al., 2012) that disrupts all four isoforms of PlexA. Homozygous plexA MB9%499 mutants
showed a defect in visceral muscle formation, with staining for the visceral muscle marker
Faslll showing only sparse patches of staining where the visceral muscle should be (Figure 26,
white arrowhead). Despite this, both Wb and BPS appeared to be basally localised (Figure 26,
grey arrowheads). The loss of continuous Faslll was indicative of aberrant visceral muscle
development. Thus, the PlexA mutant was not further examined for any MET phenotypes as
any phenotype observed could be the result of aberrant muscle development rather than the

specific loss of PlexA.

| next examined wnt4fM323 mutants, a previously characterised amorphic mutation for the
wnt4 gene (Cohen et al., 2002), with a premature stop codon. Examination of wnt4 mutants
for the lateral midgut cell marker Fasll did not reveal any significant phenotypes in midgut
cell shape. Furthermore, Ecad appears to localise apically in midgut cells, as in wildtype,

indicating that the apical domain forms normally (Figure 27, grey arrowheads).
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Figure 26 Visceral muscle in plexAME%4% mutants appears to be intact but shows weak expression
of Faslil.

Ventral view of plexAV8%94%9 embryos White arrowheads show weak expression of Faslll (Magenta).
Wb stains show that Wb is present at the interface between the visceral muscle and the midgut,
suggesting that the visceral muscle is present (Grey arrowheads). In support of this, BPS appears to be
localised to the basal membrane of the midgut. All scale bars 50um. Baz, Faslll stain, N = 2 embryos.

Wb, BPS stain, N = 4 embryos.
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Figure 27 Apical Ecad is maintained in wnt4tV523 indicative of an organised apical domain.
Ventral view of stage 13 embryos. Upper panels are wildtype. Lower Panels are wnt4EMs23 mutants.
Grey arrowheads point to apical Ecad in PMEC, which can be seen in both WT and wnt4 mutants. All

scale bars 50pum. 48ystGFP, N = 15 embryos. wnt4, N = 6 embryos.
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4.1.3 Mutants for Semala and Otk demonstrate phenotypes indicative of MET failure.

To investigate a potential role for Semala in MET, | first wanted to characterise its expression
pattern in wildtype and confirm that the previously characterised Semala® was indeed
mutant for Semala. Semala®l also known as Semala*379? js a loss of function mutant
(Komiyama et al., 2007; Yu et al., 1998) with an insertion within the 5" untranslated region
(UTR) of semala; homozygous mutants of semala have defects in motor axon and central

nervous system axons formation (Yu et al., 1998).

First, | examined Semala expression in wildtype to check for Semala expression in the
midgut. Staining wildtype embryos for Semala revealed that Semala was expressed
throughout the embryo, including in the midgut (Figure 28A). At stage 13, Semala appeared
to be localised to the basal and apical domains of the midgut (Figure 28A, arrowheads). | next
wanted to confirm that the semala” mutants were indeed mutants. In stage 13 semala®

mutants, Semala was lost from the midgut (Figure 28A, red outline).

Expression of Semala across the embryo is likely due to maternal contribution of semala
mMRNA, as indicated by the in situ database (Hammonds et al., 2013; Tomancak et al., 2007,
2002) (Figure 28B). However, reduction and mislocalisation of Semala from the apical and
basal domains of the midgut in semala® mutants suggests that the majority of Semaila in
the midgut is not maternally contributed. As such, while maternally contributed semala
mRNA may play a partial role, any function Semala may play in the midgut is likely greatly

impaired in semala®! mutants.

Single cell sequencing data suggests that semala is expressed in the midgut at early stages
before being downregulated (Figure 28C). Although semala RNA is downregulated during
late PMEC differentiation, protein expression as maintained throughout the stages in which
the cells undergo MET. This is similar to Baz, suggesting that Semal protein may also persist
in the midgut to play a role during MET. In the mesoderm, the differentiated longitudinal
visceral muscle appears to express Semala (Figure 28D); Otk, thought to be expressed in the

circular visceral muscle, may also interact with the longitudinal muscle via Semala.
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Figure 28. Semala expression in wildtype and semalaP1 mutant embryos.

A. Ventral view of stage 13 embryos. Upper Panels: In wildtype embryos, Semala is found throughout
the embryo. Semala can also be found at the apical and basal sides of the midgut (arrowhead). Lower
Panels: Levels of Semala at the apical and basal domains of the midgut is reduced in semala®™
embryos. Thus, the midgut in homozygous semala®? embryos likely represent a mutant in which
Semala function is impaired. Note that for the contrast of images have not been adjusted for the
images used to examine the presence of Semala. All scale bars 50um. 48ystGFP, N = 17 embryos.
semala, N =5 embryos.

B. In-situ hybridisation staining for Semala shows maternal contribution of Semala. Semala
appears to be expressed by the midgut after stage 9. Images taken from the Berkeley Drosophila
Genome Project in situ database (Hammonds et al., 2013; Tomancak et al., 2007, 2002).

C. UMAP of the midgut. Semala and Baz show similar expression patterns.

D. UMAP of the mesoderm. Semala expression is largely restricted to the longitudinal visceral

muscle.
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| next wanted to look at Otk, the binding partner for Semala which has previously been
demonstrated to mediate Semala reverse signalling (Nguyen et al., 2022). Staining wildtype
embryos revealed expression of Otk in the middle midgut and the posterior midgut (Figure
29A, grey arrowheads). Otk was also expressed throughout the visceral muscle (Figure 29A,
black arrowheads), but is stronger in the regions corresponding to Otk expression in the
midgut. This is in line with the scRNAseq data, which suggests that otk expression is enriched
in the circular visceral muscle compared to the visceral muscle (Figure 29B) and expressed in

a subset of the PMECs (Figure 29C).

I next examined Otk expression in otk™14316 mutant to confirm that these were indeed mutant
prior to subsequent analysis. OtkM4316 contains a MIMC insertion (Nagarkar-Jaiswal et al.,
2015; Venken et al., 2011) within the first intron of otk. MIMIC cassettes contain a splice
acceptor site and stop codons, and likely results in truncated proteins. The position of the
MIMIC cassette suggests that it would disrupt both isoforms of Otk. In line with this, Otk was
absent from both the midgut and visceral muscle in otkM?4316 (Figure 29A, red outline),
indicating that the MIMIC insertion in otkM4316 |ikely caused the formation of truncated
proteins. Given that the Otk antibody used targets the extracellular domain of Otk
(Linnemannsténs et al., 2014), the loss of detectable Otk in otkM?4316 mutants suggests that

any truncated proteins are likely null for any extracellular receptor-ligand function.

Given the failure to undergo MET in bin mutants, it was shown that the visceral muscle was
specifically required for midgut MET. It was further shown that the somatic muscle was not
sufficient. Thus, it was hypothesized that the basal cues driving midgut MET would be
enriched in the circular visceral muscle compared to somatic muscle. The expression pattern
of Otk fits this description. Furthermore, Semala appears to be localised to the basal
membrane, which suggests that it could be interacting with Otk to mediate signalling with the
underlying visceral muscle. It should be noted that Otk is also expressed in a subset of the
midgut and that Semala is universally expressed, and therefore may be involved in processes
other than midgut MET. Regardless, it appears that Semala and Otk expression follow a

spatial and temporal pattern that would fit with a role to mediate midgut MET.
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Figure 29. Otk expression in wildtype and otk™%36 mutant embryos.

A. Ventral view of stage 13 embryos. Upper Panels: In wildtype embryos, Otk is found along the
visceral muscle in wildtype. Otk is also expressed in the middle midgut and posterior portion of the
posterior midgut. Lower Panels: Otk expression is lost in otkM4316 embryos. Thus, homozygous
otkM14316 embryos are mutants for Otk. Note that for the contrast of images have not been adjusted
for the images used to examine the presence of Otk. All scale bars 50um. 48ystGFP, N = 5 embryos.
otk, N = 6 embryos.

B. UMAP of the mesoderm. Otk expression is largely restricted to the circular visceral muscle.

C. UMAP of the midgut. Otk expression is restricted to subpopulations of PMECs.
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In stage 12 wildtype embryos, the PMECs within the midgut start to undergo MET during
which the cells establish apicobasal polarity. During this stage, midgut cells localise integrins
to their basal surface and localise Baz and Ecad apically (Pitsidianaki et al., 2021). | therefore
used apical Baz as a marker for organisation of the apical domain; mis-localisation of Baz
would indicate a failure to establish an apical domain correctly and failure to undergo proper
MET. In this regard, the apical domain is severely affected in bin mutants, with almost no
apical Baz staining in midgut cells. | therefore looked at Baz localisation in stage 12 embryos
of semalaP! and otkM1431¢ mutants to investigate whether Semala and Otk affected MET in a

similar fashion to loss of contact with the visceral muscle.

Baz in stage 12 wildtype embryos appear as puncta along the apical membrane of the midgut
cells (Figure 30A, blue arrowhead). Upon examining Baz localisation in stage 12 semala™
mutants, Baz appears to maintain an apical bias but appears more diffuse compared to
wildtype (Figure 30A, white arrowhead). Examining Baz localisation in stage 12 otkM14316
mutants suggested that Baz expression in the midgut was weaker (Figure 30A, compare blue

arrowhead to blue arrow).

In stage 13 wildtype embryos, Baz localises along the apical membrane of the midgut cells
(Figure 30B, blue arrowhead). In stage 13 semala” mutants, Baz appeared to be diffuse
throughout the cell (Figure 30B, white arrowhead). Like in stage 12, Baz signal appeared to be
weaker than wild type in stage 13 otk™'14316 mutants (Figure 30B, compare blue arrowhead to
blue arrow). Faslll stains suggested that the visceral muscle is unperturbed in both mutants;
striated patterns typical of the visceral muscle appear wildtype. Put together, although
semala® and otkM14316 gppear to show different phenotypes, both fail to organise apical Baz,
indicative of some role in MET. In both mutants, adhesion between the midgut and visceral

muscle is not disrupted, suggesting that they do not play a role in adhesion.
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Figure 30. Apical localisation of Baz disrupted in semala®® and otk™'?431¢ mutants.

A. Ventral view of stage 12 embryos. Baz localisation is restricted to the apical membrane in wildtype

(Blue arrowhead). Baz localisation is apical but diffuse in semala® mutants (white arrowhead). Baz

signal is weak in otkM'%4316 mutants (blue arrow). All scale bars 50um. 48ystGFP, N = 10. semala, N =

3. otk, N = 4.
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Figure 30. Apical localisation of Baz is disrupted in semala® and otkV'14316 mutants.

B. Ventral view of stage 13 embryos. Baz localisation is apical in wildtype (Blue arrowhead). Baz
localisation is diffuse in semala® mutants, and can be seen along the apical, lateral and basal
membranes (white arrowhead). Baz signal is weak in otkM4316 mutants (blue arrow). All scale bars

50um. 48ystGFP, N = 18 embryos. semala, N = 5 embryos. otk, N = 5.
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The fact that MET is disrupted in both semalaP1 and otkM4316 mutants supported the
hypothesis that they interact to drive midgut MET. Based on literature and the observation
that Semala is basally localised, | hypothesized that Otk from the visceral muscle drives
Semala to localise to the basal membrane, upon which the intracellular domain of Semala

mediates Semala reverse signalling and recruit Cher.

To test this hypothesis, | examined localisation of Semala in wildtype, and homozygous
otkM14316 gnd bin®?? mutants. | was not able to for Baz as a marker of apical localisation
alongside Semala as they were both rabbit antibodies. Instead, | examined at Ecad
localisation, as Ecad has previously been shown to be apically localised during MET and
function as an apical marker similar to Baz (Pitsidianaki et al., 2021). Furthermore, | have
shown that apical Ecad is also lost in bin mutants, demonstrating that localisation of Ecad is
lost upon failure to undergo MET. As such, using Ecad as an apical marker, | wanted to

examine whether mislocalisation of Semala was linked with aberrant apical polarity.

In stage 13 wildtype embryos, Semala is found at both the basal membrane of the midgut
(Figure 31A, yellow arrowheads), and at slightly lower levels at the apical membrane (Figure
31A, blue arrowhead). It appears that Semala is occluded from the lateral membranes. Ecad
is apically localised in these embryos (Figure 31A, blue arrowhead), showing that the apical
domain is organised in the wildtype midgut at this stage. In stage 13 bin®?? mutants, Semala
is dispersed around the membranes of cells with disrupted polarity, as indicated by loss of
Ecad localisation (Figure 31A, white arrowhead). This suggests that contact with the visceral
mesoderm is required for localisation of Sema1la. In stage 13 otkM?4316 mutants, Ecad is not
restricted to the apical domain (Figure 31A, white arrowhead), indicating that polarity is
disrupted. While some Semala is maintained at the basal membrane (Figure 31A, yellow
arrowhead) it also appears to be dispersed along the lateral membrane (Figure 31A, white

arrowheads). Together, this supports a role for Otk in mediating the localisation of Semala.

In light of the fact that Semala is downregulated at later stages of PMEC differentiation, |
wanted to examine whether the phenotypes caused by loss of Semala persisted at later
stages. In stage 14 wildtype embryos, Semala is restricted to the apical and basal domain

(Figure 31B, blue and yellow arrowheads). Ecad is apically localised at this stage, indicative of
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normal MET. In contrast, apical localisation of Ecad is disrupted in stage 14 otkM14316 mutant
embryos. Semala appears dispersed throughout the midgut of these otk mutants but is also
found along lateral membranes (Figure 31B, white arrowheads). Intriguingly, Semala appears

to be maintained along the basal membrane (Figure 31B, yellow arrowheads).

Put together, the results show that Semala is mislocalised in the absence of the visceral
muscle and in the absence of Otk. Basal localisation of Semala is lost in bin mutants,
suggesting that basal localisation of Semala specifically requires the visceral muscle. In otk
mutants, Semala is found along the basal membrane but is mislocalised to the lateral
membranes. This suggests that Otk has a partial role in localising Semala, but also suggests
that the other signalling cues from the visceral muscle may function to drive localisation of
Semala. PlexA is expressed in the circular visceral muscle and could contribute to the
localisation of Semala. This could have been answered by staining for Semala in either
plexAMBO9499 mutants or plexAMBO9499  otkMI14316 double mutants but this has not been

examined.
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Figure 31. Disruption of Semala localisation in bin®??2 and otkV'14316 suggests that Otk plays a role in
localisation of Semala.

A. Ventral view of stage 13 embryos. In wildtype embryos, Semala is found at the apical and basal
membrane of the midgut (blue and yellow arrowhead respectively). Ecad is predominantly apically
localised (blue arrowhead). In bin mutants, Semala appears to be dispersed around the membrane in
unpolarised cells, as indicated by loss of Ecad (white arrowheads). In otk™1431¢ mutants, Semala
appears to be present along the lateral membrane, but is also maintained along the basal membrane.
Ecad is no longer apically localised, indicating a loss of polarity. All scale bars 50um. 48ystGFP, N = 17

embryos. bin, N = 6 embryos. otk, N= 7 embryos.
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Figure 31. Disruption of Semala localisation in bin®?? and otkM'14316 syggests that Otk plays
a role in localisation of Semala.

B. Ventral view of stage 14 embryos. In wildtype embryos, Semala is found at the apical and basal
membrane of the midgut (blue and yellow arrowhead respectively). Ecad is predominantly apically
localised (blue arrowhead). In otkM14316 mutants, Semala is dispersed throughout the midgut but is
also present along lateral membranes. Despite mislocalisation of Semala, it appears that Semala is
still maintained along the basal membrane. Ecad is no longer apically localised, indicating a loss of

polarity. All scale bars 50um. 48ystGFP, N = 5 embryos. otk, N= 5 embryos.
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During Semala reverse signalling in motor axons, Semala recruits Pebble (Pbl), a Guanine
Exchange Factor that regulates small GTPase Rhol, which is associated with actin remodelling
(Jeong et al., 2017). Semala also recruits Cher directly to its intracellular domain. In this
context, Cher is thought to function as an anchor, physically linking the actin cytoskeleton and
Pbl, to spatially restrict localised actin remodelling mediated by Rho1l (Jeong et al., 2017). In

light of this, | hypothesized that Semala recruits Cher to the basal membrane of the midgut.

Before examining a role for Semala in recruiting Cher, | wanted to examine whether Cher is
required for MET. It has previously been shown that Cher is localised along the basement
membrane (Devenport and Brown, 2004). However, it has never been shown what basal Cher
does in the context of MET. Therefore, | examined whether MET occurs normally in cher™/07480

mutants by staining for Baz localisation.

There are ten different isoforms of Cher, which can be classified as either full length Cher240
isoforms or short Cher90 isoforms (Kulshammer et al., 2022). cherM97480 contains a MIMC
insertion (Nagarkar-Jaiswal et al., 2015; Venken et al., 2011) such that the position of the
MIMIC cassette likely disrupt all six isoforms of Cher240, but not the other four isoforms of
Cher90. Crucially, the long form of Cher contains the F-actin binding domain. Thus, any
function for Cher to anchor the actin cytoskeleton to Semala should be disrupted in the

cher™07480 mytant.

Staining for Baz in homozygous cher™%7489 mutants revealed a loss of Baz at the apical domain
(Figure 32A). Instead, Baz appears to be mislocalised to the basal domain (Figure 32A, white
arrowheads). This may suggest a role for Cher to restrict Baz from the basal domain. It is
unlikely that this phenotype is caused by any defects to visceral muscle development; Fasll|
staining in cher97480 mutants did not show any visceral muscle phenotypes. This is further
supported by single cell sequencing data, which indicates that Cher expression only occurs
late during muscle development (Figure 32B). Together these results indicate that the Cher
plays a key role in mediating midgut MET. In light of this, if Semala does indeed play a role in
Cher localisation, the mislocalisation of Cher should lead to the mislocalisation of Baz. The
fact that Baz is mislocalised in semalaP1 mutants appears to support a role for Cher

localisation by Semala.
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Figure 32. Apical localisation of Baz is lost in cher"''07480,

A. Ventral view of stage 12 embryos. Baz localisation is restricted to the apical membrane in wildtype
(Blue arrowhead). Baz localisation in homozygous cherV9748% mutants is more basal than apical. All
scale bars 50um.

B. UMAP of the mesoderm. Expression of cher is restricted to late stages of mesoderm development,
suggesting that there are no mesoderm phenotypes at stage 12.

48ystGFP, N = 10 embryos. cher, N= 3 embryos.
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4.1.4 Examining BPS and Cher localisation in semala® and otk™'14316 mutants.

| next wanted to examine whether interactions between the visceral muscle and midgut
mediated by Otk and Semala play a role in driving Cher localisation. Given the hypothesis
that Otk expressed on the surface of the visceral muscle provides a basal cue, | quantified
localisation of BPS and Cher in wildtype and in homozygous mutants of bin®??, Semala®,
otkM'14316 respectively to examine whether the distribution of basally localised proteins was

disrupted.

To examine this, | stained each genotype for BPS and Cher at stage 13. BPS in wildtype
embryos at this stage is restricted to the basal membrane (Figure 33). In the mutants, BPS can
be seen along the basal membrane (Figure 33, yellow arrowheads) but also appears dispersed
laterally (Figure 33, white arrowheads). Basal localisation of Cher appears to be largely lost in
bin mutants. (Figure 33, blue arrow). In semala® mutants, basal localisation of Cher was
maintained but appears to express at higher levels throughout the midgut (Figure 33, red

arrow). In otkM14316 mytants, basal Cher was largely lost in a similar manner to bin mutants.

Contrary to my hypothesis, these observations appeared to indicate that semala® does not
affect Cher localisation but instead may have an effect on level of Cher expression.
Furthermore, semala® and otk™1431¢ mutants have distinct phenotypes, which suggests that
they may not be interacting with one another. However, similarity between otk and bin

mutants suggests that Otk may mediate signalling between the midgut and visceral muscle.
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Figure 33. Distribution of BPS and Cher in bin®?2, semala®?, otkM'¥*316 mutant midguts.

Ventral view of stage 13 embryos. Basal localisation of BPS is retained in all four genotypes. Lateral
BPS appears stronger in bin®?? and otkM'14316 compared to semala”™ mutant embryos. Basal Cher
appears to be maintained in semala® but looks to be expressed at a greater level throughout. Basal
Cher is largely lost in binf?? and otkM14326 mutants. All scale bars 50um.

48ystGFP, N = 19 embryos. bin, N= 14 embryos. semala, N = 11 embryos. otk, N = 15 embryos.
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Given these findings, | next aimed to quantify these changes. To quantify the distribution of
proteins across the apical-basal axis of the midgut, 40-pixel wide lines of various lengths were
drawn perpendicular to the interface between the underlying muscle and midgut. The
average grey values across the width of each line were used as a readout of protein
distribution across the length of each line. For this, peaks in BPS staining were used to identify
the basal membrane of the midgut. 5 regions of interests (ROls) were measured per embryo.

5 embryos were measured per genotype.

However, given the difficulties in getting consistent antibody penetrance within the embryo,
the laser power | used to image the cells varied between slides. Given this difference in laser
power, | was unable to directly compare grey values as a readout of protein levels. Thus, |
instead normalised these readings relative to the minimum and maximum grey values
measured in each region of interest. These normalised relative values allow for the relative
distribution of protein across the midgut to be compared but not the amount, i.e. the shape
of graphs can be compared but not the height of the peaks. Calculations for relative values

are outlined in the method section.

Plots showing relative distribution of BPS showed a strong peak of BPS at the basal
membrane in all genotypes (Figure 34A). Plots showing distribution of Cher indicated that
localisation of Cher to the basement membrane in bin and otk mutants were disrupted.

Distribution of Cher in semala® mutants appeared to similar to wildtype (Figure 34B).

Using these relative measurements, | calculated full width at half maximum (FWHM) of the
maximum peak. Methods used to calculate FWHM are outlined in the method section.
However, there was no significant difference between any genotype in the distribution of
BPS or Cher. For BPS, this indicated that BPS peak at the basal membrane was comparable
between all four genotypes (Figure 34C). While measurements of FWHM indicates that Cher
distribution is unchanged (Figure 34D), it is tempting to suggest, given the shape of the

graphs in Figure 34B, that anchoring to the membrane is lost in otk and bin mutants.

| next calculated the ratio between the area under the curve (AUC) for the basal half of the

measured region against the AUC for the full measured region. Comparing the AUC between

128



the regions allowed for relative distribution across the region in the adjacent to the basal
membrane and the region distant from the basal membrane to be compared; epithelia with
even distribution of protein should have a lower ratio compared to epithelia with basally
biased distribution. This was dubbed AUC Ratio. Methods used to calculate AUC Ratio are

outlined in the method section.

In line with observations, AUC Ratios under 1 indicated that BPS was biased towards the
basal domain in all genotypes. Compared to wildtype, there was a statistically significant
difference in the distribution of BPS of bin mutants and otk mutants (Figure 34E). semala
appeared have a lower ratio than wildtype but Wilcox rank sum tests indicated that the
difference between wildtype and semala was not statistically significant (p = 0.11). Finally,
although Cher was basally biased, the measurement of AUC Ratios failed to show any
statistically significant difference in the distribution of Cher between genotypes (Figure
34D). It is likely that the phenotype observed were not strong enough for measurable

differences in AUC Ratio.

In conclusion, the quantification of relative distribution suggests that bin and otk mutants
have comparable phenotypes with regards to Cher and BPS localisation. In both mutants,
BPS localisation appears to be maintained at the basal membrane but is also dispersed
laterally. This is in line with observations of the phenotype. In contrast, relative distribution
of BPS and Cher in semala®™ mutants appear to be largely comparable to wildtype, which
suggests that Semala does not play role in localisation of Cher. It should be noted that
these quantifications only looked at relative distribution and does not describe the levels of
expression. Stains of semala® mutants suggest that Cher expression is elevated, but this
will need to be confirmed with methods other than immunofluorescent staining of fixed
embryos. For this, live imaging of embryos expressing GFP-tagged Cher should help resolve

difficulties with varying antibody penetrance.
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Figure 34. Quantifications of BPS and Cher Distribution in wildtype and binR22, semala®,

otkMi14316 mytant midguts.

Genotype
bin
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— WT

SD
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bin
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sD

Solid line corresponds to the average distributions from 5 embryos, each of which were the average

of 5 ROIs. Error bars corresponds to the standard deviation of the 5 embryos.

A. Relative distribution of BPS according to distance from the basal membrane of the midgut. BPS

peaks were used to identify the position of the basal membrane. Peaks of BPS at the basal

membrane appeared relatively consistent in all genotypes.

B. Relative distribution of Cher according to distance from the basal membrane of the midgut.

Wildtype and semala® mutants showed comparable distribution of Cher. Both bin®?? and otkM!14316

mutants appeared to lose localisation of Cher adjacent to the basal membrane.
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Figure 34. Quantifications of BPS and Cher Distribution in wildtype and binR22, semala®,
otkM'14316 mytant midguts.

C and D. Black dots correspond to the average Full width at half maximum (FWHM) of one embryo,
each an average of ROIs. It should be noted that the FWHM could not be measured from some
curves. ROIs in which FWMH could not be measured were not included in the analysis. Embryos
missing ROIs were excluded from the calculations. Red dots correspond to the average of readings
from the embryos included in the calculations. Error bars are standard deviation.

Cand D. FWMH calculated from graphs showing relative BPS and Cher distribution. There is no

significant difference between genotypes.
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Figure 34. Quantifications of BPS and Cher Distribution in wildtype and binR22, semala®,
otkMi14316 mytant midguts.

E &F. Black dots correspond to the average AUC Ratio of one embryo, each an average of 5 ROls.
Red dots correspond to the average of the 5 embryos. Error bars are standard deviation.

E. Wildtype BPS is strongly biased to the basal domain. Bias to the basal domain is decreased in bin
and otk mutants, indicating a greater distribution of BPS across the rest of the cell. Bias to the basal
domain is decreased in semala mutants but is not significant.

F. Wildtype Cher is biased to the basal domain. There is no significant difference in distribution of

Cher across the genotypes.
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4.2. Discussion

In this chapter, | have largely focused on characterising semala®® and otkM?4316 mutants to
explore the potential roles for Otk and Semala to mediate midgut MET via signalling
interactions between the visceral muscle and the midgut. Given that there is a strong
phenotype in the shape and polarity of midgut cells in mutants which lack visceral muscle,
this suggested that the visceral muscle provides a specific cue to the midgut, and it is loss of
this cue that underlies these cellular phenotypes. Using scRNAseq data, | explored potential
ligand-receptor interactions that might be mediating this interaction. Among these genes,
mutants for semala and otk showed mislocalisation of the apical protein Baz, indicative of a
failure to undergo MET. A number of studies supported a role for Otk in mediating Semala
reverse signalling (Nguyen et al., 2022). Furthermore, Semala reverse signalling, which drives
cytoskeleton remodelling, was associated with the recruitment of Cher to the intracellular
domain of Semala. Together with the fact that Cher is basally localised in the midgut
(Devenport and Brown, 2004), | hypothesized that Otk from the visceral muscle could mediate
Semala reverse signalling in the midgut to drive basal localisation of Cher and cytoskeleton

remodelling during MET.

Examination of Semala and Otk protein expression and localisation showed that the
expression patterns of Otk and Semala aligned with their potential role to mediate
interactions between the visceral muscle and midgut. At stage 13, Semala was localised in
the midgut to the basal membrane while Otk was expressed throughout the visceral muscle.
Crucially, both semala® and otkM1431¢ mutants showed mislocalisation of Baz, indicative of
failure to undergo MET. It should be noted, however, that although MET appeared to be
disrupted in both mutants, phenotypes for Baz mislocalisation were distinct from one

another.

In support of interactions between the Semala and Otk, localisation of Semala appeared to
be perturbed in otk mutants. In contrast, Semala appeared to show a mis-localisation to the
lateral membrane in the midgut of otk mutants. Interestingly, basal localisation of Semala
was completely lost in bin mutants. This suggested that the visceral muscle was required for

basal localisation of Semala and that Otk plays at least a partial role in localisation of Semala.
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Next, given the role of Cher as downstream mediator in Semala reverse signalling, | examined
cherM07480 tg investigate whether failure to undergo MET could be explained by disrupting
Cher function. Baz localisation was indeed disrupted in the absence of Cher. This result
suggested that Cher localisation mediated by Semala could play a role in MET. However, this
was not supported by the relative distribution of Cher in semala® and otkM14316 mutants,
which indicate that Cher localisation is not dependent on Semala. Instead, levels of Cher
expression appeared to be greater in semala® mutants, although this remains to be
confirmed and needs to be quantified. Interestingly, increased levels of Cher throughout the
midgut could explain the dispersed Baz observed in semala® mutants; if Cher acts to restrict
Baz from the basal domain, increased Cher throughout the midgut would likely lead to loss of

Baz localisation.

Crucially, there are differences in relative distribution of Cher localisation between the
semala® and otkM14316 mutants, indicating that they are phenotypically distinct and that they
are unlikely to interact with one another. These results could suggest one of two possibilities.
First, although | have shown that Sema1la is not detectable in semala®! mutants, it is possible
that maternal contribution of Semala is able to mediate signalling sufficiently such that basal
localisation of Cher is not disrupted. A second possibility is that Otk and Semala do not
interact with one another in this system. Although | have shown that Semala localisation is
disrupted in otkM14316 mutants, it is possible that the loss of Semala localisation observed in
otk mutants is in fact a consequence of a general loss disruption of polarity, rather than due
to the specific loss interactions between Semala and Otk. This is plausible given basal

localisation of BPS and Cher is also disrupted in otkM'14316 mutants.

It remains unclear whether Otk interacts with Semala at the basal membrane. A key
experiment that might resolve this question would involve driving ectopic expression of Otk
in the somatic muscle in a bin mutant background. In this background, the midgut should be
adherent to a somatic muscle expressing Otk. Thus, if Semala is indeed basally localised by
Otk, Semala should be localised to the basal membrane upon contact with somatic muscle
expressing Otk. The absence of Semala at the basal membrane would indicate that Semala

and Otk do not interact. If an interaction between Semala and Otk is shown, this can be
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followed by generation of mutant clones of homozygous semala® mutant germ cells to

examine maternal-zygotic mutants for Semala.

Regardless of whether Semala mediates signalling with Otk, results from the otk mutants
suggests that Otk plays a role in MET. Loss of basal BPS and Cher in otk mutants appears to
be comparable to bin mutants, despite the fact that the midgut in otk mutants is adherent to
the visceral muscle. This suggests that Otk is crucial to organise the basal domain.
Furthermore, Ecad and Baz localisation are both disrupted in otk mutants, clearly indicating
that MET is disrupted. Together, this suggests that Otk plays an important role in mediating
MET. Given that gaps between the visceral muscle and the midgut were not found in otk
mutants, a role for adhesion can be ruled out. Importantly, the phenotypes do not appear to
be limited to the region in which Otk is expressed in the midgut cells, and thus it is unlikely

that the phenotypes observed in the otk mutants are due to the loss of Otk from the midgut.

Similarly, Semala also appears to be required for midgut MET to take place. Despite normal
relative distribution of BPS and Cher in semala mutants, a disruption of Baz localisation
indicates a failure to organise the apical domain. Thus, regardless of whether or not there are
low levels of maternal Semala in semala® mutants, reducing Semala function appears to be
sufficient to disrupt organisation of the apical domain. While my work so far has focused on
Cher as a downstream mediator of Semala reverse signalling, phosphorylation of Moesin
(Moe) has been shown to occur downstream of Semala reverse signalling in photoreceptor
axons (Hsieh et al., 2014). In light of the fact that Moe is also basally localised during midgut
MET (Pert et al., 2015), it would be interesting to examine basal Moe in the future, as this

may reveal a link between Semala function and organisation of the basal domain.

While further experiments are required to examine whether the specific interaction between
Semala and Otk mediates signals between the visceral muscle and the midgut, recent
evidence suggests signalling by Otk-Semala may not require direct contact between the two
tissues. It has been shown in the adult Drosophila intestinal epithelium that injury-induced
expression of Matrix Metalloproteinase 1 (MMP1) can cleave the extracellular domain of Otk.
Crucially, although the exact mechanisms underlying this has not been made clear, dispersal

of this extracellular domain of Otk appears to be sufficient to drive migration of intestinal
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stem cells to sites of injury (Hu et al., 2021). This is particularly interesting given the evidence
indicative of adhesion-independent cues that polarise the midgut (Devenport and Brown,

2004).

In conclusion, my data supports role for both Otk and Semala in mediating midgut-MET.
While it is likely that both Otk and Semala act on the basal side of midgut cells, their activity
appears to be somehow required for the localisation of Baz to the opposing apical surface.
While the importance of basal cues in establishing polarity in epithelial cells is well
established, how crosstalk between basal and apical domains translate into organisation of
the apical domain and cell shape change remains poorly understood (Barrera-Velazquez and
Rios-Barrera, 2021). Further examination of precisely how loss of either Otk or Semala leads

to a failure to localise Baz may help uncover these mechanisms.
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Chapter 5. Discussion and Conclusions

During development, cells require the ability to transition between epithelial and
mesenchymal cells to organise themselves into functional tissues and organs. While the
molecular mechanisms by which mesenchymal cells reepithelialise are poorly understood, it
has been shown in a number of developmental contexts that contact with external tissues is
required. For example, the overlying ectoderm is required for the formation of epithelial
somites (Correia and Conlon, 2000). Additionally, signals from the ureteric bud have been
shown to be required for the formation of epithelial renal vesicles during nephrogenesis (Yang
et al., 2013). In Drosophila, the visceral muscle has been shown to be required during
embryonic midgut morphogenesis. In this thesis, | have investigated the role of external cues

during midgut morphogenesis.

A number of studies examining Drosophila midgut morphogenesis have demonstrated that
the surrounding visceral muscle is required. Firstly, given that the posterior midgut makes
contact with the underlying visceral muscle during migration (Wolfstetter et al., 2009), it was
suggested that the visceral muscle functions as a guiding tract for migration (Reuter et al.,
1993). Secondly, they suggested that the re-epithelialisation of midgut cells after migration is
also dependent on contact with the visceral muscle (Tepass and Hartenstein, 1994b).
Although a few players mediating migration and MET have been identified (Pert et al., 2015;
Pitsidianaki et al., 2021), the interactions between the midgut and muscle during MET have
not yet been thoroughly explored. In this thesis, | have presented a characterisation of
wildtype midgut throughout MET. | have also examined bin mutants, which lack all visceral
muscle, to examine the role of the underlying visceral muscle in both migration and MET.
Surprisingly, | showed that both the somatic and visceral muscle are capable of supporting
midgut migration. In contrast, contact with the visceral muscle is specifically required for
midgut cells to undergo a full MET. In embryos that lack the visceral muscle, reestablishment
of apicobasal polarity, tubulin remodelling, and the cell shape changes required to form a
columnar monolayer are disrupted. Finally, by leveraging scRNAseq, | have identified Semala

and Otk as potential mediators of the midgut and visceral muscle interactions.
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5.1 The role of Muscle in Midgut Migration.

During midgut migration in wildtype, the midgut makes contact with the underlying circular
visceral muscle (Wolfstetter et al., 2009) and is considered an important basal substrate for
midgut migration (Devenport and Brown, 2004; Pitsidianaki et al., 2021). In examining midgut
migration in wildtype and bin mutants which lack all visceral muscle, | have shown that early
midgut migration does not specifically require the visceral muscle and that the somatic
muscle is sufficient to drive the early stages of migration. While this is contrary to published
work that indicates netrins from the circular visceral muscle play a role in migration and
midgut fusion (Pert et al., 2015), my results indicate that the somatic muscle is sufficient to

support migration at early stages.

5.2 The role of Visceral Muscle in MET.

Although migration was unperturbed in bin mutants, there was a failure to undergo MET in
the absence of the underlying visceral muscle. This indicated that phenotypes observed in bin
mutants were not the result of aberrant migration preceding MET. More importantly, this
finding allowed for a clear distinction to be made between the cues mediating MET and
migration; the basal cues driving MET are likely to be found in the visceral muscle but not the
somatic muscle. In light of this, | focused on investigating the role of the visceral muscle in

driving MET.

Laminins and integrins have previously been shown to play an important role during midgut-
MET (Devenport and Brown, 2004; Pitsidianaki et al., 2021). Crucially, bin mutant embryos
appear to retain Wb at the basal interface of the midgut, mediating adhesion to the somatic
muscle. Furthermore, this basal Wb was shown to be sufficient to drive basal localisation of
BPS integrin. Basal localisation of BPS has previously been shown to be an early step during
midgut MET and crucial to organise the basal domain (Pitsidianaki et al., 2021). Despite this,
bin mutants are unable to undergo MET; apical localisation of Baz and Ecad found in wildtype
embryos is lost in bin mutants. This result highlights that integrins are not sufficient to drive
MET. Importantly, this result also show that the bin mutant phenotype is a result of visceral
muscle-specific cues; the failure to undergo MET despite the fact that the midgut is adherent

to the somatic muscle indicates that the visceral muscle provides cues critical for MET. This
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demonstrated that bin mutants can be used to investigate the cues specific to the visceral

muscle that drive MET.

My work has shown that the cues specific to visceral muscle is required for various aspects of
midgut morphology including apical polarity, microtubule remodelling, and for coordinated
cell shape changes. Loss of apical Baz and Ecad observed in bin mutants suggested that the
visceral muscle is required to organise the apical domain. Polarised microtubule bundles were
also lost in the absence of the visceral muscle, indicative of its role to organise microtubules.
Finally, 1 showed that bin mutants do not undergo the cell shape changes that occur in
wildtype. In wildtype embryos, the midgut transition between a pseudostratified epithelium
to a columnar monolayer, indicative of a mechanism driving coordinated cell shape changes

across the midgut.

These changes in midgut morphology are thought to be caused by the loss of specific basal
cues from the visceral muscle. This raises the question how basal cues translate into
organisation of the apical domain and the formation of polarised microtubules. Although it is
not possible from my results to tell whether these are sequential or concurrent processes,
published work suggests that apical localisation of microtubule organising centres are
dependent on apical polarity proteins such as Baz/Par3, indicating that these processes are
closely linked (Feldman and Priess, 2012; Sanchez and Feldman, 2017). This relationship
between polarised microtubules and organisation of the apical domain can be tested by
ectopic expression of microtubule severing proteins in the midgut. Uncovering this would
provide a better insight into the sequence of events that occur during MET downstream of

the basal cues that initiate the process.

Leveraging scRNAseq data, | identified Semala and Otk as potential mediators of this basal
cue. Although | have not been able to prove that they interact with one another, they are
both likely play a role to organise the basal domain during midgut MET. Importantly,
organisation of the apical domain is disrupted in both semala® and otk™14316 mutant. As
such, investigating the downstream mediators of Semala and Otk will likely reveal the

mechanisms by which basal cues establish apicobasal polarity.
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5.3 Modes of MET regulation

Unlike EMT, there does not appear to be a conserved transcription factor that drives MET.
Instead, it appears that external cues are required to drive MET. The role of external cues
during MET appears to be conserved in the context of both cancer and development (Esposito
et al., 2019; Gao et al.,, 2012; Plygawko et al., 2020). My work has confirmed that in the
context of the embryonic midgut, the visceral muscle provides a specific basal cue required
for MET. This specificity between the external cue and cells undergoing MET appears to be
conserved in other developmental systems. For example, the tail mesoderm specifically
requires the tail ectoderm for expression of Paraxis, which was shown to be required for
subsequent formation of epithelial somites in the tail mesoderm; recombining different
sources of ectoderm or mesoderm disrupted somite development (Correia and Conlon,
2000). This specificity between external cues and cells undergoing MET might indicate that

developmental METs are strictly regulated by the local environmental.

Regulation of MET is likely a complex process involving a number of external cues. In this
work, | have focused on examining the role of the underlying visceral muscle on PMECs
throughout the midgut. However, it is likely there are other external cues that help mediate
midgut MET. For example, apical ECM has been shown to play a role in cell morphology in the
tracheal tube and the pupal wing disc (Barrera-Veldzquez and Rios-Barrera, 2021). Although
apical ECM has not been studied extensively in the midgut, apical secretion of LanA by the
midgut has been previously suggested to reinforce polarity (Pitsidianaki et al., 2021). Thus, it
is likely that apical ECM also plays a role to dictate aspects of MET. Furthermore, the
synchronous manner in which cell shape changes that occur during MET suggests that there
is signalling between the lateral domains midgut cells to coordinate cell shape changes. The
role of external cues as a driver of MET is poorly understood and as such, warrants further

investigation.

To conclude, the Drosophila embryonic midgut is an excellent developmental model to
analyse MET. The scRNAseq atlas of the embryonic wildtype midgut has enabled analysis of
the transcription changes underlying midgut MET. In combination with imaging techniques, a
phenotypic screen of mutants has identified a potential mechanism by which Otk expressed

on the surface of the visceral muscle provides a basal cue to induce midgut MET via Semala
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reverse signalling. Future experiments are needed to confirm this interaction and to

investigating the downstream mechanisms by which these basal cues drive midgut MET.
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Chapter 6. Material and Methods

6.1 Fly Stocks

Fly stocks were maintained at room temperature. Crosses to balance or recombine stocks
were carried out at 25° C. Details for all genotypes and transgenes can be found in Flybase
(http://flybase.org) or in references listed here. The genotypes of the flies used and where

they were obtained can be found in the table below.

Description Source

48y-Gal4 Bloomington #4935
UAS-stGFP Bloomington #84277
bink?2 Gift from Manfred Frasch
sna®® twi Bloomington #3299

ush? Bloomington #2508
whP?09437 Bloomington #12362

ResilleGFP, SpiderGFP Gift from Claire Lye from the lab of Bénédicte Sanson

Mad*? Bloomington #58785
plexAMB09499 Bloomington #61741
wnt4EMs23 Bloomington #6650

semala 13702 Bloomington #11097
otkMI14316 Bloomington #59688
cherMi07480 Bloomington #43714

6.2 Embryo collection and staining

Flies were kept at 25° C for a minimum of 36 hours before collecting embryos.

Live confocal microscopy

Embryos were dechorionated in a solution of 50% bleach. Dechorionated embryos were
placed on to an agar plate. These were staged, selected and oriented under a Zeiss fluorescent
dissecting microscope. The embryos were then transferred to a coverslip coated with heptane

glue and covered in Voltalef 10S oil. Embryos were imaged using an inverted Zeiss LSM880.
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Fixing

Embryos fixed for alpha-Tubulin were fixed as described in (Gomez et al., 2016) using a 1:1
10% paraformaldehyde solution in PBS:Heptane at 20 mins at room temperature. Otherwise,
embryos were fixed in a 1:1 Heptane and a solution of 4% paraformaldehyde solution in PBS
with 0.05% Tween-20 for 20 min at room temperature. Fixed embryos were stained and
mounted using standard procedures. Slides were mounted in Fluoromount-G mounting
medium (eBiosciences). Embryos were staged according to developmental stages described
in the Atlas of Drosophila Development (Hartenstein, 1993). Antibodies used include mouse
anti-aTubulin 1:1000 (T6199, Sigma); rabbit anti-Baz (1:400; gift from Andreas Wodarz);
rabbit anti-Cher (1:400; gift from Lynn Cooley); rat anti-Ecad (DCAD2; 1:40; Hybridoma Bank);
mouse anti-Fas3 (7G10; 1:10; Hybridoma Bank); goat anti-GFP (AB6673; 1:500; Abcam); rabbit
anti-GFP (PABG1; 1:1000; ChromoTek); mouse anti-Hnt (1G9; 1:20; Hybridoma Bank); guinea
pig anti-Otk (1:500; gift from Andreas Wodarz); rabbit anti-Semala (1:400; gift from Alex
Kolodkin); mouse anti-Talin A22A (1:10; Hybridoma Bank); mouse anti-Talin E16B(1:10;

Hybridoma Bank).

Polyclonal Semala antibody was diluted to 1:10 concentration before pre-adsorption using

fixed embryos at 4° C overnight. This was then used at a 1:40 concentration.

Secondary antibodies used were all made in donkey and used at a dilution of 1:100. The
following antibodies were used: anti-rabbit 488+ (A32790; Invitrogen), anti-goat 488
(A11055; Invitrogen); anti-goat 488+ (A32814; Invitrogen); anti-rabbit 555 (A31572;
Invitrogen); anti-mouse 555 (A31570; Invitrogen); anti-rat 555+ (A48270; Invitrogen); anti-
mouse 647 (A31571; Invitrogen); anti-mouse 647+ (A32787; Invitrogen); anti-rabbit 647 (A-
31573; Invitrogen); and anti-rat 647+ (A48272; Invitrogen); anti-guinea pig Cy3 (AB_2340460;

Jackson Immunoresearch).

6.2 Imaging setup

Confocal images were acquired using a Zeiss LSM880 with either the internal GaAsP detectors
or an Airyscan detector. A Plan-Apochromat 25x/0.8 multi-immersion lens with oil or a Plan-

Apochromat 63x/1.40 oil-immersion lens was used for fixed images. Images taken at 63x

143



using the Airyscan detector were processed using Zen software. All images presented are of

a single selected Z-stack. Homozygous mutants were identified using fluorescent balancers.

For live imaging, the Plan-Apochromat 40x/1.3 oil immersion lens was used. Embryos were
imaged with a Chameleon Discovery dual output multiphoton laser, with the spectral laser

tuned to 890-nm wavelength.

All images presented were set to a contrast in which the top 5% of pixels were saturated with
the exception of images in Figure 28 and 29. These images were used to illustrate the
presence of Semala and Otk respectively; enhancing images pixels in the absence of signal
leads to increased noise. Images were converted to 8-bit without adjusting contrast for
images showing both wildtype and mutant were not changed. Any adjustments made to

contrast were linear adjustments and made across the entire image.

6.3 Imaging set up for nuclear tracking.

For timelapses used to image nuclear migration, stacks of 20-25 pm and a z-depth of 1.5 um
were acquired at 2-min intervals over a period of over 60 min. A minimum of five videos per

condition were selected for analysis. 48ystGFP embryos or 48ystGFP;bin???

expressing nuclear
GFP in the midgut were imaged to examined nuclear migration. Homozygous bin mutants

were identified using the fluorescent balancers.

Germband was labelled by inducing photodamage using a laser focused a small region distal
to the midgut at the central Z-stack. Lasers were focused on a 10x10 pixel square. Pixel dwell
was set to a speed of 1 (65.43usec) and averaging was set to 16. The spectral laser was tuned
to 700-nm wavelength. After one round of laser-induced photodamage, embryos were
checked for fluorescence before starting the timelapse. Tracking germband retraction speed
using the anterior portion of the hindgut in unlabelled wildtype embryos showed no
difference compared to labelled wildtype embryos. Similarly, wildtype midgut migration was
comparable between unlabelled and labelled embryos. Germband migration was consistent

across both genotypes at a speed of 1.6um/2 mins at 25° C.

144



Live movies of nuclear migration were pre-processed and quantified using Imagel Fiji

following a protocol previously used in the lab (Tosi and Campbell, 2019).

6.4 Quantification of cell shape

ResilleGFP;SpiderGFP or ResilleGFP;bin®??/TTG were imaged to examined cell shape. Overall
embryo morphology was imaged using 25x lens; images used to quantify cells were captured
using the 63x lens. Cell shape was quantified by manually drawing masks. A minimum of 6

cells were quantified from each embryo. Masks were drawn with help from Noah Landgraf.

6.5 Quantification of nuclear shape

Images of 48ystGFP embryos expressing nuclear GFP in the midgut were captured at stages
8,10 and 13. Non-PMEC cells were cropped out from the image before running the Imagel/Fiji
plugin for Imagel. The masks generated were confirmed visually before running

guantifications. Nuclear shape was quantified using in-built ImagelJ Circularity calculations.

6.4 Methods for scRNAseq analysis

Protocols for scRNAseq sample preparation are described in Plygawko et. al, 2023 (under

review). An excerpt from the methods section of the paper is provided below:

Alignment and read count

Fastq files were processed with the 10x Genomics software Cellranger (v4-0.0) using
the Drosophila melanogaster reference transcriptome built with genome version
r6.32 for data from collection windows 1 and 2. For collection windows 3 and 4,
Cellranger (v3.0.2) and reference 6.29 was used. Default values were used for all

parameters.

Normalization
Count matrices were read into R (v4.1.3) (R Core Team, 2021) and merged into a single
Seurat (v4.1.1) object (Butler et al., 2018). All following functions belong to the Seurat

package unless specified. Ribosomal genes were excluded from the count matrix and
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cells with less than 2500 read counts were discarded. After applying quality filters, this
resulted in the gene expression profiles of 21796 cells, with an average of 10886
counts and 3919 genes detected per cell. Cell cycle phase scores were computed using
the function CellCycleScoring with the homologs of the human gene sets included in
the Seurat package. Expression was normalized with the SCT_transform function,

regressing out the S and G2M scores and the percent of mitochondrial reads per cell.

Normalization of the Midgut compartment

We selected cells is the connected component containing Midgut and Malpighian
tubules and normalized them following the same procedure as in the whole dataset.
To generate two dimensional maps of midgut cells only, we recalculated the UMAP

representation after removing all Malpighian tubule cells.

Dimensionality reduction and clustering

Dimensionality reduction was performed through the function RunPCA, followed by
the calculation of the Uniform Manifold Approximation and Projection (UMAP) using
the first 12 principal components. Unsupervised clustering was found with the

functions FindNeighbors, with 12 components, and FindClusters with resolution 1.2.

Gene expression imputation and smoothing and marker identification

Gene expression was imputed and smoothed using MAGIC (Rmagic v2.0.3) (59). For
the Midgut compartment we used 9 principal components for finding clusters. MAGIC
expression scores were used for all expression plots. Population markers were found
using the function FindMarkers with default parameters. Gene set scores were

computed as the mean of the Magic expression of the corresponding genes.
Annotation of cell populations

Differential expression of unsupervised clusters against the rest of the cells were

found and compared to markers of known populations.
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Pseudotime computation
Monocle (v 3_1.0.0) (Trapnell et al., 2014) was used to compute pseudotimes. For the
whole dataset the number of centres for the learn_graph function was set to the

default value (300 for the midgut subset).

In addition to the above except, two dimensional maps of mesoderm cells were generated in

a similar manner to midgut populations.

6.4 PMEC Trajectory analysis

PMEC trajectory analysis was analysed using R based on a dataset showing differentially

expressed genes between timepoint 1 and 3; and timepoint 3 and 4.

6.5 Quantification of relative distribution

Localisation of Cher and BPS in stage 13 embryos were calculated using Imagel Fiji. Single z-
stack of two-colour images were selected and split by colour channels. Contrast adjusted to
set so 5% of pixels were saturated before converting to inverted 8-bit gray scale images,
such that there was a white background. The straight-line tool was used to draw a 40-pixel
wide line across the cells in an basal to apical direction. Lines were drawn such that lines
started 1um below the basal membrane of the midgut. Given that BPS was basal in all
genotypes, BPS peaks were used to identify the basal membrane of the midgut. Data frames
containing gray values were imported into RStudio for subsequent calculations. All
measurements were trimmed to match the shortest measurement made, and as such
represent the distance from the visceral muscle, rather than measurements relative to cell

size.

Relative Values

Relative values were calculated for each ROI. Calculations for Relative values are as follows:
Relative Valuex = Gray valuex — Gray valuemax/Gray valuemax-Gray Valuemin.

Where the Relative Valuexis the relative value at any given x; Gray valuexis the gray value at

any given x; Gray valuemaxis the maximum gray value within the midgut; and Gray valuenminis

the minimum gray value within the midgut.
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Full width at half Max

Full width at half maximum (FWHM) was calculated for each ROI. ROIs in which FWHM could
not be measured were dropped. The embryos missing any ROls were dropped from the graph.
The uncertainty for FWHM measurements is + 0.16uM. This corresponding to a margin of

error from calculating X at half max at both sides of the peak.

AUC Ratio
Area under the curve was calculated using the R package DescTools (v. 0.99.50) (Signorell et
al., 2023). Area under the curve was calculated using the trapezoid rule. Calculations for AUC
Ratio are as follows:

AUC Ratio = AUC1/2ro1 + AUCro
Where the AUC1/2roiis the area under the curve across half of the ROI adjacent to the basal

domain; and AUCrois the area under the curve across the entire ROI.

6.6 Preparation of figures, graphs and statistics

Figures were prepared in Imagel Fiji and Microsoft Powerpoint. All images of fixed samples
were converted to 8-bit. Graphs were generated using the R package ggplot (Wickham H,
2016). Significance between pairs of data were calculated using Wilcox Rank sum tests using

the False discovery rate (fdr) correction for multiple testing.
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