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Abstract

Epithelia are constantly turned over as cells are lost from the surface of the tissue
and replaced by the proliferation of stem cells. Epithelial stem cells must be tightly
regulated to maintain homeostasis and prevent over-proliferation of the tissue, which can
lead to hyperplasia and play important roles in disease development and progression. The
intestinal stem cells of the Drosophila midgut are an ideal model system to identify
regulators of intestinal stem fate, and study their function and regulation. We have
identified several candidate regulators of Drosophila intestinal stem cells that are heavily
involved in various aspects of extracellular matrix organization: PLOD, SPARC, dlp and
TIMP. The aim of this project is to explore their effects on intestinal stem cell proliferation
and on the maintenance of gut homeostasis, using a wide range of genetic manipulation
techniques available in the fly. Results suggest that all four proteins play varying roles in
the regulation and proliferation of intestinal stem cells in the posterior midgut, which is
regulated by a wide range of signalling pathways, including Ras/MAPK, Notch, JNK
and Hippo signaling. All 4 proteins are highly conserved in metazoans, and their
misregulation has been implicated in disease development, raising the possibility of a
conserved role in regulating intestinal stem cells in higher organisms. In vitro analyses of
human prostate cancer samples were carried out in order to determine if the findings from
the Drosophila model system were conserved in human tissues, and explore their

translation applications as potential therapeutic targets.
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Chapter 1

Introduction

1.1. Adult stem cells

The presence of stem cells, a subset of cells with regenerative capacities that can
divide indefinitely and either self-renew or differentiate to give rise to specialized cells in
the tissues (Bongso and Richards, 2004; Li and Xie, 2005), has been known for over a
century (Bianco et al., 2008; Casali and Batlle, 2009). Much of the stem cell research
carried out in the last half of the 20" century focused on haematopoietic stem cells (Till
et al., 1963; Lewis and Trobaugh, 1964; Till and McCulloch, 1980) and embryonic stem
cells (Martin, 1981), with many striking breakthroughs along the way. The generation of
viable offspring from adult stem cells which demonstrated that there is no detrimental
change to the genetic material or the properties between embryonic stem cells and adult
stem cells (Wilmut et al., 1997), and the generation of embryonic stem cell lines from a
human blastocyst that allowed for the study of embryonic development in vitro (Thomson
et al., 1998), revolutionized stem cell research at the end of the 20" century (reviewed by
Lovell-Badge, 2001).

Adult stem cells (ASCs), also known as somatic stem cells, are essential for the
maintenance of tissue homeostasis and for tissue repair after damage (Yamashita et al.,
2005). They have a restricted differentiation capacity and are therefore multipotent or

unipotent (Harvey et al. 2019). In adult tissues, stem cells fall under two categories: slow-



cycling stem cells, found in organs made up of long-lived cells, e.g. lung, prostate, that
increase their proliferative activity upon damage but are otherwise dividing at slow rates;
and fast-cycling stem cells, found in organs with high cellular turnover, such as the
intestine, blood tissue or the epidermis (Post and Clevers, 2019). Because of their ability
to acquire high proliferative potential, the switch that regulates stem cell division, as well
as the decision between self-renewal and differentiation, must be tightly controlled, as its
misregulation could have detrimental effects on the tissue and the organism (Yamashita
et al., 2005). The renewal and functional abilities of adult stem cells, as well as their
potency, have been shown to detrimentally decrease with age and give rise to age-related
diseases such as cancer, neurodegenerative disorders, deterioration of bone and muscle
tissue, and haematological malignancies (reviewed in Ahmed et al., 2017).

The core characteristics of stem cells, i.e. their potency and abilities to self-renew,
differentiate and repair tissue damage, are sometimes referred to as their “stemness”
(Bach et al., 2000; Melton, 2014). Besides their two defining properties of self-renewal
and differentiation capabilities (McCulloch and Till, 2005), ASCs are also characterized
for their longevity, quiescent nature and their asymmetric cell division (reviewed by
Barker et al., 2008), key properties which are conserved in Drosophila stem cell (Otsuki
and Brand, 2018; Easwaran et al., 2022). The concept of stem cell plasticity was
introduced in 1999, which described the ability of adult stem cells to adapt to their
surrounding microenvironment and having the ability, when relocated to a new niche, to
give rise to a different kind of specialized cells which were not present in their previous
niche (Poulsom et al., 2002). This ability of ASCs to change cell fate as a response to their
microenvironment (Lakshmipathy and Verfaillie, 2005) was first proposed by Petersen et
al., who showed that bone marrow cells could give rise to hepatocytes and thus had
epithelial lineage capabilities (Petersen et al., 1999), and by Bjornson and colleagues,
who demonstrated the ability of neural stem cells to give rise to haematopoietic precursors
(Bjorson et al., 1999). Since these original discoveries, stem cell plasticity has been
studied in many tissues and model systems, including mammalian epithelia (reviewed by
Tetteh et al., 2015). In particular, the ability of intestinal stem cells to respond to
microenvironmental changes in both homeostatic and damaged tissue has been heavily
documented, where this plasticity can be found at the level of the progenitor cells
(reviewed by Beumer and Clevers, 2016; Bankaitis et al., 2018). On the one hand, this
plasticity of stem cells has the ability to be exploited for therapeutic purposes (Poulsom

et al., 2002), but on the other hand, stem cell plasticity is a major issue in tumour



development, as this ability of cancer stem cells (CSCs) to quickly adapt to their
microenvironment promotes the formation of metastatic sites in tissues far from the
original tumour site, thus hindering therapeutic approaches (reviewed by Battle and

Clevers, 2017; Paul et al., 2022)

1.2. The Drosophila intestine

Epithelia are constantly turned over as cells are lost from the surface of the tissue
and replaced by the proliferation of stem cells. Therefore, the intestinal epithelium in
Drosophila is constantly renewed, supported by the intestinal stem cell population (ISCs)
(Miccheli and Perrimon, 2006; Ohlsten and Spradling, 2006).

The gastrointestinal (GI) tract of the fruit fly is a simple epithelial tissue with a
surrounding network of nerves, visceral muscle and the trachea (Capo et al., 2019), that
can be divided into three parts according to morphology and function: the foregut, the
midgut and the hindgut (Naszai et al., 2015) (Figure 1.1). The extremities of the tissue,
the foregut and the hindgut, originate from the ectoderm during fly development, whereas
the midgut is of endodermal origin (Capo et al., 2019). These three parts can be
subdivided into subregions with specialized functions (Buchon et al., 2013; Marianes and
Spradling, 2013) and distinct physicochemical properties, such as pH and oxygen
concentration (Miguel-Aliaga et al., 2018). The Drosophila midgut is divided into 5
compartments (R1-R5), that can be further divided into 14 different subregions, (Buchon
et al., 2013; Buchon and Osman, 2015), each with specialized and distinct morphology,
cell characteristics and function. The anterior ends of the midgut are responsible for the
breakdown of macromolecules, which carries on to the middle regions of the tissue that
are also able to modify these macromolecules before they enter the posterior end of the
midgut, which is responsible for their absorption (Marianes and Spradling, 2013). This
compartmentalization further enhances the regulatory complexity of the Drosophila
midgut (Dutta et al., 2015). Independent populations of ISCs are responsible for the
maintenance of each of these subregions, only giving rise to cells from their specific
subregion, but not to those from other compartments (Buchon et al., 2013). The rate of
ISC division is also location-dependent, with ISCs in the posterior end having the highest
turnover rates, dividing about once per day, whereas anterior ISCs divide less frequently
(Marianes and Spradling, 2013). The morphology and function of ECs is also affected by

gut compartmentalization and they vary between different regions of the gut (Marianes



and Spradling, 2013; Capo et al., 2019). Thus, this complex compartmentalization of the
gut requires a tight control of ISC regulatory pathways to maintain homeostatic balance

within the gastrointestinal tissue.

Midgut Malpighian
] tubules

Peritrophic matrix
Enterocyte (EC)
Enteroendocrine cell (EE)
Enteroblast (EB)
Intestinal Stem Cell (ISC)
Basement membrane

Muscle tissue

Figure 1.1. The structure of the Drosophila gut tissue. The Drosophila gut is divided into
three main parts: the foregut, the midgut and the hindgut. The intestinal epithelium in the fly
is a pseudostratified monolayer made up of four different cell types: the intestinal stem cells
(ISCs), progenitor enteroblasts (EBs), and two types of differentiated cells, enterocytes (ECs)
and enteroendocrine cells (EEs). ISCs are on the basal side of the tissue, in close contact with
the basement membrane and the underlying muscle tissue. The periotrophic matrix on the
apical side serves as a barrier to external insults.



The Drosophila midgut is functionally equivalent to the mammalian small
intestine and is therefore used in most studies to model mammalian intestinal homeostasis
(Jiang et al., 2016; Capo et al., 2019). This tissue is made up of 4 different cell types
arranged to form monolayer of pseudostratified epithelium (Ohsltein and Spradling,
2006) (Figure 1.1). These cells maintain the apical-basal polarity characteristic of
epithelial tissues (Miccheli and Perrimon, 2006), with stem cells at the basal surface and
the differentiated, specialized daughter cells on the apical surface (Jiang et al., 2016). The
absorptive enterocytes (ECs) are large differentiated polyploid cells that make up most of
the midgut tissue and are responsible for the maintenance of barrier function (Casali and
Battle, 2009). The smaller secretory enteroendocrine cells, EBs and ISCs are interspersed
between the ECs (Losick et al., 2011). ISCs at the basal surface of the tissue have a
triangular shape and are in close contact with the basement membrane and the underlying
muscle tissue (Beebe et al., 2010; Losick et al., 2011), which is thought to resemble a
stem cell niche and provide ISCs with the necessary signals for differentiation (Lin et al.,
2008; Marianes and Spradling, 2013). Gut compartmentalization also affects ISC
morphology: Marianes and colleagues identified different morphological and molecular
properties of ISCs in different regions of the midgut, but could not conclude if these were
a consequence of other structural changes in the subregion, e.g. EC morphology, or if the

differing ISC properties were indeed the catalyst of the compartment characteristics.

1.3. Drosophila intestinal stem cells (ISCs)

Although the existence of stem cells and their ability to replace dead or damaged
cells to maintain homeostasis and tissue function has been known for over a century
(reviewed by Bianco et al., 2008; Casali and Battle, 2009), the existence of such cells
within the Drosophila intestine was recently discovered (Miccheli and Perrimon, 2006;
Ohlsten and Spradling, 2006). Drosophila ISCs, which are responsible for tissue turnover
to maintain homeostasis and for tissue regeneration after damage (Biteau and Jasper,
2011), have since become an excellent model to study epithelial stem cell homeostasis.
Although there are some controversies and a lack of consensus regarding the exact model
of ISC differentiation in Drosophila, the initial model for ISC fate is based on stem cells
undergoing asymmetric cell division, where an ISC self-renews and gives rise to a
committed progenitor, known as an enteroblast (EB) (Jiang and Edgar, 2012; Zeng et al.,
2015) (Figure 1.2). EBs are transient, undifferentiated cells (Choi et al., 2012) that give



rise to two types of differentiated cells: absorptive enterocytes (ECs) and secretory
enteroendocrine cells (EEs) (Mirzoyan et al., 2019). Differentiation of EBs into these two
cell types is not balanced: differentiation heavily favours absorptive cells, with
approximately 90% of progenitors differentiating into ECs, and only 10% into EEs
(Amcheslavskly et al., 2009).

Some reports suggest the existence of a pre-EE progenitor (Zheng and Hou, 2015),
and the possibility that ISCs directly give rise to EEs without the need for a progenitor

EB cell (Biteau and Jasper, 2014; Chen et al., 2018; Korzelius et al., 2019; Ma et al.,
2019).
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Figure 1.2. The model of Drosophila 1SC differentiation. Drosophila 1SCs divide
asymmetrically, where the stem cell can either self-renew, or give rise to a progenitor
enteroblast (EB) that will immediately differentiate into an absorptive enterocyte (EC) or a

secretory enteroendocrine cell (EE). Differentiation is heavily biased towards ECs, which
make up the bulk of the tissue.

De Navascués and colleagues demonstrated that the Drosophila midgut is
maintained by population asymmetry, i.e. that stem cell divisions are symmetric and
driven by the loss or differentiation of their neighbouring cells (de Navascués et al., 2012).
This competition, known as neutral drift, was later corroborated by other and resembles
differentiation models previously established in mammals (reviewed by Jin et al., 2017).

Although there are some contradicting conclusions, most reports agree that the majority



of ISC divisions are asymmetric, with symmetric divisions occurring at a lower
frequency, and that the switch between these two forms of division is determined by
external environmental stimuli (Jiang et al., 2016). This ISC fate model proposed in the
fruit fly is conserved in mammalian epithelial stem cells (Doupé et al., 2012), making
Drosophila a great model organism to study mammalian ISC homeostasis, as well as for
the broader study of ASC regulation. This complex model of ISC maintenance is
regulated by over 450 genes (Zeng et al., 2016), highlighting the importance of the tightly-

regulated cross-talk between the signaling networks that influence ISCs.

1.4. ISC regulation

This complex model of ISC differentiation is accompanied by an equally complex
signalling network that regulates ISC fate, i.e. maintenance versus differentiation. The
pathways implicated in ISC regulation include Notch, JAK/STAT, Hippo,
EGFR/Ras/MAPK, Wnt, JNK, the insulin pathway, and BMP/Dpp (reviewed by Miguel-
Aliaga, 2018) (Figure 1.4). Additional factors and feedback mechanism from the
committed cells also contribute to ISC regulation (Biteau and Jasper, 2014; Chen et al.,
2016). Thus, the dynamic interplay between all these signalling pathways and molecules
is essential to maintain tissue homeostasis; deregulations or mutations in any of the
components implicated in these signalling cascades could give rise to tissue
overproliferation or the depletion of the stem cell population (Yamashita et al., 2005;
Doupé et al., 2018; Ma et al., 2019). Despite the obvious structural and compositional
differences, both Drosophila and mammalian ISCs are regulated by conserved signalling
pathways, making Drosophila 1SCs an excellent model that has contributed to our
understanding of the regulation of ISCs and epithelial homeostasis in metazoans (Naszai
et al., 2015; Doupé et al., 2018).

ISCs regenerate after damage and support the homeostatic maintenance of the
midgut tissue (Biteau and Jasper, 2011). Under homeostatic conditions and without the
need for previous cellular damage, tissue turnover in the adult Drosophila midgut is quick
and occurs approximately once a week (Amcheslavsky et al., 2009; Losick et al., 2011).
Tissue damage and physiological stress affect tissue homeostasis and turnover rates and
can lead to detrimental effects on tissue function (Capo et al., 2019). As mentioned above,
deregulation in tissue homeostasis could lead to uncontrolled proliferative activity and

tissue dysplasia (Biteau and Jasper, 2011). In humans, these pre-cancerous lesions can



later develop into tumours (Li and Jasper, 2016). Thus, understanding the mechanisms
that control stem cell proliferation and maintenance in the intestine is key to enhance our
understanding of the development and treatment of human diseases such as cancer (Ma
et al., 2019), since ISCs are regulated by a number of conserved signalling pathways that

play similar roles in the regulation of mammalian epithelial stem cells.
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Figure 1.3. A wide range of signalling pathways are responsible for the maintenance of
ISCs in the Drosophila gut. The pathways implicated in ISC regulation include Notch,
JAK/STAT, Hippo, EGFR/Ras/MAPK, Wnt, JNK, the insulin pathway, and BMP/Dpp.

1.4.1. Notch

Notch signalling is the key regulator of Drosophila 1SC differentiation (Kapuria
et al. 2012). Ohsltein and Spradling provided a model of ISC fate in the posterior midgut
in which EB daughter cells expressing high levels of the Notch receptor are able to receive
strong signals from the Notch signalling pathway that drive differentiation into EC cells.
On the contrary, those progenitors exposed to low levels of DI on their cell surface receive
weaker Notch signals and differentiate into secretory enteroendocrine cells (Ohlstein and
Spradling, 2007). Delta expression is characteristic and exclusive of ISCs, whereas its
receptor is found in both ISCs and EBs (Lu and Li, 2015). ISCs are sometimes referred
to as Notch-negative, because they express the ligand DI, and progenitor EBs are termed
Notch-positive (Guisoni et al., 2017). Notch is a negative regulator of ISC proliferation:
lower Notch activity promotes ISC division and increases the number of progenitor cells
in the tissue, whereas increased level of Notch downregulate the proliferative rates of

ISCs (Miccheli and Perrimon, 2006). In other words, absence of Notch prevents



differentiation and triggers uncontrolled proliferation of ISCs (Ohlstein and Spradling,
2006).

Furthermore, de Navascués and colleagues proposed a new ISC division model,
whereby ISCs divide symmetrically and the fate of the progeny is determined post-
division through the competition for DI/Notch signalling between sibling cells or other
cells in close proximity, leading to population asymmetry in the tissue (de Navascués et
al., 2012). This form of tissue maintenance where homeostatic balance between
progenitors and differentiated cells is not determined by the stem cell lineage, but rather
at the population level, is called neutral competition (Klein and Simmons, 2011; Guisoni
etal., 2017). The concept of cell fate determination through neutral competition between
cells in close proximity, known as lateral inhibition, was first proposed in Delta/Notch
signalling in 1996 by Collier et al. The biased or stochastic variation of DI/Notch
expression in the cell membrane, and the size of the contact area between cells will
determine cellular fate (Guisoni et al., 2017). In this model, neighbouring cells expressing
similar levels of the Notch receptor and Delta ligand on their cell surface can bind to each
other and mutually repress the expression of either the receptor or the ligand, eventually
leading to the formation of Notch-expressing cells and a Delta-expressing cell (reviewed
by Sancho et al. 2015) (Figure 1.4). Thus, Notch signalling in the Drosophila midgut is
bidirectional and context-dependent (Guo and Ohlstein, 2015). Taken together, all these
results demonstrate that ISC fate is a stochastic process dependent on Notch activity,
which determines the outcome of ISC division, either symmetrically or asymmetrically,
and their differentiation into ECs or EEs.

The regulation of Notch activity is complex and studies have found that there is
not a downstream target of Notch that is singularly responsible for its control, but rather
it is a collective effort of multiple downstream targets that regulate Notch activity (Lu and
Li, 2015). The levels of expression of the protein TSC2, which is found downstream of
Notch in ISCs, have been shown to play a role in the regulation of the ISC self-
renewal/differentiation switch: high levels of TSC2 in ISCs block differentiation and thus
favour ISC self-renewal, whereas decreased expression of the protein in progenitor EBs
triggers differentiation into ECs (Kapuria et al., 2012).

Notch has also been found to supress the activity of other ISC regulatory
pathways, such as JAK/STAT, by repressing the expression of its activating ligand
unpaired (Upd) (Liu et al., 2010). A link between Notch activity and the insulin pathway



(IIS) through microRNAs has also been reported, suggesting that Notch activity could be

under nutritional control in the fly (Foronda et al., 2014).

In summary, Notch signalling controls ISC fate in the Drosophila gut. Its
expression represses EE differentiation and favours the production of enterocyte cells in
the posterior midgut, and the regulation of Notch signalling levels is essential in order to

maintain a balanced differentiation, and thus tissue function, and to prevent uncontrolled

proliferation of ISCs in the tissue.
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Figure 1.4. Model of lateral inhibition for the determination of cell fate. In this model, progeny
express similar levels of the Notch receptor and delta ligand on the cell surface and it is the mutual
repression of expression between neighbouring cells that determines cell fate, by eventually
determining if a cell with be Notch-expressing (EB) or Delta-expressing (ISC).

1.4.2. JAK/STAT

The Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT)
is a conserved signaling pathway heavily implicated in many aspects of development and
disease (Beebe et al., 2010). In the Drosophila gut, it plays roles in the maintenance of
tissue homeostasis and it is activated in response to apoptosis, infection and stress

(Buchon et al., 2009; Jiang et al., 2009). The JAK/STAT ligand unpaired (upd) is secreted
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by the surrounding visceral muscle and activates JAK/STAT signalling in ISCs to control
stem cell division (Xu et al., 2011). JAK/STAT signalling is active in ISCs and during the
early stages of progeny formation, but it is not present in mature EEs or ECs (Beebe et
al., 2010). However, EC-expression of the JAK/STAT Upd ligands has been shown to be
induced upon stress and infection (Buchon et al., 2009; Jiang et al., 2009), demonstrating
that the midgut tissue possesses endogenous sources of JAK/STAT signaling. Activation
of JAK/STAT in damaged ECs is triggered by the JNK-mediated production of unpaired
ligands (Karpowicz et al., 2010).

Beebee and colleagues also demonstrated that while JAK/STAT signaling plays
roles in ISC proliferation (Liu et al., 2010), it is not a key regulator of self-renewal
(Beebee et al., 2010). In the absence of JAK/STAT signalling, midgut ISCs have the
ability to divide for up to 5 weeks (Beebe et al., 2010), thanks to the ability of EGFR and
Wg signaling to replace low levels of pathway activity and drive ISC proliferation (Xu et
al., 2011). This demonstrates a level of functional redundancy in pathway activity within
the midgut. Similarly, JAK/STAT has been shown to interact with other signalling
cascades in the midgut. Lin and colleagues suggested a double role for JAK/STAT
regulation of ISCs: on the one hand, JAK/STAT acts upstream of Notch alongside Wg to
regulate ISC division, and, on the other hand, it antagonizes Notch to control stem cell
fate (Lin et al., 2010).

Han et al. proposed that, JAK/STAT acts downstream of Hedgehog (Hh) signaling
to regulate ISC fate. This, alongside the findings that suggest Notch as another
downstream target of JAK/STAT (Lin et al., 2010), starts to build a picture of the complex

interactions between ISC regulatory pathways in the Drosophila midgut.

1.4.3. Hippo

The Hippo signalling pathway, which plays key roles in the regulation of organ
size, cell growth and proliferation, and is fundamental in the development of tumours, is
highly conserved between Drosophila and higher organisms (Ren et al., 2010). Hippo is
essential for the maintenance of midgut homeostasis in the adult fly (Poernbacher et al.,
2012). This pathway, originally discovered in the fruit fly, controls the activity of the
transcriptional activator Yorkie (Yki), through a kinase signaling cascade (Ren et al.,
2010). Thus, regulation of Yki activity occurs through protein phosphorylation: in healthy
adult Drosophila gut tissue, phosphorylated Yki is repressed and targeted for degradation,
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whereas in the absence of phosphorylation, Yki translocates to the nucleus where it
interacts with a wide range of target genes that induce cell proliferation (Karpowicz et al.,
2010; Hsu et al., 2017). Within the midgut cells, Hippo has been proposed to act as a
sensor of cell stress in ECs and EEs (Shaw et al., 2010), where it works in consonance
with the JAK/STAT and JNK signaling pathways to maintain homeostasis in the adult
Drosophila midgut (Karpowicz et al., 2010). Upon injury, stem cell proliferation is driven
by the interaction of Yki with target genes that promote ISC division, one of which is the
JAK/STAT ligand unpaired (Upd) (Staley and Irvine, 2010). Activation of Yorkie resulted
in tissue hyperplasia and an increase in Dl-expressing cells, i.e. ISCs, in the gut,
demonstrating that in normal circumstances, Hippo is responsible for maintaining ISC
proliferation at low levels by repressing Yki activity (Staley and Irvine, 2010). Moreover,
Hippo signalling in the fly gut has been reported to be under the control of microRNAs,
which are essential for Hippo-mediated ISC self-renewal, but dispensable in EGFR- and
Notch-mediated ISC proliferation (Huang et al., 2014).

In summary, Hippo signalling acts to repress Yki activity in healthy gut tissue to
maintain ISC homeostasis. When the Hippo kinase cascade is misregulated, Yki acts as
an oncogene by inhibiting cell death and promoting cell growth and ISC proliferation in

the Drosophila intestine (reviewed by Staley and Irvine, 2012).

1.4.4. EGFR/Ras/MAPK

EGFR/Ras/MAPK (mitogen activated protein kinase) signalling promotes
proliferation of adult intestinal stem cells in Drosophila (Ragab et al., 2011). The majority
of insight into the role of Ras/MAPK in the fruit fly derives from the study of receptor
tyrosine kinases (RTKs), which activate the Ras oncogene Ras85D that in turn triggers
the phosphorylation of MAPKs (Ragab et al., 2011). In response to damage or stress in
the gut epithelium, the EGFR/Ras/MAPK pathway is activated to maintain the ISC pool,
and the interplay between EGFR and JAK/STAT signalling alongside it promotes ISC
proliferation for gut tissue repair (Jiang et al., 2009; Jiang et al., 2011), thus contributing
to the maintenance of tissue homeostasis (Liang et al., 2017). Therefore, as with the other
signalling pathways described in this section, EGFR/Ras/MAPK interacts with other
signaling pathways to control gut homeostasis in Drosophila. Activation of p38-
dependent MAPK signalling also plays roles in the regulation of the JAK/STAT ligand
unpaired, alongside Hippo, TGF-f and Dpp signaling (Houtz et al., 2017).
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One of the three p38 MAPK proteins in Drosophila, p38c, plays key roles
regulating lipid metabolism, oxidative stress and immune homeostasis in the Drosophila
intestine (Chakrabarti et al., 2014). Another one of the p38 family members, p38b-
MAPK, is a key regulator of age-related changes in ISC proliferation (Park et al., 2018),
and has been shown to promote the misdifferentiation of ECs and the growth of EBs and
ECs in damaged and aged tissues (Xiang et al., 2017; Park et al., 2018). In the context of
tissue damage, increased levels of the Ras protein in the Drosophila gut promote hyper-
endoreplication of progenitor enteroblasts and differentiated enterocytes (Xiang et al.,
2017). However, under normal homeostatic conditions, EGFR/Ras activity is only
essential for ISC division and proliferation, but not for EC endoreplication, since mature,
fully-differentiated ECs showed a downregulation of MAPK activity and other EGFR
pathway components (Xiang et al., 2017).

In a general homeostatic context, components of the EGFR/MAPK/ERK
signaling pathway are responsible for maintaining glucose homeostasis in the fly:
inhibition of MAPK/ERK lowers the levels of the insulin-like receptor on the surface of

eye cells, leading to insulin resistance in the organism (Zhang et al., 2011).

1.4.5. Other contributors to ISC regulation: JNK., Wg. Hedgehog, Slit/Robo,

BMP/Dpp and the insulin pathway

Other signaling pathways implicated in the regulation of Drosophila ISCs include
JNK, Hedgehog (Hh) (Han et al., 2015), Wnt/Wg signaling (Lin et al., 2008), Slit/Robo
(Biteau and Jasper, 2014), the insulin pathway (Choi et al., 2011) and BMP/Dpp signaling
(Tian and Jiang, 2017).

The exact role of the Jun N-terminal kinase (JNK) pathway in Drosophila remains
to be elucidated. There is contradicting evidence in the literature, where some groups have
identified it as a tumour suppressor that is able to induce apoptosis, whereas others have
highlighted its oncogenic properties (Biteau et al., 2008). In the Drosophila midgut, INK
is activated in damaged enterocytes (ECs) of the adult tissue as a response to injury
(Karpowicz et al., 2010) and stress, where it increases tolerance to insults and mitigates
the negative effects of reactive oxygen species (ROS) (Wang et al., 2003). JNK has also
been shown to drive ISC misdifferentiation and contribute to loss of tissue homeostasis

with age (Biteau et al., 2008). This JNK-mediated increase in ISC proliferation in
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response to stress is mediated by the transcription factor FOS, which also controls EGFR-
dependent stem cell proliferation (Biteau and Jasper, 2011).

Hedgehog (Hh) signalling is located upstream of JAK/STAT in the intestine and
has been shown to promote the differentiation of ISCs into EBs in the posterior midgut
(Han et al., 2015). In EBs, Hh activated the expression of Upd2, which in turn promotes
ISC proliferation through JAK/STAT (Tian et al., 2015). Hh also interacts with Wingless
(Wg) signaling in the hindgut to promote ISC self-renewal, proliferation and
differentiation (Takashima et al., 2008). This same study demonstrated that the
antagonistic roles of Wg and Hh described in the mammalian intestine are conserved in
Drosophila, where both high Wg expression and low Hh signaling favour ISC self-
renewal and prevent differentiation in the hindgut tissue (Takashima et al., 2008). Initial
reports suggested that Wingless was expressed in the surrounding muscle tissue, and thus
had a paracrine effect on the regulation of gut ISCs (Lin et al., 2008). A more recent study
by Cordero et al. demonstrated that endogenous Wg, produced by the progenitor
enteroblasts in the epithelial compartment of the tissue is essential for ISC proliferation
and tissue regeneration (Cordero et al., 2012).

In summary, the regulation of the ISCs and Drosophila gut homeostasis is tightly
controlled by a wide range of signalling pathways that interact and work in tandem to
control the adequate proliferation of stem cells and maintain a balance between self-

renewal and differentiation.

1.5. The stem cell niche

Adult tissue stem cells play critical roles throughout the body in maintaining
normal tissue homeostasis and responding to challenges such as damage. As
misregulation of stem cells has major implications for both normal physiology and
diseases such as cancer, a great deal of research has focused on understanding the stem
cell niche. Classically, the niche has been thought of in terms of signalling from adjacent
cells, but more recent work has led to an expanded definition that incorporates not only
classical signalling pathways but also mechanical and metabolic inputs (Scadden, 2014;
Chacon-Martinez et al., 2018).

Even as understanding of what constitutes the niche has broadened, most studies
have focused on the cells and tissues surrounding the stem cells and their role in creating

the microenvironment. In this context, stem cells are viewed primarily as the recipients
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of chemical and mechanical cues. However, work in a range of systems has shown that
stem cells themselves contribute substantially to the niche (Figure 1.5).

While niche signals often originate from surrounding tissues, such as the
underlying mesenchyme for many epithelial stem cells, an increasing number of examples
have emerged of epithelial stem cell progeny playing a major role as sources of niche
signals (Figure 1.54). In the mammalian intestine, for example, both mesenchymal- and
stem cell-derived epithelial cells supply signals to regulate the intestinal stem cells (ISCs)

(Santos et al., 2018).
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Figure 1.5. Contributions to the stem cell niche. Stem cells may generate progeny that act as
niche components and regulate their own progenitors (4). Stem cells may act as their own niche
cells producing autocrine signals or ECM components (B). Stem cells may regulate both epithelial
and non-epithelial niche cells, or the ECM to influence the microenvironment (C). Cancer cells
may subvert the niche, exploiting all the niche signals and creating a new microenvironment that
supports their growth (D). Figure adapted from Ferraces-Riegas et al., 2022.

The Drosophila gut cells have also been shown to heavily contribute to the
establishment and maintenance of the stem cell niche. Slit-Robo signalling from EEs to
ISCs has been reported to act as a negative feedback loop to regulate EE production
(Biteau and Jasper, 2014), but contradicting reports have demonstrated that Slit does not
modulate EE production in epithelial tissues (Sallé et al., 2017). EEs may also indirectly

regulate ISCs via the secretion of tachykinin to regulate Dilp3 production by smooth
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muscle, which in turn promotes ISC maintenance (Amcheslavsky et al., 2014).
Differentiated ECs are sources of BMP ligands that promote ISC maintenance and self-
renewal (Tian and Jiang, 2014), Hippo regulators (Karpowicz et al., 2010) and cytokine
ligands that activate JAK/STAT signalling to promote tissue turnover (Jiang et al. 2009;
Zhou et al. 2013). Differentiating progeny also contribute to the niche in the form of
Wingless signals from enteroblast (EB) progenitors, which are required for ISC
proliferation in regenerating midguts (Cordero et al., 2012). Regulated secretion of EGF
ligands from ECs is instrumental in driving turnover and ISC proliferation (Liang et al.,
2017) demonstrating the utility of feedback from progeny to the stem cells in coupling
cell loss and replacement to maintain balance.

Given the importance of coupling cell loss to new cell production, both in normal
homeostasis and in response to challenges, it is perhaps not surprising that progeny should
feed back to the stem cells. This form of coupling would allow the status of the epithelium
to be communicated continuously to the stem cells, enabling them in turn to tune the
production of new cells according to demand. The importance of stem cell progeny in the
niche shifts our understanding from that of a fixed, clearly defined anatomical niche to
that of a niche in continuous flux, able to act as rheostat, dynamically adapting to
challenges and maintaining balance (Hsu and Fuchs, 2012).

In addition to producing differentiated progeny that comprises part of the stem
cell niche, there are an increasing number of examples of stem cells expressing their own
niche components (Figure 1.5B). In some cases, these act as autocrine signals; in others,
they may contribute to the local environment, shaping the extracellular matrix (ECM) and
modulating paracrine signals. As in mammalian epidermis, there is some evidence that
autocrine Wg signalling may contribute to stem cell regulation in the Drosophila midgut,
particularly in anterior regions that may be further from a source of paracrine Wingless
signals (Fang et al., 2016).

The role of stem cells in secreting their own niche proteins is not limited to
signalling pathway ligands but also includes the contribution of stem cells to ECM
composition. Given that integrin expression and adhesive properties are well-established
markers of epidermal stem cells and that Ilk signalling in epidermal progenitor cells has
been linked to the composition of the ECM, this may in effect represent an autocrine
signalling mechanism with stem cells secreting their own ECM substrate to promote their
maintenance (Jones and Watt, 1993; Jones et al., 1995; Morgner et al., 2015). This may

be a conserved principle of epithelial stem cell niches as Drosophila midgut ISCs are also
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maintained by integrin signalling and express the ECM component laminin as an integrin
ligand (Lin et al., 2013).

Autocrine signalling from stem cells may be broadly associated with positive
feedback mechanisms, serving to keep stem cells in a primed state where the removal of
inhibitory factors could lead to rapid proliferation, for example, in the context of repairing
tissue damage. However, such mechanisms pose risks for unregulated proliferation.

In addition to autocrine signals, stem cells also express a range of paracrine signals
that play important roles in the regulation of their environment (Figure 1.5C). Stem cell
progeny in many cases constitute a critical niche component regulating their parental stem
cells; in turn, it is perhaps not surprising that stem cells also regulate their progeny. As
explained previously, Drosophila ISCs express the Notch ligand Delta, which signals to
differentiating EBs to promote enterocyte fate (Micchelli and Perrimon, 2006; Ohlstein
and Spradling, 2006, 2007). Expression profiling has also identified a number of secreted
proteins expressed by Drosophila 1SCs that may act to regulate the local
microenvironment (Doupé et al., 2018), including SPARC, PLOD, dlp and TIMP, the four
proteins studied in this project.

Given the dynamic nature of epithelial turnover in homeostasis and the need to
closely coordinate cell loss, differentiation and proliferation, it is perhaps not surprising
that stem cells communicate their status to the niche, including their own progeny. In
effect, this allows stem cells to answer back to the microenvironment, allowing a precise
two-way feedback with the niche to offer a range of mechanisms that support balanced
turnover.

The ability of stem cells to form, regulate or act as niche cells can be a double-
edged sword. The potency that enables precise coordinated regulation in homeostasis and
repair can be subverted in diseases such as cancers. Mutations not only trigger
autonomous effects in the tumour itself but also impact the ability of the cancer stem cells
(CSCs) or tumour-initiating cells (TICs) to communicate to and regulate their
surroundings. The importance of cancer cell progeny as components of the niche that
drive proliferation has been explored in the Drosophila midgut epithelium (Figure 1.5D).
In a Drosophila intestinal tumour model driven by loss of Notch function, which blocks
differentiation, both autocrine and paracrine signals are responsible for tumour growth
(Patel et al., 2015). CSC- or TIC-derived signals play critical roles in regulating their own
niche through recruitment or induction of cells in the microenvironment to express niche

signals that promote tumour properties. In the Drosophila midgut, Apc mutant cells
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subvert the normal EGF-driven feedback circuit that acts to couple cell loss to ISC
proliferation by inducing rhomboid in adjacent cells to drive constitutive secretion of
active EGF ligands (Ngo et al., 2020). Remodelling of the ECM elements of the niche is
also critical in tumour development and progression, with contributions from both tumour
cells themselves expressing ECM components or regulators such as MMPs and from
tumour-associated cells, particularly cancer-associated fibroblast (CAFs) (Winkler et al.,
2020).

In summary, coupling both at the level of two-way signalling between stem cells
and the niche, and between cell production and loss through niche roles of stem cell
progeny provides mechanisms to maintain balance. Many of the known mechanisms
appear to be conserved from the relatively simple invertebrate model of the Drosophila
midgut to mammalian systems, suggesting that complementary studies in both basic
model organisms and more complex mammalian systems will be key to elucidating the

full logic of these complex interactions.

1.6. Drosophila as a model organism

The fruit fly Drosophila melanogaster has been used as a model organism in
research for over a century. The first documented use of Drosophila melanogaster in
research dates back to 1901, in William Castle’s laboratory at Harvard University
(Jennings, 2011). Initial breakthrough work by Thomas Hunt Morgan in the 1910s, where
he demonstrated the sex linkage for the white-eye gene in the fruit fly (Hunt-Morgan,
1910) and established the linear arrangement of genes in chromosomes (Hunt-Morgan,
1910b; Hunt-Morgan, 1917) using Drosophila melanogaster as a model system, shed a
spotlight on the value of this organism for genetic analysis.

Since then, it has become one of the best-characterized and widely-used genetic
models in biomedical research to study developmental processes and ageing (Casas-Vila
et al.,, 2017). Many efforts have been focused on the characterization of this model
organism. Adams and colleagues provided the full genome sequence of Drosophila and
revealed that despite being smaller than other commonly used model organisms like C.
elegans, its ~13,600 genes, divided across 4 chromosomes (Priifling et al., 2013) still
retain the wide scope of functional diversity of other models (Adams et al., 2000).
Updated genomic analyses have increased the number of protein-coding genes in the

Drosophila genome to 13,903, and established ~ 3,719 non-coding genes (Hu et al.,
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2015). Its compact genome, low genetic redundancy, and functional simplicity are some
of the key features of D. melanogaster (Nichols, 2006; Mirzoyan et al., 2019) (Figure
1.6). These are accompanied by its low cost of maintenance, high reproductive rates and
rapid regeneration times, which further contribute to its extensive use in research (Lee
and Min, 2019). Despite the obvious complexity, anatomical and physiological
differences between the fly and humans, the pathways that regulate key developmental
processes, as well as the regulation of genetic expression and other fundamental aspects
of cell biology, are conserved between Drosophila and higher organisms (Koon and Chan,
2017). Moreover, comparisons between the annotated genomes of the fly and humans
showed ~60% homology between them (Mirzoyan et al., 2019), with ~75% of the genes
implicated in the development of human disorders having orthologs in the fly (Koon and
Chan, 2017). Many resources and databases have been created with readily available and
updatable information about fly genes and proteins, such as the GLAD (Gene List
Annotation for Drosophila) developed by Hu and colleagues.

With all this, the fly has emerged as a powerful model system for the study in vivo
of many biological processes, as well as to study the underlying mechanisms that drive
disease. Such examples include its use in the study of the biology of ageing (Lee and Min,
2019), neurodegenerative diseases (reviewed in Priiling et al., 2013; Koon and Chan,

2017), and cancer (reviewed in Mirzoyan et al., 2019).
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Figure 1.6. The benefits of the use of Drosophila as a model organism. Some of the advantages
of the use of the fruit fly in research include its compact genome, low genetic redundancy, and
functional simplicity, as well as the wide range of genetic manipulation tools available in
Drosophila. Flies and humans have a ~60% homology between their genomes, with ~75% of genes
implicated in human diseases having an ortholog in the fly. All of this makes Drosophila a
powerful system to study many biological processes in vivo.
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1.6.1. Genetic manipulation techniques

During its century-long stint as a key model organism in biomedical research, a
wide range of genetic manipulation tools for the Drosophila genome have become
available, making it the key feature of its advantage as a model organism. Many tools
allow for the controlled manipulation of gene expression in specific cells and tissues (del
Valle-Rodriguez et al., 2012).

The GAL4-UAS system is one of the most widely-used genetic manipulation tools
in Drosophila research. It is a two-component gene expression system that allows for
temporal and spatial regulation of genetic function, and it was developed as a tool for
targeted gene expression in Drosophila by Brand and Perrimon in 1993 (Brand and
Perrimon, 1993). The GAL4 protein was initially identified as a genetic regulator in the
yeast Saccharomyces cerevisiae (Duffy, 2002), and it was first demonstrated to work in
Drosophila by Fischer et al. in 1988. In the GAL4/UAS system, the GAL4 transcriptional
activator, which is under the control of a cell-type specific promoter, binds its
target, Upstream Activator Sequence (UAS), which in turn drives the expression of an
RNAI construct, an open reading frame (ORF) of the gene of interest or a reporter gene.
Thus, this system allows the overexpression and downregulation of a gene of interest in
a specific cell or tissue type. This tool represents the basis of the genetic manipulations
that will be used in this project, allowing us to assess the effects that our genes of interest
have on ISC homeostasis. Many of these genetically-modified Drosophila GAL4 lines
are readily available from stock centres, making the GAL4-UAS system the most widely
used in Drosophila research (Poirier et al., 2008). Therefore, without temporal control to
keep gene expression off during development, this could have deleterious effects stopping
adult phenotypes from being seen. It is possible to temporally restrict the GAL4
transcriptional activator using the temperature-sensitive Gal80 protein (del Valle-
Rodriguez et al., 2012), but some of the enhancers and promoters used in these lines are
expressed in multiple developmental stages of the fruit fly, making the lack of temporal
control of genetic expression a limitation to consider in the GAL4 system (Poirier et al.,
2008). The temperature shifts necessary for this control could also affect intestinal
physiology and therefore influence the phenotypes observed as a result of genetic
manipulation. Osterwalder and colleagues developed a variation of the GAL4 system
that sidesteps this limitation: they demonstrated that the mifepristone-dependent GAL4-

progesterone-receptor fusion protein, commonly known as Gene Switch, allows
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for tight temporal and spatial controls of transgene expression (Osterwalder et al., 2001)
(Figure 1.7). In this Gene Switch system, expression of the gene of interest is only driven
in the presence of the drug mifespristone (also referred to as RU486 or RU), allowing
genetic expression to be induced at specific stages of development or adulthood (McGuire
et al., 2004). This Gene Switch system provides an identical genetic background in the

control and experimental groups, sidestepping another potential source of variation.
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Figure 1.7. The Gene Switch system allows for spatial and temporal control of gene
expression. In this variation of the GAL4/UAS system, the GAL4 is under the control of a cell
type-specific promoter, which binds to the upstream activator sequence to drive the expression
of the gene of interest. However, in this system, expression of the gene of interest is only driven
in the presence of the drug mifespristone (RU486 or RU), allowing for genetic expression to be
induced at specific stages of development of during adulthood.

Although the GAL4/UAS expression system and its Gene Switch variant represent
the basis of the genetic manipulation techniques in Drosophila, other genetic
manipulation techniques which are relevant to the experimental approaches used in this
project include the “Flp-Out” system, the generation of protein traps, CRIMIC lines and
the use of GFP-tagged nuclear localization sequences.

The “FLP-OUT” system, developed by Golic and Lindquist in 1989, is a binary
system, like Gene Switch, that allows for the temporal and spatial control of genetic

expression, but expression of Gal4 is induced by heat-shock rather than addition of a drug
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(Phipps et al., 2023). The novel feature of this system is that the UAS promoter also
controls the expression of a fluorescent reporter that labels any cells where recombination
has occurred, as well as all the clones produced from that cell (Phipps et al., 2023). Using
this system, all cells expressing the protein of interest are tagged with fluorescent protein
markers, such as green fluorescent protein (GFP) or red fluorescent protein (RFP).

By the start of the 21% century, genetic manipulation of the Drosophila genome
had yielded three types of gene traps: enhancer traps, promoter traps and gene traps, all
relying on the ability of the reporter gene to respond to regulatory sequences at the
insertion site (reviewed by Springer, 2000) (Figure 1.8). Enhancer traps drive the
expression of the reporter gene by activation of the gene promotor by an enhancer; in a
promoter trap, the reporter is inserted in an exon and therefore drives transcriptional
fusion; and in a gene trap, the reporter is inserted into an intron and transcriptional fusion
occurs after gene splicing (reviewed by Springer, 2000). Morin et al. developed a protein
trap in Drosophila for the first time, in which the full-length endogenous protein is fused
with green fluorescent protein (GFP) to allow for the observation of cellular and
subcellular protein localization and distribution (Morin et al., 2001). Using this approach,
the GFP marker enables the study of protein dynamics within the organism and provides
more accurate information than the previously-used enhancer traps. The commercially
available antibodies for fly proteins only account for a small proportion of the genes
expressed in Drosophila (Casas-Vila et al., 2017), and therefore, this protein trap
approach allows for the visualization of proteins for which reagents are limited.

The development of CRIMIC (CRISPR-Mediated Integration Cassette) lines by
Lee and colleagues in 2018 provided a potent resource to study gene function in
Drosophila. Here, a construct is inserted into the intron of the gene of interest,
maintaining the promoter-specific expression of the Gal4 protein while arresting
transcription. Thus, this technique generated powerful lines to study the effect of loss-of-
function mutations of fly proteins (Lee et al., 2018). These CRIMIC lines can then be
easily converted to express a fluorescent tag (Avellaneda and Schnorrer, 2018).

In eukaryotic cells, transport of proteins from the cytoplasm to the nucleus is
mediated by a nuclear localization sequence (NLS) (Bohm et al., 2017). GFP can be
translationally fused to a NLS in order to study the expression pattern of the reporter gene
(Lyssenko et al., 2007) and determine if its expression is restricted to the nuclear
compartment. This technique is useful to elucidate if the expression of a protein of interest

is exclusively nuclear or limited to the cytoplasm.
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Figure 1.8. Comparison between enhancer traps, promoter traps and gene traps in
Drosophila. Enhancer traps drive the expression of a reporter gene by the activation of a gene
promoter by an enhancer. In promoter traps, the reporter is inserted in an exon and drives
transcriptional fusion. And in a gene trap, the reporter is inserted in an intron, and transcriptional
fusion occurs after splicing. Figure adapted from Springer, 2000.

1.7. Thesis aims and objectives

Previous work from the Doupé group has identified 49 secreted proteins
specifically expressed or enriched in Drosophila ISCs and EBs compared to differentiated
ECs (Doupé¢ et al., 2018). Using an ortholog predicting tool that compares gene-pair
relationships across species, known as DIOPT (Hu et al., 2011), Doupé et al.
demonstrated that 29 of these proteins have high-confidence human orthologs. This
project aims to characterize the roles of some of these candidate genes of interest and
explore their roles in the maintenance of ISC homeostasis and their contributions to the
niche, as well as their potential roles in disease development. Considering preliminary
data, DIOPT scores and findings from published literature, the strongest candidates that
will be the focus of this PhD project include BM-40/SPARC (Basement membrane-
40/secreted protein acidic and rich in cysteine), PLOD (procollagen-lysing, 2-
oxoglutarate 5 deoxygenase), dlp (Dally-like protein), and TIMP (Tissue inhibitor of
metalloproteinases). Previous examples in the literature have demonstrated that these

proteins or their orthologs contribute to ISC homeostasis, and that their misregulation
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leads to altered tissue structure and function (Godenschewege et al., 2000; Gallet et al.,
2008; Wang and Page-McCaw, 2014; Zhu et al., 2016; Shilts and Broadie, 2017; Vaughan
et al., 2018; Khetan et al., 2019). SPARC is a calcium-binding protein with a wide range
of roles in the tissue, including cell cycle control, cell proliferation, differentiation,
migration, adhesion and signalling (Liu et al., 2020; Zhu et al., 2020). Moreover, it plays
non-structural roles in the ECM and facilitates the cross-talk between different ECM
molecules (Ehninger et al., 2014; Hu et al., 2020), and it has both oncogenic and tumour-
suppressor roles in a tissue- and context-dependent manner (reviewed by Ghanemi et al.,
2020). PLOD is a collagen-binding protein responsible for the post-translational
modifications of collagen and for its correct deposition and distribution across the tissue
(Yamada et al., 2019; Zhang et al., 2021), and overexpression of PLOD promotes the
acquisition of stem cell phenotypes in tumour cells (Song et al., 2022). Increased levels
of TIMP (Tissue Inhibitor of Metalloproteinases) in the midgut of the fly have been shown
to correlate with higher proliferation rates of ISCs (Lee et al., 2012), whereas
downregulation of GPC4, one of the mammalian orthologs of dlp, facilitates proliferation
in tumour cells (Munir et al., 2020), but its roles within the adult midgut have yet to be
elucidated.

The two main hypotheses of this project are: (1) that stem cell-secreted factors
play key roles in the regulation of stem cell homeostasis, and (2) that understanding the
functions of said factors will provide insights into ISC dysregulation in disease,
particularly in cancer development. In order to determine the validity of these hypothesis,
three main aims have been established:

1. To characterize the mechanism of secreted protein function and their target cell
type(s).

2. To characterize the regulation of secreted protein expression.

3. To characterize how the expression of said secreted factors is conserved in human

intestinal tissue.
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Expression Profiling Identifies Stem Cell-Derived Secreted Proteins

Secreted Proteins (784)
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Figure 1.9. Identification of stem cell-derived secreted proteins through expression profiling.
Schematic diagram summarizing the initial screen carried out by Doupé et al., 2018, which identified
49 secreted proteins specifically expressed by the stem and progenitor cells. Using an ortholog
predicting tool that compares gene-pair relationships across species, known as DIOPT (Hu et al,,
2011) , they were able to identify that 29 of these hits had human orthologs. Adapted from Doupé et

al., 2018.
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Chapter 2

Materials and Methods

This section outlines all the materials and methods used throughout this study. A

full list of reagents can be found in the appendix.

2.1. Fly maintenance

Fly stocks were kept in temperature- and humidity-controlled incubators at 18°C
and on 12-hour light/dark cycles and 60% humidity that allow constant maintenance of
circadian rhythms. This helps minimize variabilities in our data. All stocks were flipped
onto fresh cornmeal food (See Fly Media section) once every 4 weeks. Some frequently-

used stocks were kept at room temperature and flipped onto fresh food every 2 weeks.

2.2. Virgin collection and fly sorting

Appropriate fly lines were expanded, as needed, from stock vials onto bottles to
facilitate experimental set up. Virgin females were collected upon eclosion and kept in
separate vials until needed. All virgins were used within 96 hours of collection, to ensure

flies in each experiment were age-matched.
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2.3. Fly genetics and husbandry

A complete list of all the Drosophila stock lines used in this study can be found
in Table 1.

Crosses were set up in vials containing 15-20 female virgin flies of the driver line
and 7-10 males of the target gene line, maintaining a consistent ratio of 2:1 female:male.
All crosses with the Gene Switch driver line were set up at 25°C and flies were allowed
to mate for 3-4 days before the parents were cleared. The first progeny was collected on
day 10, with a second progeny collection 48-72h later. Both sets of progeny were kept in
separate vials and allowed to age for one week before dissection. Thus, all flies used in
this study are age matched within 72 hours.

Temperature-inducible experiments with the TubGal80™ driver line were set up
at 18°C and the flies were allowed to mate for 5-7 days prior to clearing parents. The first
progeny collection was done at day 18, with a second collection on day 21. Flies were
then allowed to age for 7 days and then moved to a 29°C incubator for a further 7 days in
order to allow for the induction of expression of the genes of interest. Therefore, for

temperature-sensitive experiments, flies were dissected at age 14-17 days.

2.4. Lifespan Analysis

For lifespan survival curves, experimental set up was carried out at 25°C. For each
lifespan, 10 control vials and 10 experimental vials were set up. If the target line contained
genetic balancers, an extra 25% of vials, i.e. 25 vials, were set up to ensure enough
progeny. Pupae eclosion occurred after 10 days, and flies were collected in 4ml food vials
around 12 days after experimental set up. Upon collection, 30 female flies were sorted
into each vial, with 10 vials for the control and another 10 vials for the experimental set
up, making n = 300 for each condition. All flies were age-matched to ensure reliability of
the results. Flies were flipped 3 times a week (Monday/Wednesday/Friday) onto fresh
food and deaths were recorded. Censored flies include any dead flies accidentally
transferred over, or any flies that escaped or got stuck on the food during the flipping

process.
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2.5. Fly media

2.5.1. Standard cornmeal media

Standard cornmeal media contained: 1% agar, 3% yeast, 1.9% sucrose, 3.8%
dextrose and 9.1% cornmeal, in 90% distilled water to make up the final volume. 10%
Nipagin dissolved in ethanol and an acid mix were added at the end. The acid mix is made
up of 0.8M phosphoric acid and 5.6M propionic acid, e.g. 1000ml of acid mix contains
41.5ml of phosphoric acid and 418ml of propionic acid in distilled water.

All dry ingredients were carefully weighed and mixed together, along with the
water, and heated in a microwave, at full power (§00W). The mixture was taken out every
30 seconds and stirred until dense. The 10% Nipagin and the acid mix, stored separately
in appropriate chemical storage cupboards, were then added to the mixture in the fume
hood, and the entire mixture was thoroughly stirred before individually pipetting the
appropriate amount of food into each vial or bottle. Vials contained either 4ml (for short
term use in lifespans) or 8ml of food (for crosses and stocks) and bottles contained 75ml.

All products used in this procedure were kept at room temperature, with the
nipagen and acid mix kept in their appropriate safety cupboards.

A list of reagents used can be found at the end of this section in Table 2.

2.5.2. Mifepristone media

The preparation process for food containing mifespristone (or RU486) is as stated
above for standard cornmeal media, with the addition of the drug at the end of the cooking
process, after the acid mix and Nipagin. From here onwards, this will be referred to as
RU food. The mixture must be allowed to cool down slightly prior to addition of
mifepristone. 250ul of RU486 (20mg/ml stock solution in ethanol) were added per
1000ml of food; ethanol was used as the control in the same proportion as mifepristone,
and both mixtures are referred to as RU50 and RUO (Control), respectively. Mifepristone

and ethanol are stored at -20°C.
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2.6. Drosophila samples

2.6.1. Immunofluorescence of Drosophila samples

Guts were dissected with fine forceps in 9-well glass spot-plates containing 150ul
of Phosphate Buffered Saline (PBS) per well. Dissection plates and PBS were kept at 4°C
and put on ice prior to dissection. Guts were then fixed in 4% paraformaldehyde (PFA)
at room temperature for 30 minutes. The dissection plates were covered with parafilm to
prevent evaporation and aluminum foil to prevent evaporation and to diminish light
exposure of the samples, and placed on a shaker for fixation. Samples were washed in
PBS 3 times and blocked in 0.5% Triton X-100, 0.5% BSA, 5% NGS in PBS for a further
30 minutes. Guts were then placed in a shaker and incubated overnight in a cold room at
2°C with primary antibodies diluted in PBS 0.5% Triton X-100. Samples were washed 3
times in PBS for 10 minutes before a 2-hour incubation in the corresponding secondary
antibody, diluted in PBS 0.5% Triton X-100 to make a final concentration of 1:500. DAPI
staining was carried out for 10 minutes before a final washing step (3 10-minute washes
in PBS) of the samples prior to mounting. Guts were mounted on a microscope slide in
Vectashield mounting medium and coverslips were sealed using commercial nail polish.
All slides were stored in a dark box at 4°C.

Blocking buffer was made by mixing 50mg of Bovine Serum Albumin (BSA) and
50ul of Triton X-100 to 10ml of PBS. This mixture can be stored at 4°C for up to 2 weeks.
The necessary volume of blocking buffer is aliquoted before each use and 5% Normal
goat serum (NGS) (50ul for Iml of blocking buffer) is added to it.

In the cases where a-phospho-MAPK, a-phospho-SMAD and a-phospho-
SAPK/INK antibodies were used, PhosSTOP (inhibitor tablets of phosphatase) was
added to the PBS during dissections, the blocking buffer and the primary antibody
dilution at a concentration of 1:10.

A list of antibodies used can be found at the end of this section in Table 3.

2.6.2. RNA extraction and cDNA synthesis from Drosophila samples

Initially, isolation of RNA from samples for qRT-PCR was carried out using
TRIZol reagent. 10 whole guts per sample were dissected and transferred to 100ul of
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TRIzol for homogenization for 10 minutes at room temperature (RT). At this stage,
samples were either stored at -80°C or continued directly to phase separation at a later
stage. If starting with a frozen sample, they were left at RT for 10 minutes before adding
20ul of chloroform. The samples were left to incubate at RT for 3 minutes and were then
spun at 12000g in a pre-cooled centrifuged at 4°C for 15 minutes. 45ul of the aqueous
phase after centrifugation were transferred to a clean Eppendorf tube, where 4.5l of 3M
sodium acetate (10% volume, RNA grade) and 2l 20mg/ml Glycogen (RNA grade) were
added to the aqueous phase, with vigorous mixing between steps. The samples were left
at RT for 10 minutes and then spun once again at 12000g at 4°C for 5 minutes. The
resulting supernatant was then removed and 200ul of 75% ethanol (RNA grade) were
added to resuspend the pellet before being centrifuged for a further 5 minutes. At this
stage, samples can be stored at -80°C.

For cDNA synthesis, samples were spun for 5 minutes at 12000g and 4°C, the
supernatant was removed, and the pellet was allowed to air dry for about 5 minutes. 20l
of distilled water were added to the pellet, with gentle pipette mixing and samples were
heated at 55°C for 10 minutes. 8.5ul of RNA were then transferred to a clean labelled
Eppendorf and 1pul of DNase buffer and 0.5ul of DNase I were added to make a 10ul
reaction. Samples were then incubated at 37°C for 30 minutes, followed by the addition
of 0.5ul of EDTA (1U/ul) and a further 10-minute incubation at 65°C. After a brief spin,
lul of 20X random hexamer primers was added. After a 5-minute incubation at 70°C,
samples were immediate cooled on ice and spun down, before adding 9ul of master mix.
This master mix contains 4ul of 5X first strand buffer, 0.5ul of RIbolock RNase inhibitor,
2ul of 10nM dNTPs, 0.2ul of reverse transcriptase and 2.3ul of ddH20 per sample.
Samples were then incubated at room temperature for 10 minutes, at 37°C for 1 hour and
at 70°C for 10 minutes. All undiluted and diluted samples were kept at -20°C.

To optimize qRT-PCR conditions, the primers used were tested beforehand, to
validate their sensitivity and to exclude the possibility of primer dimer formation.
Standard curve and melt curve analysis were used to determine the specificity of the
primers (data not shown).

Because of the variability in some results, commercial RNA extraction and cDNA
synthesis kits were used for the final year of this project to see if this would increase the

reliability of the data. The Monarch® Total RNA Miniprep Kit from NEB and
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UltraScript™ 2.0 cDNA Synthesis Kit from PCR Biosystems were used, following the

protocols as specified by the companies.

2.6.3. qRT-PCR (quantitative reverse transcriptase polymerase chain

reaction) of Drosophila samples

qRT-PRCs were run using a CFX Connect Real-Time PCR Detection System
from Bio-Rad Laboratories. Samples were loaded onto MicroAmp® Fast 96-Well
reaction plates, with each well containing 1ul of the sample, Sul of Power SYBR™ Green
PCR Master Mix and 3.5ul of ddH>0, and the plate was tightly sealed using and optically
clear adhesive seal sheets. Cycle conditions were as follows: 95°C for 10 minutes, and 40
cycles of 95°C for 15 seconds followed by 60°C for 60 seconds. Gene expression was
calculated using two different methods, depending on the intended purpose of the
analysis. AACT method or Sq value analysis. All expression results were normalized
against a housekeeping gene and standards were run alongside each sample to validate

primer function. The primer sequences can be found at the end of this chapter in Table 4.

2.6.4. Sample preparation for transmission electron microscopy (TEM) of

Drosophila samples

Whole Drosophila guts were dissected in PBS and transferred directly to 4%
formaldehyde in 0.1M sodium cacodylate buffer for 15-30 minutes on ice. Guts were then
transferred to Karnovsky’s fix (3% glutaraldehyde and 2% formaldehyde in 0.1M sodium
cacodylate buffer) for 20-120 minutes at 4°C, followed by 3-5 10-minute washes in 0.1M
sodium cacodylate buffer to wash out Karnovsky’s fixative solution. Samples were
transferred to 2% osmium tetroxide in 0.1M sodium cacodylate buffer for 1-2 hours at
4°C. Guts were then dehydrated through an ethanol series: 30% ethanol, 50% ethanol,
70% ethanol, 80% ethanol, 90% ethanol and 95% ethanol, for 5-10 minutes in each at
4°C. For the final step of sample dehydration, samples were placed in 100% ethanol for
10 minutes at room temperature, and repeated 3 times before being transferred to
propylene oxide for 15 minutes and repeated twice. A mix of agar 100 resin was prepared
in the fume hood, and samples were transferred to a series of propylene oxide:agar 100

resine mixture at different concentrations: first, on a 3:1 ratio for 1-2 hours, followed by
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a 1:1 ratio for 1-2 hours, 1:3 ratio for 2-10 hours, and finally transferred to pure agar 100
resin for 2-5 hours. Samples were then left in a 60°C oven for 3 days. The polymerized
resin blocks were taken out of the oven, trimmed and thin sections were made using a
Leica ARTOS 3D ultra-microtome. These sections were placed on 200-mesh copper grids
and stained with 3% uranyl acetate in aqueous solution. Samples were then washed with
MQ water before staining with lead citrate and washed again. Samples were left to dry
before visualizing them by TEM.

In order to optimize the protocol and increase the quality of the sample images,
an alternative dissection and fixation method was used on one of the samples for
comparison. In this instance, anesthetized flies had their heads and rear-ends removed
with a razor blade and the whole thorax was immediately transferred to 4%
paraformaldehyde solution on ice for 30 minutes to fix the tissue. Karnovsky’s fix was
then added for 20-30 minutes and samples were washed 3 times in 0.1M cacodylate buffer
for 3 minutes, before the guts were extracted. The dissected guts were then transferred to
Karnovsky’s fix again and the protocol was followed as stated above. This was done in
order to prevent separation of cells within the tissue at the point of dissection, improving

the preservation of tissue structure.

2.6.5. Imaging of IF Drosophila samples

Immunofluorescence samples were observed using a Leica SP5 confocal laser
scanning microscope with fluorescence live-imaging microscopy (FLIM) and
fluorescence cross-correlation microscopy (FCCS). Z-stacks of the stained midguts were
taken using the 63x oil lens with the zoom factor set to 1, keeping the acquisition and
laser characteristics consistent across all samples for each experiment. Slice thickness

was 0.8um.

2.6.6. Data analysis of Drosophila samples

Confocal data was analyzed using ImagelJ. Z-stacks were converted into single
maximum projected images for further analysis and cell counts were performed with the
Cell Counter plug-in. For the Z-stacks of the stained guts, the maximum intensity image

was used to perform cell counts.
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Quantitative and statistical analysis was performed using Prism10 (GraphPad),
and all graphs were created using this same software. Data sets were analyzed to identify
outliers, and normality tests were performed on the clean data to determine the
appropriate statistical test. Normality was analyzed using the Shapiro-Wilk test for data
sets of <40 data points, and the Kolmogorov-Smirnov test for data sets with >40 data
points. For normally distributed data, unpaired t-tests were used, whereas if the data was
did not present a normal distribution, a Mann-Whitney U test was performed. The
statistical analysis used in each instance is stated in the corresponding figure legends.
Results were deemed statistically significant if p < 0.05. Statistical significance is
represented using the following symbols: * if p < 0. 05; ** if p < 0.01; *** if p< 0.001;
and **** if p < 0.0001. Not significant (ns) pairwise comparisons were only added to
those graphs were, at first instance, the trends might suggest a significant change. Graphs
with no pairwise comparisons are not statistically significant. Data points represent
individual guts, and all the individual values presented for DAPI, GFP and prospero
counts represent the mean number of cells observed per field of view. To determine
mitotic activity, whole-gut PH3 counts were performed for accurate quantification of
mitoses as the quantification per FOV was too low for robust scoring. Each experiment
consists of a minimum of 3 independent replicates with each replicate consisting of at
least 5 guts.

All images presented in the introduction of this thesis were made using

BioRender.

2.6.7.Validation of the Gene Switch stock line

Initial experiments focused on validating the 5961-Gene Switch (5961%5) driver
line to confirm that: (1) in the absence of the RU486 drug there is no expression of the
responder gene; (2) that addition of RU486 to the food induces gene expression; and (3)
that the induced expression is in stem and progenitor cells. To do this, 596%% female
virgins were crossed to males carrying an enhanced green fluorescent protein, eGFP,
downstream of Gal4-UAS sites. Addition of the RU468 drug induced expression of GFP
in the small nuclei of the Drosophila gut representing ISCs and EBs, whereas control guts
treated with EtOH did not show any GFP expression (Figure 2.1). This difference in GFP
expression between RU-treated and untreated guts was statistically significant (Figure

2.1B), thus proving that the Gene Switch system is working adequately in the 59619 line.
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There was no significant change in the total number of cells observed per field of view
between the control and RU- treated guts (Figure 2.1B), which indicates that addition of
the drug does not have a significant effect on gut tissue and structure. This simple
experiment provided robust data about the reliability of this line, so that inadequate
expression or inconsistencies in future experiments cannot be attributed to incorrect

induction of gene expression.
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Figure 2.1. Validation of the GeneSwitch (5961°5) driver line. 5961%5 > UAS eGFP female fly
midguts were dissected and stained with a-prospero (1:100), a-GFP (1:2000) and DAPI. Results
demonstrate that the addition of the mifesprisone drug (RU) induces responder gene expression and
does not affect the morphology of the posterior midgut. This is proven by the statistically significant
increase in GFP expression in RU-positive guts compared to control guts (p < 0.0001) and the lack of
GFP expression in RU-negative guts (control). Scale bars in the bottom right corner represent 100um.
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2.7. Mammalian Samples

2.7.1. Cell culture

Human induced pluripotent stem cells (iPSCs) were cultured for spheroid
formation. The generation of iPSCs is described in Hepburn et al., 2020. Cells were
treated with dissociation media to break down the colonies and generate a single cell
suspension. Cells were centrifuged at 300g for 5 minutes, the supernatant was discarded
and ROCK inhibitor (10ug/ml) was added to prevent apoptosis. 10ul of Triton-blue were
added to visualize dead cells and calculate the concentration of cells in the suspension.
Calculations were done to work out the volume of cell suspension to be added to the
media so that an average of 1000 cells were plated in each well. ROCK inhibitor was also
added at this stage, alongside the cell media and the cell suspension to further ensure cell
survival. 100ul of the iPSC mix were added in each well and the plate was centrifuged at
300g for 10 minutes. For spheroid formation, round bottom wells were used to prevent
cellular attachment to the bottom of the well and facilitate spheroid formation. The plate
containing the iPSCs was then incubated overnight at 37°C. Spheroids formed overnight
and were treated with Activin A (100ng/ml) to drive definite endoderm differentiation, as
well as B27, and this was diluted in RPMI 1640 media. 50ul of media were removed from
each well containing a formed spheroid, and 100ul of treatment were added. This is
considered day 0. For the control, 100ul of the stem cell-specific mTesR media were used.
Spheroids were then left to incubate at 37°C and samples were taken on day 1, 3 and 5.
All samples were processed for qPCR, immunofluorescence (IF) analysis and

immunohistochemistry (IHC).

2.7.2. Immunohistochemistry of hiPSC spheroid and human tissue samples

Formalin-fixed paraffin embedded (FFPE) tissues slides of human samples were
prepared for immunohistochemistry (IHC). All surgical specimens were collected
according to local ethical and regulatory guidelines and included written, informed patient
consent (Newcastle REC 2003/11 and Human Tissue Authority License 12 534, Freeman
Hospital, Newcastle upon Tyne, United Kingdom). Tissue sections of 3 separate samples
were prepared: a non-cancerous sample (#11972) and two cancerous samples of localized

prostate cancer (#12782 and #12910). Coated slides were baked at 50°C overnight to
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remove any moisture in the samples. De-paraffinisation of samples was done by placing
the slides in xylene for 5 minutes and then dipping them in the same chemical 15 times.
Samples were then hydrated by dipping them in a series of different ethanol
concentrations (100% > 95% > 70% > 50%) and rinsed in running tap water. Antigen
retrieval was carried out using a decloaking chamber and using a citrate retrieval solution.
Dewaxed and dehydrated samples were placed in the retrieval solution in the decloaking
chamber until it reached a temperature of 121°C. Slides were immediately placed in cool
running water before being transferred to a 3% H>O» solution for 10 minutes to remove
any endogenous peroxidise activity. Any excess peroxide solution was removed and
slides were rinsed in running tap water for 5 minutes and placed into TBS/Tween. The
outline of the tissue sections was marked using a hydrophobic marker and slides were
placed in a slide tray lined with damp tissue, to prevent them from drying out. Tissue
sections were covered in anti-mouse or anti-rabbit serum (depending on the species the
secondary antibody was raised in) and left for 20 minutes. Samples were rinsed in running
water for 5 minutes and placed in TBS/Tween. 100ul of the appropriate primary antibody
diluted in TBS were added to cover the sample and slides were left to incubate overnight
at 4°C. After incubation with primary antibody, slides were washed in TBS/Tween twice
for 5 minutes and anti-rabbit IgG or anti-mouse IgG was applied for 30 minutes at room
temperature. Slides were then rinsed in running tap water for 5 minutes and placed in
TBS/Tween. In the fume hood, a DAB solution was prepared adding 1 drop of chromogen
to 1ml of DAB diluent, and added to the slides, covering the entire tissue section, and left
to incubate for 5 minutes. Any excess DAB was tipped into sodium hypochlorite solution
to neutralise and slides were rinsed in running tap water for 5 minutes. Tissue sections
were counter-stained using Gills II Haematoxylin for 15 seconds, slides were rinsed in
running tap water until this runs clear and then placed in blue in Scotts tap-water for 30
seconds. A final dehydration step was carried out, where slides were placed in a series of
ethanol concentrations, in increasing order (50% > 70% > 95% > 100%), followed by 3
separate dips in xylene. The slides were left in xylene until they were ready to mount.
Mounting was carried out in the fume hood, using a Pasteur pipette to apply DPX to an
appropriate-size coverslip. Tissue slides were removed from the xylene solution and any
excess was removed using tissue paper. Slides were carefully placed onto the coverslip,
face down, to avoid the formation of air bubbles. Slides were left to dry overnight before
scanning them in an Aperio Virtual Pathology System (Leica BioSystems). Images

obtained were then analyzed using the Aperio ImageScope software system.
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2.7.3. Immunofluorescence of spheroid and human tissue samples

FFPE tissue sections of spheroid samples were dewaxed and dehydrated, and
antigen retrieval was carried out as stated in the immunohistochemistry section. Sections
were then rinsed in PBS for 5 minutes, in PBS containing 0.5% Triton X-100 for 30
minutes, and a further 5 minutes in PBS in order to permeabilize the tissue. Slides were
dried by dabbing into tissue paper and, using a hydrophobic marker, an area was drawn
around the sections. These sections were blocked in PBS containing 0.5% BSA, 0.5%
Triton X-100 and 5% NGS for 30 minutes before adding the primary antibody at the
appropriate concentration. All antibodies and reagents are diluted in PBS + 0.5% Triton
X-100. Slides were left to incubate with the primary antibody overnight at 4°C in a dark
room. All incubation times from this point onwards were carried out in the dark to
preserve the fluorescence. Tissue sections were washed in PBS three times for 10 minutes
to get rid of any excess antibody before adding the secondary antibody raised against the
appropriate species. This was left to incubate at room temperature for 2 hours and DAPI
was added for 10 minutes. Three final PBS washes were done and slides were mounted
using Vectashield mounting medium. They were left to dry overnight before imaging
them using a Leica MD6 microscope.

The list of antibodies used can be found at the end of this chapter in Table 3.

2.7.4. Imaging of IF and IHC spheroid and human tissue samples

Immunohistochemistry images were analyzed using the Aperio ImageScope
software (v.12.4.6.5003). Immunofluorescence samples were imaged using the Leica SP5
confocal laser scanning microscope with fluorescence live-imaging microscopy (FLIM)
and fluorescence cross-correlation microscopy (FCCS) at Durham University. No data
from the immunofluorescence experiments was available for analysis due to a technical

issues during sample preparation.

2.7.5. RNA extraction and cDNA synthesis of spheroid samples

RNA extraction of spheroid samples was done using the GenElute™ Mammalian

Total RNA Miniprep Kit (RTN350) from Sigma Aldrich. The protocol followed was as
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stated by the manufacturer, and samples were stored at -80°C. cDNA synthesis was kindly

carried out by Dr. Adriana Buskin at Newcastle University and cDNA.

2.7.6. RT-qPCR of spheroid samples

Samples were analyzed using RT-qPCR analysis to determine the expression
levels of the genes of interest in a mammalian in vitro system. cDNA from LNCaP cells
(kindly gifted by Prof. Craig Robson), which show high expression of all four genes of
interest, was used to test the primers beforehand. RT-qPRCs were run using a CFX
Connect Real-Time PCR Detection System from Bio-Rad Laboratories. Plate preparation
and cycle conditions were as stated for Drosophila samples. Gene expression was
calculated using the AACT method. All expression results were normalized against the
housekeeping gene RPL13a and LNCaP cell samples were run alongside each spheroid
sample to validate primer function. The primer sequences can be found at the end of this

chapter in Table 6.

2.7.7. Statistical analysis of mammalian samples

Quantitative and statistical analysis was performed using Prism10 (GraphPad),
and all graphs were created using this same software. Data sets were analyzed to identify
outliers, and normality tests were performed on the clean data to determine the
appropriate statistical test. Normality was analyzed using the Shapiro-Wilk test for data
sets of <40 data points, and the Kolmogorov-Smirnov test for data sets with >40 data
points. For normally distributed data, unpaired t-tests were used, whereas if the data was
did not present a normal distribution, a Mann-Whitney U test was performed. The
statistical analysis used in each instance is stated in the corresponding figure legends.
Results were deemed statistically significant if p < 0.05. Statistical significance is
represented using the following symbols: * if p < 0. 05; ** if p < 0.01; *** if p< 0.001;
and **** if p < 0.0001. Not significant (ns) pairwise comparisons were only added to
those graphs were, at first instance, the trends might suggest a significant change. Graphs

with no pairwise comparisons are not statistically significant.
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Table 1. List of Drosophila stocks.

Line Stock Centre & Number | Genotype

UAS-eGFP BDSC 6874 w[*]; P{iw[+mC]=UAS-2xEGFP}AH?2

UAS-RasV12 BDSC 64195 w[*]; P{iw[+mC]=UAS-Ras85D.VI12}TLI

UAS-yki.28816 BDSC 28816 v[1] wl*]; P{w[+mC]=UAS-yki.S1684.GFP.HA}10-7-Y
UAS-yki.28817 BDSC 28817 w[*]; P{y[+t7.7] w[+mC]=UAS-yki.S1114.51684.S2504.V5}attP2
UAS-yki.28818 BDSC 28818 w[*]; P{y[+t7.7] w[+mC]=UAS-yki.S1684.V5}attP2

vkg::GFP BDSC 98343 v[1] w[*]; P{w[+mC]=PTT-un}vkg/G00454]

UAS-dlp BDSC 9160 w[1118]; P{w[+mC]=UAS-dIp.WT}3

UAS-dIp-RNAi 34089 BDSC 34089 v[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00875}attP2
UAS-dIp-RNAi 34091 BDSC 34091 No longer available on BDSC

UAS-dIp-RNAi 50540 BDSC 50540 v[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GLC01658}attP40
UAS-dIp-RNAI VDRC 10299 w, dlpfN

dlp Mi{MIC} BDSC 60540 v[1] w[*]; Mi{PT-GFSTF.1}dIp[MI104217-GFSTF.1]/TM3, Sb[1] Ser[1]
UAS-Timp 58707 BDSC 58707 P{w[+mC]=UAS-Timp.P}1, w[*]

UAS-Timp58708 BDSC 58708 w[*]; Piw[+mC]=UAS-Timp.P}3

UAS-Timp-RNAi 61294 BDSC 61294 v[1] v[1]; P{y[+t7.7] v[+tl1.8]=TRiP.HMJ23126}attP40
UAS-Timp-RNAI VDRC 15372 w, TIMPRNVA

UAS-SPARC 77924 BDSC 77924 v[1] wl*]; P{w[+mC]=UASp-SPARC.HA}2/CyO
UAS-SPARC-RNAi 40885 | BDSC 40885 v[1] v[1]; P{y[+t7.7] v[+tl.8]=TRiP.HMS02133}attP40
UAS-SPARC RNAi 16677 | VDRC 16677 w,; SPARC®Ni

SPARC GFP FlyFos

VDRC 318015

FlyFos016090(pRedFlp-Hgr)(BM-40-SPARC[36820]::2XTY1-SGFP-V5-preTEV-BLRP-
3XFLAG)dFRT

SPARC GT-GAL4 BDSC 77473 y[1] w[*]; Mi{GT-GAL4}SPARC[MI100329-GAL4]/TM6B, Tb[1]

UAS-PLOD-RNAI 67935 BDSC 67935 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+tl.8]=TRiP.HMS05720}attP40/CyO
UAS-PLOD-RNAI 34911 BDSC 34911 y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t].8]=TRiP.HMS01259}attP2

UAS-PLOD-RNAIi 45484 VDRC 45484 w, PLODFAi

PLOD Gal4 CRIMIC BDSC 79241 v[1] w[*]; TI{GFP[3xP3.cLa]=CRIMIC.TG4.2}Plod[CR00348-TG4.2]/TM3, Sb[1] Ser[1]
UAS vkg RNAI BDSC 50895 y[1] v[1]; P{y[+t7.7] v[+tl.8]=TRiP.HMC02400}attP2

Vkg Gal4 CRIMIC BDSC 83258 v[1] w[*]; TI{GFP[3xP3.cLa]=CRIMIC.TG4.0}vkg[CR01302-TG4.0]

UAS Upd3 From Bruce Edgar Lab w, UAS-Upd3

UAS-GFP-nls 4775 BDSC 4775 w[1118]; P{w[+mC]=UAS-GFP.nls}14
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UAS-GFP-nls 4776 BDSC 4776 w[1118]; P{w[+mC]=UAS-GFP.nls}8

TubGal80™ y w; tub-Gal80”; tub-Gal4/TM6B

5961 GeneSwitch 5961 5961-GeneSwitch-Gal4

esgTSFlip esg>-GFP-Flp-Out

ProsG4TS FJ332 w, tub-Gal80ts; UAS-GFP/Cyo,wgLacZ; Prosvi-Gal4/TM6B
esglacZ K6D6 esgLacZ

Su(H)LacZ Su(H)LacZ

DlLacZ If/Cyo;DILacZ

Luciferase 31603 y[1] v[1]; P{y[+t7.7] v[+tl.8]=TRiP.JF01355}attP2
CantonS wild-type
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Table 2. List of reagents.

Product Supplier Catalog Number
Phosphate Buffered Saline Tablets 0.01M Fisher Bioreagents BP2944100
Bovine Serum Albumin Fisher Scientific BP-1600-100
Trizol™ Reagent (Ref: 15596026) ThermoFisher 15596026
Vectashield Antifade Mounting Medim 2BScientific H-1000

Triton X-100 Sigma Aldrich 9002-93-1

Apex Drosophila Agar Type II (pH =6.13) SLS #AN-171047,
Inactive Dry Yeast) SLS FLY#62-106
Sucrose Crystallized Duchefa Biochemie S0809.5000
D-(+)-Glucose Anhydrous (MW = 180.16) Melford (G32040, Lot. 42613-42844
Cornmeal Yellow SLS FLY#62-100
Mifepristone — Cayman Chemicals Cambridge Bioscience CAY10006317
Phosphoric acid VWR 20624.262
Propionic acid Sigma P5561

Nipagin SLS FLY1136
Dextran Sulfate Sodium (DSS) Salt Colitis Grade (36,000 to 50,000) MP Biomedicals 0216011010

D-Sucrose

Fisher Bioreagents

BP220-1, Lot. 215025

MicroAmp® Fast 96-Well Reaction Plate (0.1mL)

Life Technologies

4346907

Optically Clear Adhesive Seal Sheets ThermoFisher Scientific AB-1170
Grace’s Insect Medium (1X) Unsupplemented Gibco 11595-030
Schneider’s Drosophila Medium (1X) Gibco 21720-024

Water (for RNA work), DEPC-treated and nuclease free, autoclave

Fisher Bioreagents

BP561-1, Lot. 207040

Chlorophorm Sigma C0549
RNA grade Isopropanol Sigma 19516
Sodium acetate solution (3M, pHS5.2) Thermofisher R1181
Glycogen, RNA grade (20mg/mL) Thermofisher RO551
Ethanol (75%, RNA grade) Sigma 51976
DNase buffer Thermofisher ENO0521
DNase I, RNase free (1U/ul) Thermofisher ENO0521
EDTA Thermofisher ENO0521
Random Hexamer Primers Thermofisher SO142
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5X First Strand Buffer Thermofisher EPO442
ThermoScientific™ RlIbolock RNase Inhibitor Thermofisher EO0382

dNTP Set 100mM Solutions Thermofisher RO181
ThermoScientific™ RevertAid™ Reverse transcriptase Thermofisher EPO442

Power SYBR™ Green PCR Master Mix Fisher 10219284
Paraformaldehyde (PFA), 16%, 2x10mL Fisher 11490570
Normal Goat Serum (NGS), 2mL Gibco PCN5000
Invitrogen™ DAPI (4',6- Diamidino-2-Phenylindole, Dihydrochloride) Fisher Scientific 10184322
PhoSTOP™ Merck Life Science 4906837001
Parafilm M Sealing Film SLS FIL1024

KITS

UltraScript 2.0 cDNA synthesis kit PCR BioSystems PB30.31-10
Monarch® Total RNA Miniprep Kit New England Biosystems T2010S
ImmPRESS[R] HRP Horse Anti-Mouse IgG Polymer Detection Kit, Peroxidase 2bScientific MP-7402-15ML
ImmPRESS[R] HRP Horse Anti-Rabbit IgG Polymer Detection Kit, Peroxidase 2bScientific MP-7401-50ML
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Table 3. List of antibodies.

Type Species Antibody Concentration | Supplier Reference
Primary
Primary Drosophila | Anti-prospero Mouse IgG Monoclonal Antibody 1:100 Developmental Studies | MR1A
Hybridoma Bank
(DSHB)
Primary Drosophila | Anti-phospho-histone-H3 (Ser10), Mitosis Marker Rabbit | 1:1000 Merck Life Science 06-570
Polyclonal Antibody
Primary Drosophila | Anti-Green Fluorescent Protein (GFP) Chicken IgY Polyclonal | 1:2000 Abcam ab13970
Antibody
Primary Drosophila | Anti-B-galactosidase rabbit IgG Polyclonal Antibody 1:500 Invitrogen Al1132
Primary Drosophila | Anti-Dally-like protein (Dlp) (13G8) mouse IgG Monoclonal | 1:5 Developmental Studies
Antibody Hybridoma Bank
(DSHB)
Primary Drosophila | Anti-Phospho-SAPK/JNK (Thr183/Tyr185) (81E11) Rabbit IgG | 1:100 Cell Signaling | 4886S
Monoclonal Antibody Technologies
Primary Drosophila | Anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Rabbit | 1:200 Cell Signaling | 4370S
IgG Monoclonal Antibody Technologies
Primary Drosophila | Anti-Smad3 (phospho S423 + S425) Rabbit IgG Monoclonal | 1:100 Abcam: ab52903
antibody [EP823Y]
Primary Drosophila | Anti-Collagen IV Rabbit IgG Polyclonal Antibody 1:400 Abcam ab6586
Primary Drosophila | Anti-TIMP 1:100 Dear et al., 2016
Primary Human Glypican 4 Rabbit IgG Polyclonal Antibody 1:50 (IHC) Invitrogen PAS5-97801
1:100 (IF)
Primary Human TIMP1 Monoclonal Antibody (102D1), Mouse IgG1 1:50 (IHC) Invitrogen MAS-13688
1:100 (IF)
Primary Human PLOD3 Polyclonal Antibody, Rabbit IgG 1:50 (IHC) ProteinTech 11027-1-AP
1:100 (IF)
Primary Human SPARC Monoclonal Antibody (ON1-1) ,Mouse IgG1 1:50 (IHC) Invitrogen 335500
1:100 (IF)
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Secondary

Secondary | Drosophila | Alexa Fluor 488 goat anti-rabbit IgG (H+L) 1:500 Invitrogen A11008
& Human

Secondary | Drosophila | Alexa Fluor 555 goat anti-rabbit IgG (H&L) 1:500 Invitrogen A21428
& Human

Secondary | Drosophila | Alexa Fluor 488 goat-anti chicken IgG (H+L) 1:500 Invitrogen A11039
& Human

Secondary | Drosophila | Alexa Fluor 488 goat-anti mouse IgG (H+L) 1:500 Invitrogen A11001
& Human

Secondary | Drosophila | Alexa Fluor 546 goat-anti mouse IgG1 1:500 Invitrogen A21123
& Human

Stain
Drosophila | Invitrogen™ DAPI (4',6-Diamidino-2-Phenylindole, | 1:2000 Fisher Scientific 10184322
& Human | Dihydrochloride)
Drosophila | Alexa Fluor 555 Phalloidin 1:100 Invitrogen 10389132

44




Table 4. List of Drosophila primers.

Gene Primer Type Primer Sequence Reference

GAPDH Forward Primer 5> CCAATGTCT CCGTIGTGGA 3 This study (FlyPrimerBank)
Reverse Primer 5> TCG GTG TAG CCC AGG ATT 3°

a-tubulin Forward Primer 5> GCT GTT CCA CCC CGA GCA GCT GATC 3’ This study (FlyPrimerBank)
Reverse Primer 5> GGCGAACTCCAGCITGGACITCITGC ¥

Rp49 Forward Primer 5> ATC GGT TACGGATCG AACAA 3 This study (FlyPrimerBank)
Reverse Primer 5> GACAATCTCCITGCGCITCT 3

SPARC Forward Primer 5> CCAGGCCTCTACGGAGITTIT 3’ This study (FlyPrimerBank)
Reverse Primer 5> CAT CGA TGT CGG ACA GGTCG ¥

Timp Forward Primer 5> GAGTCCTTC GCA AATCGGATACY This study (FlyPrimerBank)
Reverse Primer 5 GCT TCG GAT GTA GCCTTGTAG G 3’

Dlp Forward Primer 5> TTC GAG CAG GGC CGT GAA AA Y This study (FlyPrimerBank)
Reverse Primer 5> AAC CCA GTA ACGAACGAGTCCYS

Dlp 2 Forward Primer 5> TGC AGT GCT GTG ACA CACATT 3’ This study (FlyPrimerBank)
Reverse Primer 5" ACT CTT CGT TACTGG GTT TTT 3’

DIp 3 Forward Primer 5> AGC AAA ACA ATC GCG ACG 3’ This study (FlyPrimerBank)
Reverse Primer 5’ GCC ATT TGA GCT GTT TGC 3’

PLOD Forward Primer 5> AAA ATC AAA GTGTTC ACT GTG GC 3’ This study (FlyPrimerBank)
Reverse Primer 5> AGG GTG GTT ACCTCAATATCG T3’

Actin5C Forward Primer 5> TTG TCT GGG CAA GAG GAT CAG ¥ This study (FlyPrimerBank)
Reverse Primer 5> CGT GGA CGACTGTCTTCACC3®

Npc2a Forward Primer 5> GGC GGA GTGCATCCTCAAGY This study (FlyPrimerBank)
Reverse Primer 5> CGT GGA CGACTGTCTTCACC3®

brn Forward Primer 5> AAGTTCGCCTACCTGCGAG3 This study (FlyPrimerBank)
Reverse Primer 5> CGC GCT CTT TAT GAG CAT CG 3’

BthD Forward Primer 5> GAG CGT GGT CTCCAA CAGC3 This study (FlyPrimerBank)

Reverse Primer

5" ACT TAA CTC GAA GGC TTC TCG 3°
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CG8642 Forward Primer 5’ CGG TGG AAT CTCCTT CACGG ¥’ This study (FlyPrimerBank)
Reverse Primer 5’ CTG ATC CTC ATA ATG CTG CCG ¥

Adgf-A2 Forward Primer 5> AGC CGT CAT GCT TTG TGT AAT 3’ This study (FlyPrimerBank)
Reverse Primer 5> CCT CGG ACGTAAGATTGGACA Y

PGRP-SA Forward Primer 5> ACG GGC ATA GCCTTA ATCGG ¥ This study (FlyPrimerBank)
Reverse Primer S>TAATCCTCG CTCAGCTCACCY®

Tep4 Forward Primer 5> AAA AGC CGA GGG CAA GTA CAC 3’ This study (FlyPrimerBank)
Reverse Primer 5> TTT CAG GGT GACTGG CTCCT ¥

Miplel Forward Primer 5> ATC CGT GGA CTG AGT GTG ACA 3 This study (FlyPrimerBank)
Reverse Primer 5> TTC TGA ATG GTT GCG GTT TGG 3°

LanA Forward Primer 5> GGG CTCTGC TAGTAATCCTGG 3’ This study (FlyPrimerBank)
Reverse Primer 5> CACACGTAGCTGTGG CAT AAAT3Z

LanB2 Forward Primer 5> GGC CAC AGA AAT GTCTGC CA 3’ This study (FlyPrimerBank)
Reverse Primer 5’ CTG CTC ACC ACA GGT ATT AGTTG 3’

Tsf2 Forward Primer 5> AGCCTCGTT TTT GTG GCT CTA 3° This study (FlyPrimerBank)
Reverse Primer 5 TGT GCT CAT GCT AGT GATGTITG 3’

Miple2 Forward Primer 5> ATA CTG GCT TTA ACCACG GCT 3° This study (FlyPrimerBank)
Reverse Primer 5> ACG TAT GCC ATC AGA AAGGCT ¥

LanB1 Forward Primer 5’ CTC GCC GGA GAGATTCIGC ¥ This study (FlyPrimerBank)
Reverse Primer 5> ACG TAT GCC ATC AGA AAGGCT ¥

Tsfl Forward Primer 5> CGGAGGAACCCATITATCGCC3 This study (FlyPrimerBank)
Reverse Primer 5> GCT GCGTTCGGATCT CAGA Y

Trol Forward Primer 5> CGC CGATAGTAATGATCGCAG ¥ This study (FlyPrimerBank)
Reverse Primer 5> ACCCTA ATGTTG GGA ATCTCCA 3’

Magu Forward Primer 5> GGC GAG ATG TGT TTT GTT CGT 3° This study (FlyPrimerBank)

Reverse Primer

5’TCATCG CACTCT CCCTGT TTG 3°
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Table 5. List of mammalian primers.

Gene Primer Type Primer Sequence Reference

RPL13a Forward Primer 5" CAT AGG AAG CTG GGA GCA AG 3' Kollmer et al., 2013
Reverse Primer 5'GCC CTC CAATCAGTCTTCTG 3

SPARC Forward Primer 5" GAC CCG GTC AACCCAGAGA® Chen et al., 2022
Reverse Primer 5" GACCCG GTC AACCCAGAGA®

SPARC Forward Primer 5"TCA ACT ACA CTG TGC GGA CC 3’ Xie et al., 2020
Reverse Primer 5" GTG GAT GGT GGT GGC AAAAC3

PLOD3 Forward Primer 5" GCT GTT GGA AACGGA GTTG 3 Zou et al., 2021
Reverse Primer 5" CTT GCC ATG TGG GTT CTG ACT 3’

PLOD3 Forward Primer 5" ATG AGG GCC TGG ATCTTCTTTCTCCTTT 3’ Hatori et al. 2023
Reverse Primer 5" TTA GAT CAC CAG ATC CTT GTT GAT GTC CTG 3’

TIMP1 Forward Primer 5"CACCTT ATA CCA GCGTTATG ¥ Oszajca and Szemraj, 2021
Reverse Primer 5"TTT CCA GCA ATG AGA AACTC 3

TIMP1 Forward Primer 5"GACGGCCTTCTG CAATTCC3 Pan et al., 2019
Reverse Primer 5" GTA TAA GGT GGT CTG GTT GACTTC TG 3’

GPC4 Forward Primer 5> GTC AGC GAA CAGTGCAAT CAT® Legier et al., 2023
Reverse Primer 5 ACATTT CCC ACCACGTAGTAACS®

GPC4 Forward Primer 5" TCC CTC GCA AAT TGA AGCTCC 3’ Munir et al., 2020

Reverse Primer

5> GCAACCGCTAAGCCTTGA G
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Chapter 3

SPARC as a regulator of intestinal stem

cell homeostasis

3.1. Introduction

Secreted protein acidic and rich in cysteine (SPARC), also known as osteonectin
or basement membrane-40 (BM-40) is an extracellular, calcium-binding, matricellular
glycoprotein (Ma et al., 2017; Hu et al., 2020) that plays non-structural roles in the
extracellular matrix (ECM). Originally identified in bone tissue by Termine et al. (1981)
as a 32kDa collagen-protein found in the ECM that played key roles in bone
mineralization, studies since have shown that the molecular weight of the protein can
actually slightly differ, and it ranges between 30-35kDa as a result of differences in
protein structure (Martinek et al., 2002).

The mammalian SPARC-family of proteins is composed of § members, each with
a characteristic calcium-binding domain with unique motifs: SPARC, SPARC-like 1
(SPL-1 or hevin), SMOC (secreted modular calcium-binding protein) 1/2, testican 1/2/3
and follistatin-like 1 (Bradshaw, 2012). Drosophila melanogaster only has a single
SPARC gene (Martinek et al., 2002), and it is a homolog for 3 of the mammalian
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counterparts: SPARC, SPL-1 and follistatin-like 1 (Portela et al., 2010). One of the
important features of SPARC structure is that it contains specific low-affinity and high-
affinity Ca®" binding sites (Martinek et al., 2002), which differ in their ability to bind to
different collagen molecules (Giudici et al., 2008) and therefore affect basement
membrane composition in epithelial tissues (Duncan et al., 2020)

SPARC is a well-characterized protein that has been highly conserved between
vertebrates and invertebrate organism during evolution (Martinek et al., 2002; Vaughan
et al., 2018). Despite the differences in complexity between the Drosophila SPARC
protein and its mammalian orthologs, and the fact that the conservation of the primary
amino acid sequence between them is only about 30%, this homology is high in the gene
regions responsible for the maintenance of protein structure, which confers a high
conservation of functionality between the fly and mammalian proteins (Martinek et al.,
2002). Most importantly, the conformation of the calcium-binding sites is conserved, thus
maintaining the ability of SPARC to bind to collagen IV and its affinity for the structural
protein (Martinek et al., 2002). Thus, Drosophila is an excellent model system to
characterize SPARC function and its relationship with collagen in a variety of tissues and
how this affects the maintenance of tissue homeostasis.

SPARC has a wide range of roles that are cell-, tissue- and context-dependent
(Zhong et al., 2019). Some of these include cell cycle control, cell proliferation,
differentiation, migration, adhesion and signalling (Zhu et al., 2019; Liu et al., 2020).
Because of its important links to the extracellular matrix and its assembly, SPARC
functions revolve around tissue development, repair and remodelling, as well as cross-
talk between different ECM components (Ehninger et al., 2014; Hu et al., 2020). It is also
involved in cell migration and differentiation (Jiang et al., 2019) and in modulating cell-
to-cell interactions as well as their interactions with the microenvironment (Lopez-
Mancada et al., 2022). Other functions include its involvement in osteoblast maturation
in the bone tissue (Wang et al., 2019), its role in the development of tissue fibrosis
(Vaughan et al., 2018) and its control over immune cell recruitment to tissues (Bellenghi
et al., 2022). Liang et al. suggested that these differential properties of SPARC could be
due to a slight variation of the biochemical properties of the protein, depending on
whether the source of SPARC is endogenous or exogenous. In epithelial tissues, high
concentrations of SPARC can be found between the cells and the basement membrane,
with lower levels associated with the plasma membrane, where it binds to growth factor

receptors as a competitive inhibitor in order to modulate cell signalling (Martinek et al.,
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2008). In Drosophila, the association between SPARC and the basement membrane of
epithelial tissues has been documented from early stages of development all the way to
adult tissues (Martinek et al., 2002). Overall, SPARC is a tightly-regulated protein with a
wide range of functions that works to maintain tissue homeostasis in adult organisms
(Ehninger et al., 2014).

Although SPARC has been demonstrated to play roles in ageing,
cardiomyopathies (Vaughan et al., 2018) and haematological malignancies (Ehninger et
al., 2014), most studies have focused on SPARC functions in tumour development and
cancer progression. Following the context-dependent variation in SPARC functions,
studies have found SPARC to have oncogenic or tumour suppressor properties depending
on the tissue type and stage of the disease (reviewed by Ghanemi et al., 2020). As part of
its tumour suppressive activity, SPARC has been shown to inhibit migration and invasion
of breast cancer cells (Ma et al., 2017) and reduce angiogenesis in colon cancer (Liang et
al., 2010) and is thus associated with lower incidence of metastasis in these tumour types.
On the contrary, in the context where SPARC has oncogenic properties, some studies have
shown that the presence of SPARC promotes the survival of malignant cells through the
acquisition of stem cell properties that facilitates the proliferation and migration
capabilities of the tumour cells in the liver (Liu et al., 2020; Gao et al. 2021). In this
tumorigenic context, SPARC has also been shown to affect patient response to drugs and
therapeutic treatment (reviewed in Vaz et al., 2015 and Jiang et al., 2023; Zhong et al.,
2019).

Most importantly, SPARC has been shown to promote epithelial to mesenchymal
transition (EMT) and the regulation of EMT-related genes, e.g. E-cadherin, N-cadherin
and vimentin (Zhong et al., 2019). EMT is a physiological process whereby epithelial
cells acquire mesenchymal characteristics, including the loss of their distinctive apico-
basal polarity and tight junctions, and cytoskeletal reorganisation (Carriere et al., 2021).
EMT is key in a pathological context for tumour progression and one of the fundamental
characteristics of advanced cancer tissues. Some studies suggest that the SPARC could
have autocrine or paracrine roles within the tumour microenvironment and that these
would be responsible for the context-dependent roles of the protein in EMT (Carriere et
al., 2021).

With this wide range of functions and the varying degrees of importance SPARC
has based on cell and tissue type comes an equally wide range of regulatory mechanism

that control SPARC expression and function. Evidence in the literature suggests MAPK
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signalling as an important regulator of SPARC expression. Silencing of SPARC in bone
tissue inhibits MAPK signalling, where SPARC increases the levels of phosphorylated,
i.e. active, p38 MAPK (Wang et al., 2019). This link between SPARC and p38 MAPK
has also been shown in prostate cancer (Wang et al., 2019); in glioma (Golembieski et al.,
2008; Alam et al., 2013); and in the regulation of limbal epithelial stem cells (Zhu et al.
2019), where p38 MAPK works alongside JNK to promote stem cell proliferation.
ERK1/2, another member of the MAPK signalling cascade, has also been extensive
demonstrated to regulate SPARC. Liu et al. demonstrated a link between ERK1/2 and
MMP expression in liver cells, and both Ma et al. and Hu et al. showed that ERK1/2 is a
key regulator of the angiogenic properties of SPARC, whereby SPARC sequesters
vascular-endothelial growth factor (VEGF), limiting the activation of its receptor and thus
hindering the ability of tumour cells to proliferate and metastasize. SPARC also activates
the expression of ZEB1 (Lopez-Mancada et al., 2022), a critical regulator of the EMT
(Pérez-Oquendo and Gibbons, 2022), which has been shown to negatively regulate
MAPK signalling in human lung tumours, i.e. high ZEB1 expression correlates with low
MAPK signalling (Peng et al., 2019). Upregulation of SPARC in early stages of tumour
development has been shown to occur downstream of Dpp signalling while at the same
time being independent of JNK signaling (Portela et al., 2010). It has long been known
that JNK and p38 MAP kinases are involved in NF-Kf activation (as reviewed by
Schulze-Osthoff et al., 1997), and this transcription factor has also been proposed as a
regulator of SPARC levels in adipocytes (John et al., 2019).

While SPARC has been shown to regulate a range of signaling pathways in the
contexts of tumours, it was originally identified as a collagen I-binding protein in bone
tissue, and Termine and colleagues hypothesized its possible role in mediating bone
mineralization. Since then, many studies have tried to characterize the interaction
between these two molecules in a wide range of tissues, in order to establish the nature of
their relationship and the resulting functions. Studies have shown collagen IV to be the
most abundant SPARC-binding molecule in the ECM. Martinek et al. demonstrated that
this interaction between collagen IV fibrils and SPARC in the basement membrane is
conserved in metazoans and that it is essential for the development of the basal lamina in
early stages of Drosophila development (Martinek et al., 2008).

It has been shown to act as a chaperone for collagen IV (Shahab et al., 2015),
where intracellular association between these two proteins prevents collagen IV from

binding to integrins and maintains collagen homeostasis in the cell (Duncan et al., 2020).
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SPARC and collagen IV form a complex in the endoplasmic reticulum, and this
interaction allows for correct folding, assembly, secretion and solubility of the collagen
fibrils (Pastor-Pareja and Xu, 2011; Morrissey et al., 2016; Bellenghi et al., 2022).
Moreover, SPARC is responsible for transporting collagen molecules from their synthesis
site to other tissues that do not express the fibrils, and for maintaining collagen levels in
the basement membrane (Morrissey et al., 2016). The maintenance of a homeostatic
balance between these two molecules is essential to maintain basement membrane
integrity: Morrissey et al. demonstrated that in situations where there is a surplus of
SPARC, the rate of incorporation of collagen IV fibrils to the basement membrane is
decreased, thus weakening the barrier and facilitating invasion.

Its localization in the ECM means SPARC has the ability to bind to a variety of
other molecules besides collagen, including actin, laminin and perlecan (Martinek et al.,
2008). However, not many studies have focused on establishing a role between SPARC
and other ECM molecules, and those that have, have found that SPARC does not directly

affect their levels, e.g. laminin (Morrissey et al. 2016).

3.2. Aims and objectives

Previous work from the Doupé group had identified a small group of proteins that
are specifically secreted in stem and progenitor cells of the Drosophila midgut, but not
by the differentiated cells of the tissue. SPARC was identified as a hit in this study, and
subsequent follow-up experiments showed that knockdown of SPARC did not
significantly affect the ratio of ISC and EB cells in the tissue (Galbraith, unpublished).
With this, the aim of this project is to identify the role of intestinal stem cell derived
SPARC in the Drosophila midgut, and elucidating its function, expression and regulation,
as well as trying to establish the relationship of SPARC with other interacting partners

within the gut tissue.
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OVEREXPRESSION

3.3. Results

3.3.1. Manipulation of SPARC expression levels in the stem and progenitor cells

of the Drosophila midgut affects homeostasis in the tissue

In order to determine the role of SPARC in the midgut tissue, the gene was
overexpressed and knocked down in the stem and progenitor cells of the Drosophila gut
using a Gene Switch driver, which specifically overexpressed or knocked down SPARC
in stem and progenitor cells (ISCs and EBs). Overexpression of SPARC (Figure 3.1)
showed a significant decrease in the total number of cells observed per field of view. This
result demonstrates an increase in cells in the midgut tissue when levels of SPARC are
elevated. However, gut measurements showed no significant change in mean gut width
or mean gut area observed per field of view between control and SPARC-overexpressing
guts. Since there is no change in overall size of the fly gut when SPARC levels are
increased, but the total number of cells is reduced, overexpression of SPARC leads to a

decrease in cell density in the tissue, as shown in Figure 3.2.

Figure 3.1. The effects of SPARC overexpression in ISCs and EBs of the Drosophila midgut.
SPARC overexpression causes a decrease in the total number of cells and EEs observed per field of
view. Guts were stained with a-prospero (1:100), «-PH3 (1:1000) and DAPI. Scale bars in the bottom
right corner represent 100um.
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Figure 3.2. The effects of SPARC overexpression in ISCs and EBs. Overexpression of
SPARC leads to a significant decrease in the number of cells per field of view (p = 0.0002)
(control n =45, OE n = 43) (4), but no changes in gut width (control n =55, OE n = 54) (B) or
gut area/FOV (control n = 55, OE n = 52) (C) between overexpression and control guts. This
leads to a significant decrease in cell density in the posterior midgut (p = 0.01) (control n = 53,
OE n = 50) (D).Unpaired t-tests were used for normally distributed data (A,C,D), and non-
parametric Mann Whitney-U tests for non-normally distributed data (B) .
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In order to characterize this decrease in cells, quantification of the specific cells
within the midgut was carried out using the EE-specific marker prospero. Results showed
there is a significant decrease in the number of enteroendocrine cells observed per field
of view in the posterior midgut (Figure 3.3). Interestingly, the proportion of
enteroendocrine cells in relation to total cell number is maintained consistent between the
control and the overexpression line, suggesting that despite the changes, balanced
differentiation in the gut is maintained and the proportion of each cell type is constant. A
reduction in cell number could be caused by either an increase in cell loss or increase in
cell production. To distinguish these possibilities guts were stained for the mitotic marker
phosphor-histone H3, and data showed there is a significant decrease in the number of
mitoses in the gut tissue upon SPARC overexpression.

Taken together, these results show that overexpressing SPARC in the stem and
progenitor cells of the Drosophila gut slows down the proliferation rates of the gut and
therefore leads to a lower number of cells in the tissue and decreased cell density. These
results strongly suggests that SPARC contributes, in some capacity, to maintaining
homeostasis in the gut, as manipulating the levels of genetic expression alters the number

of cells in the gut, their proliferation rates and cell density in the tissue.
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Figure 3.3. SPARC overexpression in ISC and EBs decreases the proliferation rate of ISCs
and the number of EE cells in the posterior midgut. Overexpression of SPARC in the stem and
progenitor cells of the posterior midgut significantly decreases the number of EE cells observed
per field of view (p = 0.005) (n = 41) (A4), but the ratio of EE cells normalized to total number of
cells observed per FOV remains constant between control and overexpression guts (n = 49) (B).
SPARC overexpression significantly decreases the number of proliferating ISCs in the whole
Drosophila gut (p = 0.05) (n = 25) (C). Data was not normally distributed, non-parametric Mann
Whitney U-tests were used for statistical analysis.
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To establish if downregulation of SPARC has the opposite effect on the midgut as
its overexpression, two different RNAi1 knockdown lines were used. The rationale behind
this is that one RNAi knockdown line may have a stronger phenotype than the other
depending on the strength of the knockdown, and it also rules out the possibility of
phenotypes being due to off-target effects resulting from the genetic manipulation. The
SPARC RNAI lines used were UAS-SPARC-RNAi 40885 and UAS-SPARC-RNAi 16677,
which will be referred to from here onwards as SPARC RNAi-1 and SPARC-RNAI-2,
respectively, for ease of understanding. The numbers provided above represent the stock
number of each RNAI line.

Varying effects were observed when comparing the RNAi lines. Knockdown of
SPARC using SPARC-RNAi-1 (Figure 3.4) showed a significant decrease in the total
number of cells observed per field of view, but no changes in gut width or area (Figure
3.54-C). Cell density analysis suggests a possible reduction in knockdown guts compared
to controls, but this change was not statistically significant. (Figure 3.5D). This same line
showed a pronounced decrease in the number of mitosis in the tissue (Figure 3.6C), but
no significant changes in EE cells or their proportion in the tissue (Figure 3.6A4-B). From
this, we concluded that knockdown of SPARC perhaps has a similar effect on the tissue
as overexpression, where the proliferating capacity of the tissue is diminished, leading to

a decrease in total cell number.

CONTROL

KNOCKDOWN

Figure 3.4. The effect of SPARC knockdown in the ISCs and EBs of the Drosophila midgut using
SPARC-RNAi-1. Knockdown of SPARC (5961%° > UAS-SPARC RNAi-1) reduces the number total
cells observed per field of view in the posterior midgut and decreases the number of proliferating cells
in the tissue. Guts were stained with a-prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in the
bottom right corner represent 100um.
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Figure 3.5. Knockdown of SPARC with SPARC-RNAI-1 significantly reduces the number of cells in
the posterior midgut. 596/% > UAS-SPARC RNAi-1 leads to a significant decrease in the total number of
cell observed per field of view (p = 0.02) (Control n =39, KD n = 41) (A4), but no significant changes were
found between control and knockdown guts in regards to gut width (Control n = 50, KD n = 49) (B), gut
area observed per field of view (Control n =39, KD n = 41) (C) or cellular density (Control n =40, KD n =
40) (D). Unpaired t-tests were used to analyze normally-distributed data (A, D), and non-parametric Mann
Whitney U-tests for non-normally distributed data (B, C).

57



A) B) (0))

EE Cells % EE Cells Mitosis
%%k
150 - ns 404 s 8
° \
I | -
2 N 8 30 . E’ 6 oo
200 - < @ .
~— D) —
K] L) — 20 - o 8 4 . A
3 2 8 - I o
o 50 & % w :. g BoEBOD a
T o
m .:...."::. M 310— - = 2 oooe ¥y
LY ﬁ ) & s )
> . 2MMAANA
Og0ety ®900 A
0-—*—&— 0- 0 ¢ 4
& § & § & £
¢ & é

Figure 3.6. SPARC knockdown using SPARC RNAi line 1 significantly reduces ISC
proliferation rates in the posterior midgut. The number of EE cells observed per field of
view (A4), as well as the proportion of EE cells normalized to the total number of cells per FOV
(B) in the posterior end of the midgut remained unchanged between control and SPARC
knockdown guts (5961 US> UAS SPARC RNAi 1 ) (control n = 48, KD n =49 ,and control n =
39, KD n =39, respectively). However, SPARC knockdown significantly decreased the number
of mitoses observed across the entire gut (p = 0.007) (control n =20, KD n =20) (C), indicating
a reduction in the proliferation rates in the tissue. Data was not normally distributed and non-
parametric Mann-Whitney U-tests were used for statistical analysis.

On the contrary, analysis of SPARC knockdown using SPARC-RNAi-2 showed
contradicting results (Figure 3.7). This line showed that knock down of SPARC in the
stem and progenitor cells of the tissue does not affect total cell number, EE cells observed
per field of view or gut width, but it does cause a significant decrease in the gut area
compared to control guts (Figures 3.8 and 3.9). Interestingly, this decrease in area is
accompanied by an increased number of mitosis in the tissue (Figure 3.90),
demonstrating that knockdown of SPARC could accelerate tissue turnover, where an
increased loss of cells in the tissue is matched by an increase in proliferation.

Qualitatively, knockdown of SPARC using RNAI line 2 showed a very striking
phenotype. We observed a loss of distribution of cells within the tissue, where cells are
often clumped and nuclei have increased irregular shapes (Figure 3.7). This fits in with
the quantification results showed above, where we show that the same number of cells as
in control guts are now found in a smaller area. Interestingly, we found no changes in cell

density. This could be explained due to the fact that the disorganization of cells within the
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tissue made quantification harder, i.e. multiple nuclei in close proximity may have been

scored a single, larger nucleus, allowing room for error within these results.

CONTROL

KNOCKDOWN

Figure 3.7. Knockdown of SPARC using SPARC-RNAi-2 increases the number of proliferative
cells in the gut and causes a loss of distribution of cell in the posterior midgut. 596/% > SPARC-
RNAi-2 affects the homeostatic balance of the posterior midgut and induces changes to cell distribution
in the tissue. Guts were stained with a-prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in the
bottom right corner represent 100um.
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Figure 3.8. Knockdown of SPARC with SPARC-RNAi-2 significantly decreases the area of the
gut observed per field of view. 5961°°> SPARC-RNAi-2 does not change the total number of cells
observed per field of view (control n =42, KD n = 44) (4), gut width (control n =48, KD n = 61)
(B) or cell density (control n =45, KD n = 52) (D), but significantly decreases the area of the gut
observed per FOV (p = 0.03) (control n = 45, KD n = 52) (C). Unpaired t-tests were used for
statistical analysis of normally distributed data (B, C), and Mann Whitney U-tests for non-normally
distributed data sets (A, D).
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Figure 3.9. Knockdown of SPARC with SPARC-RNAi-2 significantly increases the mitotic
rates in the Drosophila gut. 5961 > SPARC-RNAi-2 does not change the number of EE cells
observed per field of view (control n = 44, KD n = 51) (A), or the % of EE cells normalized to
total cell number in the posterior midgut (control n = 42, KD n = 43) (B), but significantly
increases the number of mitoses across the whole gut tissue (p = 0.02) (control n =29, KD n =
27) (€). Unpaired t-tests were used for statistical analysis of normally distributed data (C), and
Mann Whitney U-tests for non-normally distributed data sets (A, B).

3.3.2. Validation of SPARC RNAI lines

Because of the varying results obtained in the initial immunofluorescence
experiments, qPCR analysis was carried out to validate the extent of the knockdowns and
to test whether the differing phenotypes may reflect differences in knockdown efficiency
(Figure 3.10). SPARC was knocked down in the whole gut tissue (TubGal80™ > SPARC
RNAi 40885 and TubGal80™ > SPARC RNAi 16677) and qPCR analysis showed that both
lines knocked down SPARC expression in the tissue. The percentage knockdown
compared to the control flies was 50% in both. Thus, we can confidently assume that the
RNAI lines used here are, to a certain degree, knocking down SPARC expression in the
Drosophila midgut, and that results obtained and the phenotypes observed are likely a
direct consequence of SPARC knockdown and not due to off-target effects or incorrect

genetic manipulation.
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Figure 3.10. SPARC-RNAi-1 and SPARC RNAi-2 accurately knock down SPARC expression
in the Drosophila gut. Both TubGal80™ > SPARC-RNAi-1 (A) and TubGal80™ > SPARC-RNAi-2
(B) appropriately reduce the levels of SPARC expression in whole-gut Drosophila samples.
Results calculated using the AACt method. Each data point represents a sample, and each sample
contains 10 whole guts.

3.3.3.0verexpression or knockdown of SPARC in the ISCs and EBs does not

affect the lifespan of the fly

In order to determine if the changes to gut physiology observed in the
immunofluorescence experiments have a long-term effect on the survival of the organism
(Li et al., 2016; Akagi et al., 2018), lifespan survival experiments were carried out. Two
replicates of each lifespan were carried out, containing 300 flies each, and their survival
was monitored. Consistently with the immunofluorescence data, overexpression or
knockdown of SPARC was induced at day 10, to maintain the same experimental
conditions throughout all approaches. Results show that overexpressing SPARC in the
ISCs and EBs in the Drosophila gut does not affect the life expectancy of the fly, as both
control and overexpression flies had similar survival curves (Figure 3.11). Similarly,
neither of the two SPARC RNAI lines showed a consistent effect on lifespan (Figures
3.12 and 3.13). Knockdown of SPARC seems to reduce lifespan in early stages of
adulthood (< 50 days), but at later stages, survival between knockdown and control

levelled out.
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Figure 3.11. Overexpression of SPARC in the ISCs and EBs of the Drosophila gut has no
effect on the lifespan of the fly. Overexpression of SPARC is induced at day 10 of the
experiment, when flies are swapped to food containing the mifespristone drug that triggers the
overexpression of SPARC (n = 300).
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Figure 3.12. Knockdown of SPARC with SPARC-RNAi-1 in the ISCs and EBs of the
Drosophila gut has no effect on the lifespan of the fly. Knockdown of SPARC (5961°° >
SPARC-RNAi-1) is induced at day 10 of the experiment, when flies are swapped to food containing
the mifespristone drug that triggers the expression of the SPARC RNAI construct (n = 300).
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Figure 3.13. Knockdown of SPARC with SPARC-RNAi-2 in the ISCs and EBs of the
Drosophila gut significantly reduces the lifespan of the fly in the early stages of adulthood.
Knockdown of SPARC (59619 > SPARC-RNAi-2) is induced at day 10 of the experiment, when
flies are swapped to food containing the mifespristone drug that triggers the expression of the
SPARC RNAI construct. Statistical analysis revealed that the increased mortality observed in the
early stages upon SPARC knockdown from days 10 to 55 is statistically significant (Mantel-Cox
Chi-squared test, p = 0.04) (n=300).

3.3.4. Manipulation of SPARC levels using the Flp-Out system

As mentioned above, the Gene Switch driver allows for the temporal and spatial
manipulation of gene expression while maintaining an identical genetic background
between the experimental and control groups. In the results presented so far,
overexpression of SPARC was specifically carried out in stem and progenitor cells in the
adult gut of Drosophila females, where expression is not induced until the flies have
reached “adulthood”, rather than at early stages of development.

In order to see if the manipulation of SPARC using different gene expression
systems yielded similar results, we used a “FLP-OUT” system, developed by Golic and
Lindquist in 1989, that allows for lineage tracing. This binary system, like Gene Switch,
also allows for the temporal and spatial control of genetic expression, but expression of

Gal4 is induced by a shift in temperature rather than addition of a drug (Phipps et al.,
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2023). The novel feature of this system is that the UAS promoter also controls the
expression of a fluorescent reporter (GFP) that labels any cells where recombination has
occurred, as well as all the clones produced from that cell (Phipps et al., 2023).
Immunofluorescence experiments of SPARC overexpression driven by esg™Flip
(esg™Flip > UAS SPARC) were carried out (Figure 3.14) and results showed no
significant increase in the total number of cells per field of view expressing GFP in the
overexpression compared to the control (Figure 3.15). In order to establish a relationship
between the number of cells observed in the gut per field of view and the number of cells
expressing SPARC, the percentage of labelled cells was calculated. Similarly, there was
no significant change in labelled cells between the control and knockdown using SPARC-
RNAi-1 (Figures 3.16 and 3.17). On the contrary, there was a significant reduction of GFP
labelled cells and clones when knockdown was induced by SPARC RNAi- 2 (Figure 3.18
and 3.19) .

The use of this expression system has not yielded any conclusive evidence that
overexpressing SPARC affects the Drosophila gut. Similarly to the SPARC
overexpression data, esg’>Flip > SPARC RNAi lines did not yield any significant results.
We cannot conclude that SPARC knockdown has any effect on tissue homeostasis using
this expression system. There were no significant changes in the number of GFP-positive
cells observed per field of view, or in the percentage of GFP-expressing cells for either

of the two RNAI lines used.
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Figure 3.14. Overexpression of SPARC driven by esg™Flip does not show any changes in
SPARC expression between control and SPARC-overexpressing guts. SPARC
overexpression (esg’ Flip > UAS-SPARC) does not show any differences in GFP levels compared
to control guts (esg”Flip > Luciferase). GFP tags SPARC-expressing cells and its clones. Guts
were stained with a-GFP (1:2000) and DAPI. Scale bars in the bottom right corner represent
100pm.
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Figure 3.15. Quantification of the overexpression of SPARC driven by esg™ Flip does not show
any changes in SPARC expression between control and SPARC-overexpressing guts. SPARC
overexpression (esg”Flip > UAS-SPARC) does not show any differences in GFP levels compared to
control guts (esg™Flip > Luciferase), both in terms of total number of GFP-positive cells (Control n
=10, OE n =24) (4) and % of GFP-positive cells normalized to the total cell number/FOV (Control
n = 10, OE n = 24) (B). Data is normally distributed so unpaired t-tests were used for statistical
analysis.
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Figure 3.16. Knockdown of SPARC-RNAi-1 driven by esg”Flip does not show any changes in
SPARC expression between control and SPARC knockdown guts. SPARC knockdown
(esg™Flip > UAS-SPARC-RNAi-1) does not show any differences in GFP levels compared to control
guts (esg”Flip > Luciferase). GFP tags SPARC-expressing cells and its clones. Guts were stained
with a-GFP (1:2000) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 3.17. Quantification of the knockdown of SPARC using SPARC-RNAi-1 driven by
esg™Flip does not show any changes in SPARC expression between control and SPARC-
knockdown guts. SPARC knockdown (esgFlip > UAS-SPARC-RNAi-1) does not show any
differences in GFP levels compared to control guts (esg™Flip > Luciferase), both in terms of total
number of GFP-positive cells (Control n =20, KD n =36) (4) and % of GFP-positive cells normalized
to the total cell number/FOV (Control n = 22, KD n = 36) (B) . Data is not normally distributed so
Mann- Whitney U-tests were used for statistical analysis.
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Figure 3.18. Knockdown of SPARC-RNAi-2 driven by esg”Flip decreases the number GFP-
positive cells in SPARC knockdown. SPARC knockdown (esg™Flip > UAS-SPARC-RNAi-2)
decreases GFP expression compared to control guts (esg” Flip > Luciferase). GFP tags SPARC-
expressing cells and its clones. Guts were stained with a-GFP (1:2000) and DAPI. Scale bars in
the bottom right corner represent 100um.
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Figure 3.19. Quantification of the knockdown of SPARC using SPARC-RNAi-2 driven by
esg™Flip shows a significant decrease in GFP-positive cells in SPARC-knockdown guts
compared to controls. SPARC knockdown (esg”Flip > UAS-SPARC-RNAi-2) significantly
decreases the number of GFP-positive cells in SPARC knockdown guts compared to control guts
(esg™Flip > Luciferase) (p = 0.04) (A) (Control n = 15, KD n = 17) (4), but the % of GFP-positive
cells normalized to the total cell number/FOV remains unchanged (Control n = 15, KD n = 18) (B).
Unpaired t-tests were used for the stastistical analysis of normally-distributed data (B), and Mann-
Whitney U-tests for non-normally distributed data (A).
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3.3.5. SPARC is not expressed in stem and progenitor cells

After concluding that alteration of SPARC levels in stem and progenitor cells
affects, in some capacity, the homeostasis of the gut tissue, the next step was to
characterize the expression pattern of SPARC within the different cells of the gut. Morin
et al. (2001) developed a protein trap system whereby GFP tags the endogenous protein
and allows the visualization of protein localization within the cell and the dynamics of
their distribution. Using an UAS-eGFP reporter line > SPARC GeneTrap 77473, we
observed that SPARC-positive cells colocalize with prospero staining, which tags
enteroendocrine cells (Figure 3.20). Interestingly, some SPARC-positive cells did not
colocalize with prospero. This distinction of two different SPARC-expressing cell
populations could be explained by the theory that the Drosophila gut has an EE-specific
progenitor that bypasses the need for enteroblast cells, whereby the EE cells that arise
from EBs and those that arise from the EE-specific progenitor have different SPARC
expression patterns.

To further investigate this expression pattern, adult esglacZ female flies were
stained with a SPARC antibody (Figure 3.21). We observed no colocalization between
stem and progenitor cells, stained with 5-gal, and SPARC-positive cells. This shows that
ISCs/EBs do not express SPARC. Interestingly, SPARC staining seems to be concentrated
in the cytoplasm of cells containing larger nuclei. This hints to the possibility that SPARC
could be expressed in absorptive enterocytes, the other type of differentiated cells in the
tissue, rather than EEs, as suggested by the protein trap data.

The use of a GFP reporter line with a nuclear-localization sequence (SPARC
GeneTrap > UAS-GFP nls) which expresses nuclear GFP in SPARC-expressing cells,
also supported these findings, showing that SPARC staining is in a clear subset of EC
nuclei. Only a few cells express SPARC, but these ECs seem to be arranged in a linear
manner on the tissue (Figure 3.22), suggesting SPARC expression in the visceral muscle
that surrounds the epithelium.

To test whether the manipulation of SPARC in the EEs plays a role in the
homeostastic balance of the tissue, a specific EE-driver line, prosGal4™ (kindly gifted by
the O’Brien lab) was used to drive SPARC overexpression and knockdown (Figure 3.23),
and changes to the tissue were quantified (Figure 3.24). There were no significant changes
to the total number of cells observed per field of view, to the number of GFP-positive

cells per FOV or the % of GFP-positive cells observed between the control and the
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overexpression and knockdowns. From this, we concluded that EE-specific manipulation
of SPARC expression levels has no effect on the midgut tissue.

Taken together, these results suggest that SPARC is not expressed by the stem and
progenitor cells of the tissue. The main source of SPARC in the midgut could be the
differentiated cells, either the enterocytes or a specific subset of enteroendocrine cells,
but the data obtained does not allow for a conclusive expression pattern of this gene.

Since EE-specific manipulation has no effect on SPARC expression, one theory
could be that the main source of SPARC in the midgut tissue are a specific subset of ECs,
and that this SPARC is then transported to another specific subset of EE cells. Regardless,
SPARC expression in the midgut is restricted to a very small subset of differentiated cells

and is not expressed evenly across the tissue.

Figure 3.20. SPARC is expressed in EE cells in the posterior midgut. SPARC Gal4
GeneTrap > UAS eGFP showed colocalization between GFP, which tags SPARC-expressing
cells, and the EE marker prospero. Guts were stained with a-GFP (1:2000), a-prospero
(1:100), and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 3.21. SPARC is not expressed in the stem and progenitor cells in the posterior
midgut. esglacZ female guts were stained with a-SPARC (1:100), a-f-galactosidase (1:500),
and DAPI. -galactosidase tags stem and progenitor cells and results showed no colocalization

with SPARC, indicating that SPARC is not expressed in ISCs and EBs. Scale bars in the bottom
right corner represent 100um.

Figure 3.22. A nuclear localization sequence suggest SPARC is expressed in the larger
cells of the tissue. SPARC Gal4 GeneTrap > UAS-GFP-nls guts were stained with a-GFP
(1:2000), and DAPI, where GFP tags SPARC-expressing cells, and results suggested that
SPARC is expressed in the larger nuclei of the epithelial tissue, i.e. in the ECs. Scale bars in
the bottom right corner represent 100um.
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SPARC RNAi-1 OVEREXPRESSION CONTROL

SPARC RNAi-2

Figure 3.23. SPARC overexpression and knockdown driven by an EE-specific driver shown no
changes compared to control guts. ProsGal4™> UAS SPARC, prosGal4™ > SPARC-RNAi-1, and
prosGal4™> SPARC-RNAi-2 showed no changes in GFP-positive cells in the posterior midgut, or in
the number of mitoses observed across the whole gut. Guts were stained with a¢-GFP (1:2000), a-
PH3 (1:1000), and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 3.24. Quantification of SPARC overexpression and knockdown driven by an EE-
specific driver shown no significant changes compared to control guts. ProsGal4™ > UAS
SPARC, prosGal4™> SPARC-RNAi-1, and prosGal4™> SPARC-RNAi-2 showed no significant
changes in the total number of cells in the gut (Control n =32, OE n =19, KD-1 n =29, KD-2
n = 21) (A), the number of GFP-positive cells in the posterior midgut (Control n = 33, OE n =
22, KD-1 n =29, KD-2 n = 22) (B), or in the % of GFP positive cells normalized to total cell
number Control n=32, OE n=20, KD-1 n=28, KD-2n=21) (C). or in the number of mitoses
observed across the whole gut. Unpaired t-tests were used for the statistical analysis of normally-
distributed data (OE DAPI, KD-1 DAPI, OE % GFP), and Mann- Whitney U-tests for non-
normally distributed data. OE = overexpression, KD-1 = SPARC-RNAi-1 and KD-2 = SPARC-
RNAi-2.
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3.3.6. The interactions of SPARC with collagen (vkg) and other ECM molecules

Since initial results had demonstrated a degree of tissue disorganization when
SPARC levels were altered in the midgut, the next step was to determine the cause of this.
SPARC and its interaction with collagen IV chains has been well documented in the
literature in a variety of tissues and cellular contexts. We wanted to characterize the
interaction between SPARC and collagen in the Drosophila midgut. There are two
collagen IV genes in Drosophila, Viking (Vkg) and Cg25c (Shahab et al., 2015), which
encode for collagen a-chain 2 and 1, respectively (Vaughan et al., 2018). 5961%5 > UAS
SPARC, 5961°5 > UAS-SPARC RNAi 1 and 5961%° > UAS-SPARC RNAi-2 female guts
were analyzed using immunofluorescence and stained with an antibody raised against
Drosophila vkg. There was a significant increase in the number of collagen-expressing
cells per field of view in midguts with SPARC overexpression (Figures 3.25 and 3.264).
Similarly, a significant increase in vkg levels was observed in SPARC RNAi midguts but
interestingly (Figures 3.27 and 3.284), the proportion of vkg-positive cells in relation to
total cell number, although higher in both cases, was not statistically significant (Figures
3.26B and 3.28B). On the contrary, knockdown of SPARC with SPARC-RNAi-2 did not
affect collagen levels in the midgut (Figures 3.29 and 3.30). Taken together, these results
show that despite the close relationship between the two proteins in the ECM, collagen
cannot be the only ECM components responsible for the disorganization of the tissue

upon SPARC manipulation.
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DAPI vkg

Figure 3.25. Collagen expression in SPARC-overexpressing guts. Overexpression of SPARC
(5961°° > UAS SPARC) seems to increase collagen (vkg) staining in the posterior midgut. Guts were
stained with a- vkg (1:100) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 3.26. SPARC overexpression significantly increases the number of vkg-positive cells in
the posterior midgut. Overexpression of SPARC (59619 > UAS SPARC) significantly increases both
the total number of vkg-positive cells observed per FOV (p = 0.03) (control n = 3, OE n =5) (4), as
well as the proportion of vkg-positive cells normalized to total cell number/FOV (p = 0.03) (control n
= 3, OE n = 5) (B). Data was normally distributed to unpaired t-tests were used for the statistical
analysis. Each data point represents a gut.
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Figure 3.27. Collagen levels increase in SPARC-RNAi-1 knockdown guts. Knockdown of
SPARC (5961°° > SPARC-RNAi-1) seems to increase collagen (vkg) staining in the posterior
midgut. Guts were stained with a-vkg (1:100) and DAPI. Scale bars in the bottom right corner
represent 100um.
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Figure 3.28. SPARC knockdown with SPARC-RNAi-1 increases vkg expression in the
posterior midgut. Knockdown of SPARC (5961°° > SPARC-RNAi-1) increases both the total
number of vkg-positive cells observed per FOV (A4), as well as the proportion of vkg-positive cells
normalized to total cell number/FOV (B), but statistical analysis did not deem these changes
significant (p =0.1) (control n = 3, OE n = 7). Data was normally distributed to unpaired t-tests
were used for the statistical analysis. Each data point represents a gut.

76



CONTROL

KNOCKDOWN

DAPI vkg

Figure 3.29. Collagen levels increase in SPARC-RNAi-2 knockdown guts. Knockdown of
SPARC (59619 > SPARC-RNAi-2) seems to increase collagen (vkg) staining in the posterior

midgut. Guts were stained with a-vkg (1:100) and DAPI. Scale bars in the bottom right corner
represent 100um.
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Figure 3.30. SPARC knockdown with SPARC-RNAi-2 increases vkg expression in the posterior
midgut. Knockdown of SPARC (5961 > SPARC-RNAi-2) increases both the total number of vkg-
positive cells observed per FOV (A), as well as the proportion of vkg-positive cells normalized to
total cell number/FOV (B), but statistical analysis did not deem these changes significant (p = 0.1)

and (p = 0.08), respectively (n = 4). Data was normally distributed to unpaired t-tests were used for
the statistical analysis. Each data point represents a gut.
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We then wanted to establish if perhaps actin, one of the most important
cytoskeletal components of the cell which closely interacts with ECM molecules, could
play a role in maintaining tissue homeostasis. 5961%5 > UAS SPARC, 5961%° > UAS-
SPARC RNAi-1 and 596195 > UAS-SPARC RNAi-2 female guts were stained with
Phalloidin, which stains F-actin filaments in the cell (Figure 3.31). Because the F-actin
filaments are found throughout the tissue, results were quantified using the mean intensity
of phalloidin staining between control and overexpression/knockdown midguts. Results
showed a significant decrease in phalloidin intensity in SPARC-overexpressing guts
(Figure 3.314) and in 5961 > SPARC-RNAi-1 (Figure 3.31B), but no significant change
between controls and the other SPARC knockdown line, SPARC RNAi-2 (Figure 3.31C).
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Figure 3.31. The actin filament network in SPARC overexpression and knockdown guts.
Overexpression of SPARC and knockdown with RNAI line-1 seem to decrease the strength of
phalloidin staining compared to control guts. Moreover, in SPARC overexpression guts, the actin
filaments seem to be disrupted. No striking phenotypic changes are observed when SPARC is
knocked down with SPARC RNAI line 2. Guts were stained with phalloidin (1:100) and DAPI.
Scale bars in the bottom right corner represent 100um.
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Figure 3.32. Changes to SPARC expressions levels alter the intensity of actin filament
staining. Overexpression of SPARC (5961 > UAS SPARC) (control n = 6, OE n = 7) (4) and
knockdown of SPARC with RNAI line 1 (59619 > SPARC-RNAi-1) (controln =9, KD n = 12)
(B) significantly decrease the intensity of actin filament staining (p = 0.0006 and p < 0.0001,
respectively). Knockdown of SPARC with RNAi line 2 (5961 > SPARC-RNAi-2) does not
affect actin staining (p =0.08) (control n = 9, KD n = 6) (C). Unpaired t-tests were used for the
statistical analysis of normally-distributed data (A, B), and Mann- Whitney U-tests for non-
normally distributed data (C). Each data point represents a gut.

In order to further characterize the relationship between SPARC and the different
ECM components, and how SPARC knockdown affected the basement membrane of the
epithelial tissue, 596195 > SPARC RNAi-2 samples were prepared for transmission
electron microscopy (TEM). However, issues beyond my control pertaining to the
electron microscopy facility meant these experiments were delayed, and only protocol
optimization was carried out. At the time of this submission, these samples are being
processes by the team at the electron microscopy facility at Durham University. These
will hopefully help to better understand the effects of SPARC on BM integrity.

Taken together, these results show that manipulation of SPARC in the stem and
progenitor cells of the Drosophila midgut has a significant, impact on both collagen and

actin levels in the tissue, although there are inconsistent variabilities between

experiments.
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3.3.7. The impact of SPARC on Drosophila gut signalling

In parallel to looking at the effects of SPARC at the cellular and ECM levels, its
impact on gut signaling was also explored. Guts where SPARC overexpression or
knockdown was driven by 596195 were stained with MAPK, SMAD and SAPK/JNK
antibodies. Quantification of results is expressed as total number of cells positive for each
antibody, per field of view. Overall active MAPK expression was significantly lower in
SPARC-overexpressing guts compared to controls (Figures 3.33 and 3.34), as well as in
SPARC-RNAi-1 knockdown guts (Figures 3.35 and 3.36), and significantly higher in guts
where SPARC was knocked down with SPARC-RNAI-2 (Figures 3.37 and 3.38). These
results suggest that SPARC could be acting upstream of Ras/MAPK signaling to

negatively regulate pathway activity.
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Figure 3.33. The expression of active MAPK in SPARC-overexpressing guts. Overexpression
of SPARC (5961 > UAS SPARC) reduces the number of active MAPK-positive cells in the
posterior midgut. Guts were stained with a- phospho-p44/42 MAPK (Erk1/2) (1:200) and DAPL.
Scale bars in the bottom right corner represent 100um.
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Figure 3.34. Active MAPK expression significantly decreases with SPARC overexpression.
Overexpression of SPARC (5961 > UAS-SPARC) significantly decreases the levels of active
MAPK expression in SPARC-overexpressing guts compared to controls (p = 0.003) (n = 3) (A).
The proportion of active MAPK-positive cells normalized to total cell number is also significantly
decreased with SPARC overexpression (p = 0.01) (n = 3) (B). Data was normally distributed so
unpaired t-tests were used for the statistical analysis. Each data point represents a gut.
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Figure 3.35. The expression of active MAPK in SPARC-RNAi-1 knockdown guts.
Knockdown of SPARC (5961°° > SPARC-RNAi-1) increases the number of active MAPK-
positive cells in the posterior midgut. Guts were stained with a- phospho-p44/42 MAPK
(Erk1/2) (1:200) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 3.36. Active MAPK expression increases with SPARC knockdown with SPARC-RNAi-
1. Knockdown of SPARC (5961°° > SPARC-RNAi-1) increases the levels of active MAPK
expression in SPARC-knockdown guts compared to controls, but this change is not statistically
significant (p = 0.06) (control n = 4, OE n = 7) (4). However, the proportion of active MAPK-
positive cells normalized to total cell number is significantly increased with SPARC
overexpression (p = 0.02) (control n =4, OE n = 7) (B). Data was not normally distributed, so non-
parametric Mann Whitney-U tests were used for statistical analysis. Each data point represents a
gut.
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Figure 3.37. The expression of active MAPK in SPARC-RNAi-2 knockdown guts. Knockdown
of SPARC (59615 > SPARC-RNAi-2) does not change the number of active MAPK-positive cells
in the posterior midgut. Active MAPK expression is low in both experimental groups. Guts were
stained with a- phospho-p44/42 MAPK (Erk1/2) (1:200) and DAPI. Scale bars in the bottom right
corner represent 100um.
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Figure 3.38. Active MAPK expression does not change in SPARC-RNAi-2 knockdown guts.
Knockdown of SPARC (5961%° > SPARC-RNAi-2) slightly increases the levels of active MAPK
expression in SPARC-knockdown guts compared to controls, but this change is not statistically
significant (control n =8, OE n=5) (A4). The proportion of active MAPK-positive cells normalized
to total cell number remains unchanged between control and knockdown guts (n = 5) (B). Data
was normally distributed so unpaired t-tests were used for the statistical analysis. Each data point
represents a gut.

SMAD staining showed opposite trends. SMAD levels were higher in the
overexpression guts, in both total number and % of SMAD-expressing cells compared to
controls (Figures 3.39 and 3.40). In guts were SPARC has been knocked down, SMAD
expression levels do not differ compared to controls (Figures 3.40 and 3.41).

Staining of SAPK/INK in SPARC RNAi-2 knockdown guts (Figure 3.42) showed
no significant change in active SAPK (Figure 3.424), but interestingly, the percentage of
SAPK-positive cells normalized against the total number of cells showed an increase in
knockdown guts compared to controls (Figure 3.42B), although this trend was not

statistically significant.
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Figure 3.39. The expression of active SMAD in SPARC-overexpressing guts. Overexpression
of SPARC (5961°° > UAS SPARC) increases active SMAD expression in the posterior midgut.
Guts were stained with a- phospho-Smad3 (1:100) and DAPI. Scale bars in the bottom right corner
represent 100um.
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Figure 3.40. Active SMAD expression increases with SPARC overexpression.
Overexpression of SPARC (5961%° > UAS-SPARC) increases the levels of active SMAD
expression in SPARC-overexpressing guts compared to controls, but this trend is not statistically
significant (p =0.1) (n="7) (A4). The proportion of active SMAD-positive cells normalized to total
cell number is also increased with SPARC overexpression, but statistical analysis did not deem
this change significant (p = 0.3) (n = 7) (B). Data was normally distributed so unpaired t-tests
were used for the statistical analysis. Each data point represents a gut.
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Figure 3.41. The expression of active SMAD in SPARC knockdown guts. Knockdown of
SPARC (596195 > SPARC-RNAi-1) does not change active SMAD expression in the posterior
midgut. Guts were stained with a- phospho-Smad3 (1:100) and DAPI. Scale bars in the bottom
right corner represent 100um.
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Figure 3.42. Active SMAD expression does not change with SPARC knockdown.
Knockdown of SPARC (59619 > SPARC-RNAi-1) does not change the number of SMAD-
positive cells observed per field of view (A4), or the proportion of active SMAD-positive cells
normalized to total cell number (B). Data was normally distributed so unpaired t-tests were used
for the statistical analysis. Each data point represents a gut. (control n =7, OE n = 6).
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Figure 3.43. The expression of active SAPK/JNK in SPARC knockdown guts. Knockdown
of SPARC (596195 > SPARC-RNAi-2) increases the number of active SAPK/INK-positive cells
in the posterior midgut. Guts were stained with a- phospho-SAPK/JNK (1:100) and DAPI. Scale
bars in the bottom right corner represent 100um.
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Figure 3.44. The proportion of active SAPK-expressing cells increases with SPARC
knockdown. Knockdown of SPARC (5961% > SPARC-RNAi-2) does not change the total number
of phospho-SAPK/JNK-positive cells in the posterior midgut (4), but the proportion of SAPK-
expressing cells normalized to total cell number is increased in knockdown guts compared to
controls (B). However, statistical analysis did not deem this change significant (p = 0.07) (control
n =11, OE n = 6). Unpaired t-tests were used for normally distributed data (B), and non-parametric
Mann Whitney-U tests for non-normally distributed data (A). Each data point represents a gut.
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Pathway activity was also assessed by RT-qPCR to determine the expression
levels of known pathway targets. Since the Gene Switch driver is specific to stem and
progenitor cells, and manipulation of SPARC levels in the immunofluorescence
experiments is only occurring in a specific subset of cells of the tissue, tubGal80™ > UAS
SPARC and tubGal80™ > UAS SPARC RNAi samples were analysed using qRT-PCR
analysis. This way, the changes in expression levels of the protein are occurring in all
cells of the tissue, giving a more accurate indication of which pathways may be acting
downstream of SPARC expression in the Drosophila gut.

Using qPCR analysis and a combination of primers that have been validated in the
literature as being common targets of some of the main signalling pathways in
development, we analysed the effects on the JAK/STAT (Soc36¢), Notch (m3, m5, m8
and mf), INK (puc), MAPK/RTK (pnt) and Dpp (brk and dad) signalling pathways of
manipulating SPARC expression with SPARC-RNAi-1 (Figure 3.45) and SPARC-RNAI-
2 (Figure 3.46). Taking together the results for both RNAi knockdown lines, components
of the Notch signalling pathway show downregulation trends in SPARC RNAi samples,
but these results are not statistically significant. The downregulation of puc suggests that
JNK signalling could be one of the main regulators of SPARC expression in the

Drosophila gut, with Notch also involved.

3.4. Discussion

In summary, the results presented here demonstrate that epithelial derived SPARC
may play key roles in maintaining homeostasis of the Drosophila midgut, as alterations
to the expression levels of the protein result in changes to the cell-composition of the
midgut, its proliferative potential, and overall physiology. However, due to variability in
results additional work is needed to confirm these findings. Manipulating SPARC levels
also affects the collagen IV network of the tissue and thus, could play key roles in the
maintenance of basement membrane integrity, and in turn contribute to disease
progression. How SPARC is regulated in this context still remains to be elucidated.
SPARC is hypothesized to be a regulator of MAPK, Notch and JNK activity in the
Drosophila gut, but further studies are needed to determine to what extent these pathways
are operating and any other potential interacting partners or compensatory mechanisms

that could be activated upon manipulation of SPARC.
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Figure 3.45. Expression changes of known targets of the major regulatory signaling pathways
in SPARC-RNAi-1 knockdown in whole guts. qPCR analysis of the expression levels of known
pathway targets of Notch, JAK/STAT, JNK, MAPK/RTK and Dpp signaling showed that
knockdown of SPARC (TubGal80™ > SPARC-RNAi-1) decreases the expression levels of M5 (B),
MS (C), Soc36e (E), and puc (F) .dad levels (1) show an increasing trend with SPARC knockdown,
and M3 (4), MB (D), pnt (G) and brk (H) levels remain unchanged. n = 2 for all samples and thus
no statistical analysis was carried out. Expression has been normalized to a housekeeping gene
(GADPH/a-tubulin). Expression changes have been calculated using Sq values. Each data point
represents one sample and each sample contains 10 whole female guts.
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Figure 3.46. Expression changes of known targets of the major regulatory signaling pathways
in SPARC-RNAi-2 knockdown in whole guts. qPCR analysis of the expression levels of known
pathway targets of Notch, JAK/STAT, JNK, MAPK/RTK and Dpp signaling showed that
knockdown of SPARC (TubGal80™ > SPARC-RNAi-2) decreases the expression levels of M3 (A),
M5 (B), M8 (C), MB (D), puc (F), pnt (G) brk (H) and dad levels (I). Soc36e (E) shows an
increasing trend with SPARC knockdown, n = 2 for all samples and thus no statistical analysis was
carried out. Expression has been normalized to a housekeeping gene (GADPH/a-tubulin).
Expression changes have been calculated using Sq values. Each data point represents one sample
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As discussed in the introduction, work from our group demonstrated that SPARC
knockdown did not affect the proportion of ISCs and EBs in the Drosophila midgut but
did impact cell density (Galbraith, unpublished). The aim of this project was to further
characterize the expression, function and regulation of this protein in the context of ISC
and EB regulation, to understand how epithelial cells contribute to their own niche
microenvironment. The results presented in this chapter suggest that epithelial-derived
SPARC plays a role in maintaining gut homeostasis, although further experiments are
needed to validate these finding and characterize the specific function of this protein. Very
few published studies have looked at the role of this protein in the midgut, and even fewer
in the context of ISC homeostasis. Many of the studies that focus on characterizing
SPARC do so in a tumourigenic context. Reduced levels of SPARC have been shown to
increase invasion and migration of breast cancer cells (Ma et al., 2017). Previous reports
have demonstrated an direct correlation between increased SPARC levels and enhanced
inflammation in intestinal tissues (Fonseca-Camarillo et al., 2021), whereas in ovarian
cancer the presence of SPARC reduces inflammation and “normalizes” the tumour
microenvironment, slowing down disease progression (John et al., 2019). The
proliferation of tumour cells has also been linked to SPARC, where some reports
demonstrate that downregulation of SPARC reduces proliferation, invasion and the
metastatic potential of the tumour (Liu et al., 2020). This decrease in the proliferative
rates of tumour cells as a result of SPARC downregulation is consistent with the data
presented here that demonstrates decreased ISC proliferation across the epithelial tissue
of the Drosophila intestine in SPARC-knockdown guts. To date, no published study has
looked at characterizing the role of SPARC expression in midgut ISC/EB homeostasis in
the Drosophila gut, which makes comparison of the data presented here limited. Further
studies are needed to obtain conclusive results about its effect on the tissue, in terms of
alterations to its composition, proliferative potential and maintenance of tissue integrity.

Not many studies have assessed how changes to SPARC levels and subsequent
imbalances to gut homeostasis affect the lifespan of the fly. Vaughan et al. demonstrated
that a reduction in SPARC in cardiac tissue resulted in extended lifespan in Drosophila.
This change, however, was not seen until after 35 days. Moreover, they did not find any
changes to collagen deposition in the basement membrane and hypothesized that the
health improvements associated with SPARC reduction in this tissue must be dependent
on other mechanisms unrelated to collagen deposition (Vaughan et al., 2018). Despite not

finding a significant change in lifespan in SPARC-knockdown guts, our results show a
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similar trend of extended lifespan between days 60 and 75, which is a very short time
window within the adult life of the fly. One possibility to explain this is that, once SPARC
is knocked down at the 10 day timepoint, compensatory mechanisms are activated to
offset the effects that this has on the tissue, and that compensation is not visible until later
in the experiment. Considering that SPARC has been shown to reduce proliferation of
ISCs and it is downregulated in some tumours, it is possible that SPARC extends lifespan
by neutralizing, to some extent, some of the deregulations in proliferation associated with
age. However, further experiments are needed to characterize this further by establishing
if there are any changes to SPARC expression with age that could account for this. One
limitation of the lifespan experiments presented here is that SPARC knockdown was not
performed at the whole-tissue level, but rather just in a specific subset of gut cells, i.e.
ISCs and EBs. Data presented here suggested that SPARC is expressed in a subset of
differentiated cells, either ECs or EEs, which could imply that manipulation in the stem
and progenitor cells of the tissue will translate into minimal effects on lifespan, as the
SPARC levels are not knocked down at the main source. Therefore, in order to obtain
conclusive results on the effects of SPARC overexpression and knockdown in the gut
tissue on the lifespan of the fly, whole-gut knockdowns using tub-Gal80"; tub-Gal4 as
the driver would make an optimal sample for this.

The role of SPARC in post-embryonic and adult Drosophila tissues still remains
to be characterized (Hartley et al., 2016), as most of the published literature has focused
on fly larvae or in vitro studies. In the larval fat body, loss of SPARC expression results
in a lethal phenotype (Shahab et al., 2015), and knockdown in adipocytes results in
increased accumulation of collagen IV (Shahab et al. 2015). SPARC also facilitates
secretion of collagen IV in hemocytes, and absence of functioning SPARC prevents
collagen IV secretion into the basement membrane of Drosophila embryos (Bunt et al.,
2010). This is not consistent with the data presented in this chapter, as both knockdown
and overexpression of SPARC significantly increase vkg expression in the epithelial gut
tissue. This could suggest that, in adult tissues, misregulation of SPARC expression of
any kind could trigger compensatory mechanisms that inadvertently lead to an increase
in collagen deposition in the tissue.

The role of SPARC as a key chaperone of collagen IV in Drosophila is well-
established. Shahab et al. demonstrated that SPARC controls collagen IV polymerization,
maintaining the solubility of the fibers and preventing collagen from rapidly assembling

into a dense polymer sheet and from binding to integrins (Duncan et al., 2020). SPARC
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and collagen IV form complexes in the endoplasmic reticulum of the cell that in turn
allow for correct folding of the collagen chains (Bellenghi et al., 2022). Thus, SPARC is
essential to regulate the stability of the basement membrane in epithelial tissues (Hartley
et al., 2016). This is consistent with the immunofluorescence data that shows a SPARC-
induced changes to vkg expression when the levels of the chaperone are manipulated.
Interestingly, Shahab et al. demonstrated that SPARC secretion only acts as a chaperone
to extracellular collagen, but manipulation of SPARC did not have significant effect on
the levels of intracellular collagen IV. On the contrary, Duncan and colleagues showed
accumulation of collagen IV in intracellular vesicles and in fat body cells when SPARC
was absent from the tissue. This study goes further in the characterization of the
chaperone activity of SPARC and hypothesizes that SPARC could have different affinity
for collagen IV depending on the tissue, since the post-translational modifications that
these two proteins undergo are context- and tissue-dependant. This context- and tissue-
dependent chaperone activity of SPARC could explain why both overexpression and
knockdown of SPARC show the same effect on vkg levels in the posterior midgut.
Expected results would show contradictory phenotypes upon overexpression/knockdown
of SPARC, but both show pronounced increases in collagen expression in the midgut
epithelium.

A study in C. elegans revealed interesting results about the function of SPARC as
a regulator of collagen IV. Morrissey and colleagues found that overexpressing SPARC
led to a decrease in collagen IV levels in the BM, where extracellular SPARC inhibits
incorporation of the fibrils into the basal lamina and slows down collagen turnover in the
BM. This disruption in collagen trafficking weakens the basement membrane and
compromises its barrier function, thus facilitating invasion, specially from cells that under
homeostatic circumstances would not be able to breach the collagen network in the BM
(Morrissey et al., 2016). Preliminary experiments carried out in parallel to this project
which investigated the effects of vkg knockdown in the ISC/EBs (5961°5 > vkg RNAi
50895) and its consequences on the midgut tissue showed no significant changes to
epithelium between control and knockdown guts (data not shown). Future work should
aim to study the changes to SPARC expression in this genetic background, i.e. if altering
collagen levels has a similar effect on SPARC as SPARC does on collagen, in order to
characterize the relationship between the two molecules in detail.

This well-characterized relationship between collagen IV and SPARC
demonstrates the key role that SPARC plays in the correct assembly of the basal lamina
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and the maintenance of its integrity. Haemocytes are responsible for the synthesis of not
only SPARC and collagen in Drosophila embryos, but also other basement membrane
components such as laminin and perlecan (Martinek et al., 2002). The effect of SPARC
on the laminin network remains controversial: Martinek et al. showed that mutations in
embryonic SPARC results in a fragmented laminin network, whereas Morrissey et al.
demonstrated that overexpression of SPARC in C. elegans had no significant effect on
the laminin network in the BM. Similarly, SPARC has a very close relationship with other
ECM and cellular components (Liang et al., 2010). Shahab et al. demonstrated
reorganization of the actin filament network in the larval fat body where SPARC
expression was lost. Consistent with this, data presented here shows significant changes
to the intensity of actin staining in both SPARC overexpression and knockdown guts
compared to control, suggesting a possible role of SPARC in the reorganization of the
actin network in adult tissues. If these changes are due to the direct interaction between
SPARC and actin, or if they are due to a knock-on effect from the effect on SPARC on
collagen within the tissue still remains to be elucidated.

The presence of two different SPARC populations in the fly, as proposed by
Duncan et al. (2020), would serve as an explanation for the differences in the relationship
between SPARC and intracellular/extracellular collagen. Liang et al. has also
hypothesized the presence of distinct SPARC populations based on its different
biochemical properties, since these vary depending if SPARC comes from an endogenous
or exogenous source, i.e. if SPARC is directly coming from the cell or from the ECM. It
is important to point out that despite the mentions of distinct SPARC populations, the
primary amino acid sequence of the protein has been shown to be conserved among
metazoans (Martinek et al., 2002), and no post-translational modification of SPARC that
could affect its function have been reported in the literature. The function of SPARC in
myeloid cell maturation is also dependent on the source of SPARC secretion, where the
combination of the two possible sources in this contexts controls the immunogenic profile
of the tumour and thus affects EMT progression (Bellenghi et al., 2022). Similarly,
SPARC has been shown to be a protective factor in gastric cancers, where it reduces
lymph node metastasis, but only if this SPARC has been secreted by macrophages (Hu et
al., 2020). This distinction between two SPARC populations could serve as an explanation
for the seemingly contradicting results presented here that show expression of SPARC in
both a specific subset of EEs and in ECs using two different experimental approaches.

This raises the possibility that different epithelial cells within the midgut could be
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contributing to its niche in different ways in regards to the source and maintenance of
SPARC.

Moreover, these results could be also explained by the existence of other pathways
that compensate and counteract the changes observed by alterations to SPARC levels in
the different tissues. These changes are dependent on the status of the cells in the tissue,
i.e. healthy or disease state, the stage of the disease and other microenvironmental factors
(Ghanemi et al., 2020). Preliminary work attempted to characterize the role and
expression pattern of SPARC in damaged guts, by feeding SPARC-overexpressing and -
knockdown flies with DSS to induce damage in the intestinal tissue. However, time
constrains did not allow for this avenue of work to be explored further.

SPARC not only acts as a regulator of the ECM and the basement membrane in
epithelial tissues, it also modulates signalling by acting as a competitive inhibitor of
growth factor signaling receptors found on the cell membrane (Liang et al., 2010). Liu et
al. reported a direct correlation between SPARC levels and ERK/MMP pathway activity:
lower levels of SPARC resulted in downregulation of phosphorylated ERK1/2 and
MMP?Y, thus inhibiting pathway activity. Moreover, upregulation of SPARC increased the
levels of these proteins, which facilitates EMT progression of liver cancer cells and the
acquisition of stem cell properties in tumour cells (Jiang et al., 2019; Liu et al., 2020) and
in limbal epithelial cells (Zhu et al., 2019). Interestingly, both MMP2 and MMP9 have
been reported to directly regulate collagen levels in the ECM, degrading the fibrils and
contributing to invasion (Liu et al., 2020). Thus, knockdown of SPARC in this tissue leads
to decreased levels of MMPs and ERK pathway activity, which in turn slows down
invasion and metastasis in liver tissue. This is consistent with the results presented in this
chapter that demonstrate that MAPK/ERK signalling pathway components decrease in
midguts where SPARC has been downregulated. Moreover, our data shows that SPARC
acts upstream of the Ras/MAPK signalling cascade, where it potentially acts as a negative
regulator: active MAPK levels significantly increase in SPARC knockdown guts, but
decrease in SPARC overexpression guts. Under the control of ERK, SPARC regulates
angiogenesis by downregulating vascular-endothelial growth factor (VEGF) and MMP7
expression in gastric tumours (Hu et al., 2020). SPARC prevents the VEGF receptor from
recognizing the growth factor, and thus inhibits ERK1/2 signaling and hinders cancer cell
proliferation (Ma et al., 2019). SPARC has been shown to activate the MAPK signaling
pathway in bone tissue: Wang et al. reported that silencing of SPARC inhibited this
signalling cascade by decreasing the levels of phosphorylated p38 MAPK, as well as
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ERK, JNK and NFKB. This is consistent with our findings, where qPCR analysis of the
E(spl) proteins M3, M5, M8 and M, which are activated by Notch (Fischer and Gessler,
2007) show decreasing trends in SPARC knockdown fly guts.

We have reported decreased levels of c-Jun N-terminal kinase (JNK) signalling in
SPARC knockdown Drosophila guts. In human tissues, the transcription factor c-Jun,
which is part of the JNK signalling pathway, is tightly associated with invasion of ovarian
cancer cells: adipocyte-derived SPARC levels negatively correlate with the levels of
nuclear cJun found in ovarian tumours, thus inhibiting invasiveness of these cells (John
et al., 2019). Previous reports have shown that, SPARC expression occurs independently
of INK in Drosophila in the context of cell competition, but that rather SPARC acts
downstream of the Dpp signaling pathway (Portela et al., 2010). The results presented
here, however, suggest SPARC may be acting upstream of Dpp signalling and therefore
controlling its expression, since knockdown of SPARC resulted in a decrease in Dpp
signaling pathway components brk and dad. Moreover, we found a highly significant
decrease in the JNK phosphatase puckered (puc) in SPARC knockdown guts, indicating
that perhaps, in this context of gut tissue homeostasis, SPARC expression regulates JNK
signaling.

In its role as an EMT-promoting protein, SPARC has been shown to interact with
a wide variety of proteins, such as E-cadherin and vimentin, and promote migration and
invasion through the activation of the AKT signalling pathway (Zhong et al., 2019).
SPARC has been shown to regulate the expression of the integrin subunit avf3 and
ZEB1, both components of the AKT signaling pathway, promoting the downregulation of
E-cadherin, a key epithelial marker (Jiang et al., 2019), and enhancing the migratory and
mesenchymal phenotype of the tumour cells (Lopez-Mancada et al., 2022). Moreover,
ioinformatic analysis revealed that both the AKT/mTOR and the MEK/ERK (MAPK)
pathways promote stemness in cells and show a correlation to drug resistance of tumours
(Ma et al., 2019). Overexpression of SPARC in prostate cancer also regulates E-cadherin
levels the EMT programme, where high levels of SPARC promote the loss of E-cadherin
and trigger EMT through the TGF-f/SMAD signaling pathway (Carriere et al., 2021).
The data shown here does not provide any conclusive results on the effect of SPARC on
SMAD, as the increase reported in SPARC overexpressing guts, which could suggest an
upstream role of SPARC in the positive regulation of SMAD, was not statistically
significant.  Interestingly, the regulation of SPARC in the EMT process has been

proposed to be both autocrine and paracrine (Carriere et al., 2021), suggesting the
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possibility that, in the intestinal epithelium, SPARC could have different contributions to
the maintenance of the ISC niche. In summary, our results demonstrate that SPARC in the
Drosophila gut could be a regulator of MAPK, JNK and Dpp activity, but further studies
are needed to complete the characterization of these regulatory mechanisms in the context
of ISC and EBs. Our results are consistent with those presented by Zhu et al. who showed
that the regulation of limbal epithelial stem cells and their stem cell-associated properties,
such as high proliferative potential, are regulated by a combination of MAPK, JNK and
AKT signalling (Zhu et al., 2019).

3.5. Conclusions

In summary, the results presented here show that SPARC plays significant roles
in the maintenance of gut tissue homeostasis in Drosophila. Overexpression of SPARC
decreases the proliferative rates of ISCs, as well as the number of differentiated EEs in
the posterior midgut. Knockdown of SPARC also significantly alters the proliferation
rates in the tissue, but both RNAI lines show contradictory results, with one significantly
increases mitoses, and the other one reducing them. Phenotypically, knockdown of
SPARC seems to be accompanied by a loss of distribution of cells in the posterior midgut
in some cases, but this does not affect the mortality rates of the fly. Preliminary data to
characterize the expression pattern of SPARC suggests the protein is expressed in a
specific subset of differentiated cells in the tissue, but the use of different reporters and
driver lines gives varying results on whether this expression is in EEs or ECs. Increased
levels of SPARC significantly enhance the expression of viking, i.e. collagen, in the
posterior midgut, and although the data presented here show an increase in collagen
associated with SPARC knockdown, statistical analysis did not deem this change
significant. The intensity of actin filament staining was also significantly reduced in both
SPARC overexpression and knockdown guts. SPARC is suggested to act upstream of the
Ras/MAPK signalling cascade, and although qRT-PCR analysis hints to the potential role
of SPARC as a potential upstream regulator of Notch signaling, further work is needed to

characterize this in detail.
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Chapter 4

PLOD as a regulator of intestinal stem

cell homeostasis

4.1. Introduction

Procollagen-lysine, 2-oxyglutarate, 5-dioxygenase, commonly referred to as
PLOD, is a family of proteins involved in post-translational modifications (PTMs) of
collagen. Collagen is the most abundant molecule in the extracellular matrix, where it
exists in either fibrillar or non-fibrillar form (Li et al. 2020). Collagen biosynthesis is a
complex and tightly regulated process: initially, collagen molecules are synthesized in a
pro-collagen form and post-translational modifications are responsible for the correct
folding and assembly of the triple helix formation (D’ Aniello et al., 2021). In Drosophila,
the collagen IV trimer contains “imperfections” in its helical structure that increase its
flexibility compared to other collagen molecules, like collagen I (Ke et al., 2018). PLODs
are enzymes responsible for hydroxylating the lysine residues of collagen IV fibrils, thus
stabilizing the structure of the molecule and facilitating its crosslinking (Qi and Xu, 2018;
Li et al., 2020). The correct hydroxylation of the procollagen peptide is essential for the

stability of the molecule and it is the most important PTM modification that occurs in the
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human proteome (D’Aniello et al., 2021). In particular, the hydroxylation of lysine
residues by PLOD leads to the formation of the so-called pyridinoline crosslinks, which
increases the resistance of collagen fibers to degradation by collagenases (Xu et al., 2021).
The hydroxylating function of PLOD has also been shown to extend to any molecule that
contains collagen-like domains (Bunt et al., 2011).

In mammals, the PLOD family consists of three genes: PLOD1, PLOD2 and
PLOD3 (Zhang et al., 2021), all of which are highly homologous to each other, with a
protein sequence identity of 47% (Qi and Xu, 2018; Li et al., 2020; Gong et al, 2022).
PLODs are also sometimes referred to as lysyl hydroxylases (Noda et al., 2011), with the
three isoforms in mammals denominated LH1-3 (Yang et al., 2020). The fly Drosophila
melanogaster only has one copy of the PLOD gene, which shares the most homology
(45% identity and 66% similarity) with the vertebrate LH3, i.e. PLOD3 (Bunt et al.,
2011). The function of Drosophila PLOD thus resembles that of PLOD3 in mammals,
where the enzyme has both hydroxylase and glycotransferase activity (Bunt et al., 2011).
Drosophila produces high quantities of collagen IV, the main target of PLOD activity, but
lacks fibrillar collagens (Ke et al., 2018). PLOD expression in mammals is regulated at
the transcriptional level, and the expression of PLOD1, PLOD2 and PLOD3, although
not mutually exclusive, is associated with a degree of functional redundancy (Guo et al.,
2021). Because of the functional simplicity compared to other mammalian counterparts,
as well as its low genetic redundancy and evolutionary conservation, Drosophila
melanogaster has emerged as a powerful model to study collagen biology (Ke et al.,
2018).

Bunt and colleagues demonstrated that PLOD in the fly has a perinuclear
localization and that the expression of the enzyme colocalizes with the collagen IV a2
chain, which in Drosophila is known as Viking (vkg) (Ke et al., 2018). Specifically,
PLOD has been found to localize inside the rough endoplasmic reticulum (ER) in the fly
(Lerner et al., 2012), suggesting that, in this system, collagen I'V secretion occurs through
a general secretory pathway and does not require a specific mode of transport in vesicles
(Ke et al., 2018). Knockdown of PLOD in Drosophila leads to retention of collagen IV
in the basal compartments of the ER, as well as to the sequestering of other basement
membrane components such as laminin and perlecan (tro/ in Drosophila) (Lerner et al.,
2012). Thus, reduced levels of PLOD in the fruit fly affect basement membrane formation
and ECM biosynthesis. Bunt et al. also found PLOD expression in the extracellular space,

suggesting that PLOD may also play roles in the post translational modifications of
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extracellular collagen. Thus, it is expected that expression of Drosophila PLOD is mostly
found in tissues and cells that secrete high levels of collagen I'V.

Because of its function as a collagen-modifying enzyme, PLOD has an important
role in the deposition of collagen fibers into the extracellular matrix (ECM) (Yamada et
al., 2019; Zhang et al., 2021). Reduced levels of PLOD lead to deficiencies in collagen
cross-linking and therefore facilitate collagen degradation in the ECM (Guo et al., 2021).
Esophageal cancer with low expression of PLOD2 presented a loose distribution of
collagen in the ECM, whereas the collagen network in high PLOD2-expressing tumours
had thicker collagen fibrils that made up a denser network (Gong et al., 2022b). PLOD is
also an essential enzyme required in the formation of connective tissues (Gong et al.,
2022), and mutations in the LH genes have been associated with a range of connective
tissue disorders (Bunt et al., 2011) and fibrosis (reviewed by Qi and Xu, 2018).

Most of the published literature has focused on establishing the role of PLOD
using in vitro mammalian samples, where the function of PLOD1-3 has been extensively
studied in the context of cancer. In a tumourigenic context, collagen fibers switch from a
coiled state to a linear state, which facilitates the rapid migration of cancer cells and their
extravasation to the vascular system (Gong et al., 2022b), thus aiding the formation of
distant metastatic lesions. Guo et al. demonstrated the mutual exclusivity of PLOD
activity in ovarian cancer by showing that PLOD1, PLOD2 and PLOD3 did not have
redundant roles and that their functions did not overlap, but rather that all 3 molecules
worked in consonance during collagen biosynthesis. This same paper demonstrated that
PLOD regulation mainly occurs at the transcriptional level (Qi and Xu, 2018; Guo et al.,
2021; Shi et al., 2021). PLOD expression has also been linked to immune cell infiltration
in tumours (Zhang et al., 2021), with different PLOD associated with specific immune
cells (Yang et al. 2020; Chen et al., 2023). Li et al. showed that all three PLODs were
overexpressed in gastric cancer and that this overexpression facilitated the progression of
the disease by aiding cancer cell migration. Overexpression of PLOD leads to increased
collagen cross-linking and deposition, providing a more stable scaffold for cancer cells to
migrate (Shi et al. 2021).

In summary, overexpression of PLOD molecules in mammals promotes tumour
development and progression, but the exact function of each PLOD molecule is cell,
tissue- and context-dependent. Moreover, in some cases, its expression could also be
gender-dependent: Gong et al., demonstrated that PLODI in soft tissue sarcoma is more

highly expressed in male patients, whereas PLOD2 and PLOD3 did not show any bias.
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The conservation of these tumorigenic roles of PLOD in the fly still remains to be
elucidated.

Aberrant expression of PLOD has severe consequences, and thus PLOD
expression must be tightly controlled by a wide range of cytokines, transcription factors
and microRNAs (Qi and Xu, 2018). Noda et al. demonstrated that PLOD expression is
induced under hypoxic conditions via activation of the hypoxia-inducible factor-1 (HIF-
1) signaling pathway, but the expression of the different PLOD genes in this context is
dependent on the cell type. BMP2 signaling regulated PLODI1 expression in adipose
tissue mesenchymal stem cells, whereas PLOD2 and PLOD3 were not affected
(Knippenberg et al., 2007). Similarly, this same study showed that TGFB-1 signaling
decreased PLOD1 and PLOD3 expression, but had no effect on PLOD2 levels. This study,
alongside many others, has proposed a differential regulation mechanism for each of the
3 mammalian PLOD enzymes. SHC1, responsible for the link between integrins and the
Ras-ERK pathway, has been shown to be a regulatory molecule of PLOD activity in
gastric cancer (Li et al., 2020). In these cases, overexpression of PLOD molecules not
only modifies the ECM composition to facilitate cancer cell migration, but also leads to
increased SHC1 expression, favouring integrin signaling and causing an overactivation
of the Ras-ERK signaling pathway that promotes cell cycle progression of tumour cells

(Li et al., 2020).

4.2. Aims and objectives

Most of the published PLOD literature study its role using in vitro mammalian
models, and thus not many papers focus on the role of Drosophila PLOD, much less in
the gut tissue or in ISC/EB regulation and its contributions to the niche. There is a
significant gap in the literature regarding the function of PLOD in intestinal stem cell
regulation in the fly gut and its implications in disease development when PLOD is
misregulated. Previous work from the Doupé group identified PLOD as a protein
specifically secreted by the stem and progenitor cells of the gut, but not by the
differentiated EC cells of the tissue (Doupé et al., 2018), and preliminary work suggested
that knockdown of this protein could alter the proportion of ISCs and EBs in the posterior
midgut (Galbraith, unpublished). This chapter aims to elucidate the function, expression
pattern and regulation of PLOD in the Drosophila midgut by studying the effects of

PLOD knockdown. In particular, the aim is to characterize if this protein is specifically
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expressed by ISCs and EBs within the epithelium and whether changes to its expression

levels affect epithelial tissue homeostasis and the intestinal stem cell niche.

4.3. Results

4.3.1.The effect of PLOD knockdown in ISCs and EBs in the posterior midgut

Previous work from the Doupé group identified PLOD as an ISC/EB-secreted
protein in the Drosophila midgut. Preliminary work showed no significant changes to the
stem cell population when PLOD was knocked down but an increase in midgut cell
density. Thus, the first aim of this project was to characterize the effect of PLOD
knockdown on the midgut tissue, in order to elucidate the function of this protein.

For this, Gene Switch flies driving an RNAi construct of PLOD were analyzed
using immunofluorescence staining for PH3 and the EE marker prospero. Three different
RNAI lines were used for this, to account for any differences in knockdown strength and
any potential off-target effects. They will be referred to as PLOD RNAi-1 (UAS-PLOD
RNAi 67935), RNAi-2 (UAS-PLOD RNAi 34911) and RNAi-3 (UAS-PLOD RNAi
454848) from here onwards. 5961GS > UAS-PLOD RNAi-1 (Figure 4.1) did not cause a
change in the total number of cells observed in the gut, and gut width was also maintained
(Figure 4.24-B). However, the total gut area observed per field of view was significantly
larger when compared to controls which in turn led to a decrease in cellular density in the
tissue (Figure 4.2C-D). Since the total number of cells in the gut was maintained after
PLOD knockdown, we next looked at potential changes in the cellular composition of the
tissue and its mitotic rates. There was a significant increase in the number of EE cells per
field of view and in the mitotic rates across the whole gut in PLOD-RNAIi-1 knockdown
(Figure 4.3). 5961GS > UAS-PLOD RNAi-2 did not yield any significant results: all the
parameters analyzed were conserved between knockdown guts and controls (Figures 4.4-
4.6).

The most striking results were observed in guts were PLOD was knocked down
by RNAIi line 3(Figure 4.7). In these guts, PLOD knockdown led to a very highly
significant increase of cells in the midgut, but no changes were observed in midgut width
or area (Figure 4.8). Although results demonstrated an increase in cellular density, as

expected, statistical analysis showed this change was not significant (Figure 4.8D). From
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this, the next step was to determine if the increase in cell number was associated to a
particular cell type in the gut. Interestingly, we found that the number of secretory cells
observed per field of view was significantly decreased by 5-fold compared to EE cells
observed in control midguts: in control guts, about 25% of cells observed per field of
view were enteroendocrine cells, whereas this was reduced to about 5% in PLOD
knockdown guts (Figure 4.94-B). Knockdown of PLOD by this RNAi construct did not
affect the mitotic rates in the tissue (Figure 4.9C). The most striking phenotype of this
knockdown was the disorganization of cells across the tissue: in guts were PLOD was
knocked down, the seemingly neat arrangement of cells observed in control tissues was
lost in RNAI1 guts, with cells forming clusters and what seems to be a higher number of
enlarged nuclei, which are characteristic of absorptive EC cells (Figure 4.7).

Taken together, we hypothesize that PLOD knockdown leads to an imbalance of
differentiation, but RNAI lines 1 and 3 show opposite trends for this. Therefore, to
reconcile these findings, the extent of the knockdown induced by each of these lines was
analyzed.

No PLOD overexpression lines were readily available at any of the stock centres

at the time of these experiments, thus no data is available for comparison.
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Figure 4.1. The effects of PLOD-RNAi-1 knockdown in ISCs and EBs of the Drosophila
midgut. Representative images of PLOD knockdown (59619 > PLOD-RNAi-1) does not induce
any striking phenotypical changes in the posterior midgut. Guts were stained with a-prospero
(1:100), a-PH3 (1:1000) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 4.2. PLOD-RNAIi-1 knockdown significantly increases the area of the gut. Knockdown of
PLOD (59619 > PLOD-RNAi-1) leads to a significant increase in the area of the gut observed/FOV (p
< 0.0001) (n=21) (C), but no changes in total number of cells/FOV (control n = 40, KD n = 35) (4) ,
gut width (control n = 53, KD n = 44) (B) or gut density (control n =21, KD n = 20) (D) were observed
between knockdown and control guts. All data are normally distributed so unpaired t-tests were used for
statistical analysis. Each data point represents a gut.
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Figure 4.3. PLOD-RNAi-1 knockdown significantly increases the proliferation rate of ISCs
and the number of EE cells in the posterior midgut. Knockdown of PLOD (5961%° > PLOD-
RNAi-1) in the stem and progenitor cells of the posterior midgut significantly increases the number
of EE cells observed per field of view (p = 0.02) (control n = 38, KD n = 32) (A4), and the ratio of
EE cells normalized to total number of cells observed per FOV (p = 0.02) (control n =39, KD n
= 31) (B). The number of proliferating ISCs in the whole Drosophila gut (p = 0.05) (control n =
18, KD n =5) (C) is also increased, but statistical analysis showed this trend was not significant.
Unpaired t-tests were used for normally distributed data (C), and non-parametric Mann Whitney-
U tests for non-normally distributed data (A, B) . Each data point represents a gut.

Figure 4.4. The effects of PLOD-RNAi-2 knockdown in ISCs and EBs of the Drosophila
midgut. Representative images of PLOD knockdown (5961°° > PLOD-RNAi-2) in the posterior
midgut. Guts were stained with a-prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in the
bottom right corner represent 100um.
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Figure 4.5. PLOD-RNAi-2 knockdown does not affect midgut homeostasis. Knockdown of PLOD
(5961° > PLOD-RNAi-2) does not induce any changes to the total number of cells/FOV (control n =
20, KD n = 27) (A4), gut width (control n =21, KD n = 31) (B), area of the gut observed/FOV (p =
0.0002) (control n = 20, KD n = 27) (C) or gut density (p = 0.01) (control n = 20, KD n = 27) (D)
compared to control guts. All data was normally distributed, so unpaired t-tests were used for statistical
analysis. Each data point represents a gut.
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Figure 4.6. PLOD-RNAi-2 knockdown in the ISCs and EBs has no effect on EE cell
number. Knockdown of PLOD (5961 > PLOD-RNAi-2) in the stem and progenitor cells of
the posterior midgut does not change the number of EE cells observed per field of view
(control n = 20, KD n = 28) (A), or the ratio of EE cells normalized to total number of cells
observed per FOV (control n =20, KD n=26) (B). Data was normally distributed, so unpaired
t-tests were used for statistical analysis. Each data point represents a gut.
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Figure 4.7. The effects of PLOD-RNAi-3 knockdown in ISCs and EBs of the Drosophila
midgut. Representative images of PLOD knockdown (59619 > PLOD-RNAi-3) show it leads
to the loss of the neat distribution of cells within the tissue, where there is an increase in
enlarged guts and nuclei are very closely arranged (bottom left panel). Guts were stained with
a-prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in the bottom right corner represent
100um.
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Figure 4.8. PLOD-RNAi-3 knockdown significantly increases the total number of cells in the
posterior midgut. Knockdown of PLOD (5961°° > PLOD-RNAi-3) significantly increases the total
number of cells/FOV (p < 0.0001) (control n = 15, KD n = 8) (4) , but gut width (control n =30, KD n
= 31) (B), area of the gut observed/FOV (control n = 6, KD n = 7) (C) and gut density (control n =5,
KD n = 5) (D) remain unchanged compared to control guts. All data was normally distributed, so
unpaired t-tests were used for statistical analysis. Each data point represents a gut.
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Figure 4.9. PLOD-RNAi-3 knockdown significantly reduces the number of EE cells in the
posterior midgut. Knockdown of PLOD (5961%° > PLOD-RNAi-3) in the stem and progenitor
cells of the posterior midgut significantly reduces the number of EE cells observed per field of
view (p = 0.0008) (control n =27, KD n = 21) (A4), as well as the ratio of EE cells normalized to
total number of cells observed per FOV (p = 0.004) (control n = 19, KD n = 8) (B). The number
of proliferating ISCs in the whole Drosophila gut slightly decreases, but statistical analysis
demonstrated this change was not significant (p = 0.0008) (control n = 20, KD n = 27) (C), but
statistical analysis showed this trends were not significant. All data was normally distributed, so
unpaired t-tests were used for statistical analysis. Each data point represents a gut.

4.3.2. Validation of the PLOD RNAI lines

Next, qRT-PCR analysis was carried out to determine the extent of the knockdown
in each of the lines used in this study, to better interpret the results obtained. For this, fub-
Gal80%, tub-Gal4/TM6B was used as the driver line for UAS RNAi-1 and -3, allowing for
the knockdown of PLOD in all gut cells. Results were limited by insufficient replicates
to enable conclusions to be drawn but both PLOD RNAi-1 and PLOD RNAi-3 showed
substantial knockdowns of ~ 70% (Figure 4.104 and B). Unfortunately, at the time of
these experiments, there were some issues with the PLOD RNAi-2 line and thus no
validation data is available for this. This line, as well as the two others, has been widely
used in published literature, but we have not been able to validate the reliability of the

knockdown as part of this project.
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Figure 4.10. PLOD and PLOD RNAi-3 knock down PLOD expression in the Drosophila
gut. Both 5961°° > PLOD-RNAi-1 (A) and 5961%° > PLOD-RNAi-3 (B) reduce the levels of
PLOD expression in whole-gut Drosophila samples. Results were calculated using the AACt
method. n is too low for statistical analysis. Each data point represents a sample, and each
sample contains 10 whole guts.

4.3.3. The effect of PLOD on lifespan

Following up from the results observed in normal homeostasis, lifespan
experiments were carried out to determine if the changes observed in the midgut were
affecting fly survival. 5961Gene Switch-driven PLOD knockdown was tested using all
three RNAI1 lines. Overall, PLOD knockdown in the stem and progenitor cells of the gut
seemed to increase lifespan in the fly, and this result was consistent across all three RNAi
lines. However, a second set of lifespans was set up to validate these results and the data
obtained was not consistent between them (Figure 4.11). The second replicates did not
show any significant changes between control and knockdown in regards to overall
survival (data not shown). Thus, no conclusive statements can be made from this data
sets, because while initial results suggest an effect of PLOD knockdown on the survival

rates of the fly, these results have not proven to be reproducible.
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Figure 4.11. Initial results suggested that knockdown of PLOD leads to a slight increase in
the lifespan of the fly. Knockdown of PLOD with PLOD-RNAi-1 (A), PLOD-RNAi-2 (B), and
PLOD-RNAi-3 (C) all induce an increase in fly lifespan during adulthood (p < 0.0001, p =0.009
and p < 0.0001, respectively). Knockdown is induced at day 10 of the experiment, when flies
are swapped to food containing the mifespristone drug that triggers the knockdown of PLOD (n
= 300). However, results from second set of replicates did not match these trends.

110



4.3.4. Knockdown of PLOD using the “Flp-Out” system

To further investigate the effect of PLOD knockdown on the tissue, as well as the
quality of the genetic manipulation, the “FIp-Out” system was used to drive UAS-RNAi-
2 and -3. As previously explained in Chapter 3, the ”Flp-Out” system induces lineage
tracing from the ISCs and EBs and all their progeny, where cells are tagged with a
fluorescent GFP reporter, and a temperature change induces the expression of PLOD
RNAI. Analysis of esg’Flip > UAS-PLOD RNAi-1 showed no significant changes in GFP
positive cells between control and knockdown guts for any of the parameters quantified
(Figures 4.12 and 4.13). esg"™Flip > UAS-PLOD RNAi-3 showed a significant decrease
in the percentage of GFP-positive cells and its clones, normalized to the total cell number
per field of view, as represented by % GFP positive cells (Figures 4.14 and 4.15). No
other significant changes were reported. Thus, PLOD knockdown might decrease the
number of GFP-positive cells and its clones in the posterior midgut, but there is variability
in the results between both RNA1 lines used, so no firm conclusions can be drawn from

this data set.

CONTROL

esg™SFlip

Figure 4.12. Knockdown of PLOD-RNAi-1 driven by esg™Flip does not show any changes in
GFP expression between control and PLOD knockdown guts. PLOD knockdown (esg™Flip >
UAS-PLOD-RNAi-1) does not show any differences in GFP levels compared to control guts
(esg™Flip > Luciferase). Guts were stained with a-GFP (1:2000) and DAPI. Scale bars in the bottom
right corner represent 100um.
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Figure 4.13. Quantification of the knockdown of PLOD using PLOD-RNAi-1 driven by
esg™Flip does not show any changes in GFP expression between control and PLOD-
knockdown guts. PLOD knockdown (esg™Flip > UAS-PLOD-RNAi-1) does not show any
differences in GFP levels compared to control guts (esg™Flip > Luciferase), both in terms of total
number of GFP-positive cells (control n = 18, KD n = 13) (4) and % of GFP-positive cells
normalized to the total cell number/FOV (Control n = 18, KD n = 13) (B) . All data was normally
distributed, so unpaired t-tests were used for statistical analysis. Each data point represents a gut.

CONTROL

esg"™SFlip

GFP

Figure 4.14. Knockdown of PLOD-RNAi-3 driven by esg™Flip decreases the number of
GFP-expressing cells in the posterior midgut. PLOD knockdown (esg”Flip > UAS-PLOD-
RNAi-4) shows a reduction in GFP levels compared to control guts (esg”°Flip > Luciferase).
GFP tags PLOD-expressing cells and its clones. Guts were stained with a-GFP (1:2000) and
DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 4.15. Knockdown of PLOD using PLOD-RNAi-3 driven by esg™Flip significantly
reduces the number of GFP-expressing cells. PLOD knockdown (esg™Flip > UAS-PLOD-
RNAi-3) reduces the total number of GFP-positive cells/FOV (control n= 15, KD n=13) (4), but
this change is not statistically significant (p = 0.1) compared to control guts (esg”Flip >
Luciferase). The % of GFP-positive cells normalized to the total cell number/FOV (control n =
18, KD n = 13) is significantly reduced in PLOD knockdown guts (p = 0.03) (B) . All data was
not normally distributed, so non-parametric Mann-Whitney U-tests were used for statistical
analysis. Each data point represents a gut.

4.3.5. PLOD is expressed by the stem and progenitor cells of the midgut

As mentioned, preliminary data from our group identified PLOD as being
specifically secreted by stem and progenitor cells, but not expressed by the differentiated
cells of the tissue. In order to validate this, an UAS eGFP reporter was crossed to a PLOD-
Gal4 gene trap, which tags PLOD-expressing cells with a GFP marker. The guts were
also co-stained with prospero, which tags EE cells (Figure 4.16). Results demonstrated
that PLOD-positive cells did not colocalize with EE cells. Moreover, PLOD was
expressed in cells with smaller nuclei, i.e. PLOD expression was not found in larger
enterocyte cells and it is indeed most likely expressed in the stem and progenitor cells.
Outside the epithelial tissue, most of the PLOD expression was found in the surrounding
visceral muscle, but no follow up experiments were carried out as this was outside the
scope of this project.

To further validate these results, esglLacZ female fly guts were stained with -gal,
which tags ISCs and EBs, and with PLOD (Figure 4.17). This showed some
colocalization between PLOD and [-gal, indicating that PLOD is indeed expressed in
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some stem and/or progenitor cells, but not in the entire population in the tissue. This
suggests that PLOD is perhaps expressed in a small subset of ISCs and EBs, but that its

expression is not widespread among the progenitor cells of the tissue.

Figure 4.16. PLOD is not expressed in EE cells in the posterior midgut. PLOD Gal4 Gene
Trap > UAS eGFP showed no colocalization between PLOD-expressing cells and the EE marker
prospero. Most of the PLOD expression was found in the surrounding visceral muscle cells. Guts
were stained with a-GFP (1:2000), a-prospero (1:100), and DAPI. Scale bars in the bottom right
corner represent 100um.

Figure 4.17. PLOD colocalizes with the stem and progenitor cells in the posterior midgut.
esglacZ female guts were stained with a-PLOD (1:100), a-f-galactosidase (1:500), and DAPI.
[-galactosidase tags stem and progenitor cells and results showed colocalization with PLOD,
indicating that PLOD is expressed in ISCs and EBs. Scale bars in the bottom right corner represent
100pm.
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As a final step in the elucidation of the PLOD expression pattern in the fly midgut,
a PLOD Gal4 CRIMIC line, i.e. a gene trap, was used to drive the expression of a nuclear
localization sequence containing a fluorescent reporter attached, nls-GFP (Figure 4.18).
A CRIMIC (CRISPR-Integrated Mediation Cassette) forms a loss-of-function allele of
the protein of interest, i.e. PLOD in this case, and instead expresses a Gal4 protein with
the same spatial and temporal expression pattern as that gene of interest (Kanca et al.,
2019). This genetic engineering technique of the Drosophila genome was developed by
Zhang and colleagues in 2014, and in this case, a GFP-tagged nuclear localization
sequence is expressed in those cells where PLOD is found. These results confirmed those
observed previously through the use of other driver lines, with PLOD not expressed in
enteroendocrine cells. Interestingly, these PLOD Gal4 Gene Trap > UAS GFP-nls guts
reported PLOD expression in cells with larger nuclei, raising the possibility that PLOD
colocalizes to the differentiated enterocyte cells. This line also showed an interesting
linear arrangement of the PLOD-expressing cells in the tissue. This suggests that PLOD
expression is found in the surrounding muscle, but, as mentioned above, the aim of this
project was focused on PLOD expression the intestinal epithelial cells and thus this line
of investigation was not carried further. However, it is worth noting that there was some
variability among replicates for these experiments, and that the GFP tag was not always
expressed, indicating a potential issue with the driver line that could be affecting the

results observed.

Figure 4.18. A nuclear localization sequence suggest PLOD is expressed in the larger cells
of the tissue. PLOD Gal4 Gene Trap > UAS-GFP nls guts were stained with a-GFP (1:2000),
and DAPI, where GFP tags PLOD-expressing cells, and results suggested that PLOD is
expressed in the larger nuclei of the epithelial tissue, i.e. in the ECs. Scale bars in the bottom
right corner represent 100um.
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In summary, these results demonstrate that PLOD is expressed in the stem and
progenitor cells of the gut, and some results suggest that perhaps this protein could also
be found in certain ECs, but further work is needed to determine the reliability of this

expression pattern in differentiated cells.

4.3.6. The interactions of PLOD with collagen (vkg) and other ECM molecules

Initial immunofluorescence data revealed that some PLOD RNAI guts presented
disorganization of cells within the tissue, but this phenotype did not have full penetrance.
Because PLOD is a collagen-modifying enzyme, we hypothesized that this compromise
to cell arrangement in the tissue could be due to changes in collagen. 5961 Gene Switch
> PLOD RNAi guts were dissected and stained with Viking (vkg) antibody and prospero.
These experiments were carried out for all three RNAI lines used in this study and the
results observed were similar across all of them (Figure 4.19, 4.21 and 4.23). Knockdown
of PLOD increased the amount of vkg-expressing cells in the midgut, but these changes
were not deemed statistically significant (Figure 4..20, 4.22 and 4.24). Taken together,
these results show that although collagen could have a role in the disorganization of cells
in midguts in which PLOD levels have been knocked down, it is not the only molecule

responsible for these changes.

CONTROL

KNOCKDOWN

Figure 4.19. Collagen expression in PLOD-RNAi-1 guts. Knockdown of PLOD (5961% >

PLOD-RNAi-I) seems to increase collagen (vkg) staining in the posterior midgut. Guts were

stained with a- vkg (1:100) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 4.20. PLOD-RNAi-1 increases the number of vkg-positive cells in the posterior midgut.
Knockdown of PLOD (5961°° > PLOD-RNAi-1) increases both the total number of vkg-positive
cells observed per FOV (p = 0.1) (n = 4) (A), as well as the proportion of vkg-positive cells
normalized to total cell number/FOV (p = 0.05) (control n =4, OE n =5) (B), but statistical analysis
showed these trends were not significant. All data was not normally distributed, so non-parametric
Mann-Whitney U-tests were used for statistical analysis. Each data point represents a gut.
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DAPI vkg

Figure 4.21. Collagen expression in PLOD-RNAi-2 guts. Representative images showing
knockdown of PLOD (5961 > PLOD-RNAi-2) does not induce any changes to collagen (vkg)
staining in the posterior midgut. Guts were stained with a- vkg (1:100) and DAPI. Scale bars in
the bottom right corner represent 100um.
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Figure 4.22. PLOD-RNAi-2 does not affect vkg in the posterior midgut. Knockdown of
PLOD (5961°° > PLOD-RNAi-2) increases the proportion of vkg-positive cells normalized to
total cell number/FOV (p = 0.4) (control n = 4, OE n = 7) (B), but statistical analysis showed
this trend was not significant. The total number of vkg-positive cells observed per FOV remains
unchanged compared to control guts (control n = 3, OE n = 7) (4). All data was not normally
distributed, so non-parametric Mann-Whitney U-tests were used for statistical analysis. Each
data point represents a gut.
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Figure 4.23. PLOD-RNAi-3 increases vkg expression in the posterior midgut. Knockdown
of PLOD (59619 > PLOD-RNAi-3) seems to increase collagen (vkg) staining in the posterior
midgut compared to control guts. Guts were stained with a- vkg (1:100) and DAPI. Scale bars
in the bottom right corner represent 100um.
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Figure 4.24. PLOD-RNAi-3 increases the number of vkg-positive cells in the posterior
midgut. Knockdown of PLOD (5961 > PLOD-RNAi-3) increases both the total number of
vkg-positive cells observed per FOV (p = 0.07) (control n = 2, OE n = 6) (A4), as well as the
proportion of vkg-positive cells normalized to total cell number/FOV (p = 0.07) (control n =
2, OE n=7) (B), but statistical analysis showed these trends were not significant. All data was
not normally distributed, so non-parametric Mann-Whitney U-tests were used for statistical
analysis. Each data point represents a gut.

In an attempt to further characterize the relationship of PLOD and collagen IV in
this context, a vkg Gal4 CRIMIC line was crossed to an UAS eGFP reporter midgut (vkg
Gal4 CRIMIC > UAS eGFP) to determine the expression pattern of collagen in the
Drosophila midgut (Figure 4.25). Guts were co-stained with DAPI and prospero, and
results did not show any colocalization between collagen expression and EE cells. This
fits in with the PLOD expression pattern suggested above, which showed PLOD
expression in the ISCs and EBs, and the published literature that has demonstrated PLOD
is essential for collagen secretion in the epithelial tissues. This raises the possibility of an
endogenous collagen source in the Drosophila gut in the stem and progenitor cells of the
tissue.

To look at this further, and as an alternative approach to observe the
disorganization of cells in the gut after PLOD knockdown, midguts were stained with
phalloidin, which stains F-actin filaments (Figure 4.26). The intensity of F-actin staining
was quantified in control and knockdown guts (Figure 4.27) and results were compared
between them: knockdown of PLOD with UAS-PLOD RNAi-2 and -3 did not show any

changes in actin staining when compared to controls, but interestingly, knockdown of
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PLOD with UAS-PLOD RNAi-1 demonstrated a statistically significant decrease in F-
actin levels in the midgut compared to controls. These disparities between RNAI lines
could be explained by the different RNAi constructs that knock down PLOD in each of
the lines.

Taken together, these results raise the possibility that knockdown of PLOD in the
ISC/EBs increases collagen levels but decreases F-actin, thus compromising correct
cytoskeletal and ECM assembly. Thus, it can be hypothesized that loss of homeostatic
levels of PLOD may lead to a loss of homeostasis in the ECM components, which in turn

has a knock-on effect that in some cases presents as cellular disarray.

Figure 4.25. Viking expression does not colocalize with EE cells and shows a similar
expression pattern to PLOD. Vkg expression (vkg-Gal4-CRIMIC > UAS eGFP) showed no
colocalization between vkg-positive cells and EEs. Guts were stained with a- vkg (1:100) and
DAPI. Scale bars in the bottom right corner represent 100um.

120



PLOD RNAI-1 PLOD-RNAi-2 PLOD-RNAI-3

Figure 4.26. The actin filament network in PLOD knockdown guts. Knockdown of PLOD
RNAi line 1-3 does not seem to affect the intensity of phalloidin staining of actin filament network

compared to control guts. Guts were stained with phalloidin (1:100) and DAPI. Scale bars in the
bottom right corner represent 100um.
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Figure 4.27. PLOD-RNAI-1 knockdown significantly reduces the intensity of actin filament
staining. Knockdown of PLOD with RNAi line-1 significantly decreases the strength of
phalloidin staining compared to control guts (p = 0-03) (control n =9, OE n = 8) (4). Knockdown
with RNAi line 2 (5961 > PLOD-RNAi-2) (control n = 7, KD n = 10) (B) and 3 (5961%° >
PLOD-RNA;i-3) do not affect the intensity of phalloidin staining (control n =9, KD n = 12) (C).

All data was normally distributed, so unpaired t-tests were used for statistical analysis. Each data
point represents a gut.
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4.3.7. Changes to the basement membrane epithelial cells in the Drosophila gut

as a result of PLOD knockdown

As highlighted in this section, immunofluorescence experiments of PLOD
knockdown showed a disorganization of the cells within the midgut tissue. In order to
further understand if reduced levels of PLOD affected basement membrane integrity as a
result of reduced collagen deposition, 5961 Gene Switch samples of all 3 PLOD RNAi
lines were prepared for transmission electron microscopy (TEM) analysis. However, as
mentioned in Chapter 3 of this thesis, issues beyond our control pertaining to the electron
microscopy facility in our department meant these experiments were delayed. At the time
of the submission of this thesis, these experiments have been restarted and 596/GS >
PLOD RNAi-3 females guts are currently undergoing the final stages of sample

processing by the electron microscopy team at Durham University.

4.3.8. The impact of PLOD in Drosophila gut signalling

After studying the expression pattern and possible effects of PLOD knockdown at
the cell and tissue level, the next step was to test whether any of the major homeostatic
regulatory pathways were affected by PLOD manipulation. 596/GS > UAS PLOD RNAi
female guts were dissected and stained for anti-MAPK, anti-SMAD and anti-SAPK/JNK
antibodies, and results between the three PLOD RNAI lines were variable.

Knockdown of PLOD using RNAi line-1 showed a significant decrease in MAPK
staining in PLOD knockdown guts compared to controls (Figures 4.28 and 4.29), but no
significant changes were observed in SMAD (Figures 4.30 and 4.31) and SAPK/INK
staining (Figures 4.32 and 4.33). Active SMAD levels were low in both control and
knockdown guts, and quantification of SMAD staining revealed a slight decrease in
staining in PLOD-knockdown guts compared to controls but this change was not
statistically significant (Figure 4.31). It is worth nothing that the percentage of
SAPK/INK-positive cells in the midgut showed a bimodal distribution of the data: some
guts had a very high proportion of SAPK/INK-positive cells, between 70-90%, whereas

a separate population had significantly lower levels of staining, between 0 and 20%.
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Figure 4.28. The expression of active MAPK in PLOD-RNAi-1 knockdown guts. Knockdown
of PLOD (596195 > PLOD-RNAi-I) decreases the number of active MAPK-positive cells in the
posterior midgut. Guts were stained with a- phospho-p44/42 MAPK (Erk1/2) (1:200) and DAPIL.
Scale bars in the bottom right corner represent 100um.
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Figure 4.29. Active MAPK expression decreases with PLOD-RNAi-1 knockdown. Knockdown
of PLOD (59619 > PLOD-RNAi-1) significantly decreases the levels of active MAPK expression in
PLOD-knockdown guts compared to controls (p = 0.01) (control n =4, OE n = 5) (A4), as well as the
proportion of active MAPK-positive cells normalized to total cell number (p = 0.04) (control n =4,
OE n = 5) (B). Data was not normally distributed, so non-parametric Mann Whitney-U tests were
used for statistical analysis. Each data point represents a gut.
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Figure 4.30. The expression of active SMAD in PLOD-RNAi-1 knockdown guts. Knockdown of
PLOD (59619 > PLOD-RNAi-I) does not change active SMAD expression in the posterior midgut.
Guts were stained with a- phospho-Smad3 (1:100) and DAPI. Scale bars in the bottom right corner
represent 100um.
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Figure 4.31. Active SMAD expression does not change with PLOD-RNAi-1 knockdown.
Knockdown of PLOD (59619 > PLOD-RNAi-1) decreases the number of SMAD-positive cells
observed per field of view (4), and the proportion of active SMAD-positive cells normalized to total
cell number (B) but these changes are not statistically significant (control n =7, KD n = 6). Unpaired
t-tests were used for normally distributed data (B), and non-parametric Mann Whitney-U tests for
non-normally distributed data (A) . Each data point represents a gut.
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Figure 4.32. The expression of active SAPK in PLOD-RNAi-1 knockdown guts.
Knockdown of PLOD (5961°° > PLOD-RNAi-1) does not reduce the active SAPK expression
observed in control midguts. Guts were stained with a- phospho-SAPK/JNK (1:100) and
DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 4.33. Active SAPK expression does not change with PLOD-RNAi-1 knockdown.
Knockdown of PLOD (5961 > PLOD-RNAi-1) slightly increases the number of SAPK-positive
cells observed per field of view (control n = 10, KD n = 4) (4), but decreases the proportion of
active SAPK-positive cells normalized to total cell number (control n =10, KD n = 6) (B). Both
of these changes are not statistically significant (p = 0.7, and p = 0.1, respectively). Unpaired t-
tests were used for normally distributed data (A), and non-parametric Mann Whitney-U tests for
non-normally distributed data (B) . Each data point represents a gut.
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Knockdown of PLOD with UAS-PLOD-RNAi-2 yielded different results, which
showed in a highly significant increase of MAPK staining in the midgut (Figures 4.34
and 4.35), which points to an inverse correlation between PLOD levels and RAS/MAPK
pathway activity, and to the localization of PLOD upstream of this signaling cascade. On
the contrary, knockdown of PLOD using this same line led to a significant decrease in
SMAD-positive cells (Figures 4.36 and 4.37), as well as in SAPK/JINK-expressing cells
(Figures 4.38 and 4.39). From this line, we concluded that PLOD plays a role in the
regulation of Ras/MAPK, TGF-B (a SMAD-dependent signaling pathway), and JNK
signalling. In particular, levels of SMAD and TGF-f signaling positively correlate with
PLOD levels, whereas the Ras/MAPK pathway seems to be a negative regulator of PLOD
in the ISC/EBs.

CONTROL

KNOCKDOWN

Figure 4.34. The expression of active MAPK in PLOD-RNAi-2 knockdown guts.
Knockdown of PLOD (5961°° > PLOD-RNAi-2) increases the number of active MAPK-

positive cells in the posterior midgut. Guts were stained with a- phospho-p44/42 MAPK
(Erk1/2) (1:200) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 4.35. Active MAPK expression increases with PLOD-RNAi-2 knockdown.
Knockdown of PLOD (5961°° > PLOD-RNAi-2) significantly increases the levels of active
MAPK expression in PLOD-knockdown guts compared to controls (p = 0.0001) (n = 4) (4), but
the increasing trend in the proportion of active MAPK-positive cells normalized to total cell
number is not statistically significant (p = 0.1) (control n =4, OE n =2) (B). All data was normally
distributed, so unpaired t-tests were used for statistical analysis. Each data point represents a gut.
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DAPI Active SMAD

Figure 4.36. The expression of active SMAD in PLOD-RNAi-2 knockdown guts.
Knockdown of PLOD (5961 > PLOD-RNAi-2) increases the number of active SMAD-
expressing cells in the posterior midgut. Guts were stained with a- phospho-Smad3 (1:100) and
DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 4.37. Active SMAD expression significantly decreases with PLOD-RNAi-2
knockdown. Knockdown of PLOD (5961 > PLOD-RNAi-2) significantly decreases both the
number of SMAD-positive cells observed per field of view (p = 0.02) (4), and the proportion of
active SMAD-positive cells normalized to total cell number (p = 0.02) (B) (controln=5, KD n=
8). All data was normally distributed, so unpaired t-tests were used for statistical analysis. Each

data point represents a gut.

DAPI Active SAPK

Figure 4.38. The expression of active SAPK in PLOD-RNAi-2 knockdown guts. Knockdown of
PLOD (59619 > PLOD-RNAi-2) reduces active SAPK expression in control midguts. Guts were
stained with a- phospho-SAPK/JNK (1:100) and DAPI. Scale bars in the bottom right corner represent
100pm.
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Figure 4.39. Active SAPK expression is reduced with PLOD-RNAi-2 knockdown.
Knockdown of PLOD (596195 > PLOD-RNAi-2) decreases the number of SAPK-positive cells
observed per field of view but this change is not statistically significant (p = 0.3 ) (control n =6,
KD n = 8) (4). However, the proportion of active SAPK-positive cells normalized to total cell
number is significantly decreased compared to control guts (p = 0.02) (control n =7, KD n = 8)
(B). Unpaired t-tests were used for normally distributed data (A), and non-parametric Mann
Whitney-U tests for non-normally distributed data (B) . Each data point represents a gut.

Lastly, immunofluorescence analysis of PLOD RNAi-3 female guts showed no
significant changes in MAPK (Figures 4.40 and 4.41), SMAD (Figures 4.42 and 4.43) or
SAPK/INK staining (Figures 4.44 and 4.45) compared to controls. Both MAPK and
SAPK presented the bimodal distribution explained above, where the data are clearly
arranged in 2 groups of varying antibody expression. Thus, the lack of significance of
these immunofluorescence results could be due to this particular distribution of the data.

Taken together, the immunofluorescence data shown here suggests that PLOD
might be upstream of Ras/MAPK, SMAD/ TGF-f, and JNK signaling, and that it perhaps
acts as a positive regulator of SMAD/ TGF-B, and a potential negative regulator of
Ras/MAPK, at least in ISCs and EBs in the tissue. However, the variability between the
controls and the high levels of active MAPK expression observed in the control midguts

could be affecting the phenotypes observed in PLOD knockdown samples.
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Figure 4.40. The expression of active MAPK in PLOD-RNAi-3 knockdown guts.
Knockdown of PLOD (596195 > PLOD-RNAi-3) does not affect the number of active MAPK -
positive cells in the posterior midgut. Guts were stained with a- phospho-p44/42 MAPK
(Erk1/2) (1:200) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 4.41. Active MAPK expression increases with PLOD-RNAi-3 knockdown.
Knockdown of PLOD (5961° > PLOD-RNAi-3) increases the levels of active MAPK expression
in PLOD-knockdown guts compared to controls (p = 0.3) (control n =8, OE n = 11) (4), as well
as the proportion of active MAPK-positive cells normalized to total cell number (p = 0.3) (control
n=7, OE n=11) (B), but both these trends are not statistically significant. All data was normally
distributed, so unpaired t-tests were used for statistical analysis. Each data point represents a gut.

130



CONTROL

KNOCKDOWN

Active SMAD

Figure 4.42. The expression of active SMAD in PLOD-RNAi-3 knockdown guts. Knockdown
of PLOD (5961°° > PLOD-RNAi-3) does not change active SMAD expression in the posterior
midgut. Guts were stained with a- phospho-Smad3 (1:100) and DAPI. Scale bars in the bottom
right corner represent 100um.
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Figure 4.43. Active SMAD expression does not change with PLOD-RNAi-3 knockdown.
Knockdown of PLOD (5961 > PLOD-RNAi-3) decreases the number of SMAD-positive cells
observed per field of view (4), and the proportion of active SMAD-positive cells normalized to
total cell number (B) but these changes are not statistically significant (control n =7, KD n = 4).
All data was normally distributed, so unpaired t-tests were used for statistical analysis. Each data
point represents a gut.

131



CONTROL

KNOCKDOWN

Active SAPK

Figure 4.44. The expression of active SAPK in PLOD-RNAi-3 knockdown guts. Knockdown

of

PLOD (596195 > PLOD-RNAi-3) increases active SAPK expression in control midguts. Guts

were stained with a- phospho-SAPK/INK (1:100) and DAPI. Scale bars in the bottom right
corner represent 100um.
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Figure 4.45. Active SAPK expression is increased with PLOD-RNAi-3 knockdown.
Knockdown of PLOD (5961°° > PLOD-RNAi-3) increases the number of SAPK-positive cells
observed per field of view (control n = 12, KD n =9) (A4) as well as the proportion of active SAPK-
positive cells normalized to total cell number (control n = 12, KD n = 9) (B), but neither of these
changes is statistically significant (p = 0.2, and p = 0.4, respectively). Unpaired t-tests were used
for normally distributed data (A), and non-parametric Mann Whitney-U tests for non-normally
distributed data (B) . Each data point represents a gut.

132



Since the Gene Switch driver only knocks down PLOD in stem and progenitor
cells, and the immunofluorescence data presented here showed varying results between
the different RNALI lines, full gut PLOD knockdown samples of PLOD RNAI lines 1 and
3 using the temperature-sensitive tub-Gal80”; tub-Gal4 driver were analysed using RT-
qPCR. The primers tested against these PLOD knockdown samples were widely-studied
and well-characterized targets of some of the key pathways in development, and included:
Soc36e, a negative regulator of JAK/STAT signaling; m3, m5, m8 and M, E(spl) proteins
regulated by Notch signaling; puc, a target gene of INK; pnt, a transcription factor target
of receptor-tyrosine kinase (RTK) Ras/MAPK signalling; and brk and dad, which are
targets and negative regulators of Dpp signaling in Drosophila. All these genes have been
widely referenced in the literature as known regulators of their respective signaling
pathways, but it should be noted that there may be crosstalk in their regulation and
variability between tissues. It is worth noting that due to sample and time constraints,
there are only two replicates available for these RT-qPCR experiments and thus statistical
analysis is not available to draw reliable conclusions.

tub-Gal80%; tub-Gal4 > UAS PLOD RNAi-1 showed a decrease in all 4 of the
Notch targets m3, m5, m8 and mp. In particular, the decrease in m3 as results of PLOD
knockdown was stricking compared to control samples. Soc36e, pnt and dad also showed
a decrease, whereas puc and brk levels were upregulated upon PLOD knockdown (Figure
4.46).

tub-Gal80¥; tub-Gal4 > UAS-PLOD RNAi-3 showed opposite results. M3 was
upregulated but the other 3 Notch receptors, m5, m8 and mp were downregulated upon
PLOD knockdown. This downregulation is consistent with the results showed in PLOD-
RNAi-1. Soc36e, puc, pnt, brk and dad were also all upregulated in knockdown guts but
the clear disparity between the two samples analyzed here makes it difficult to draw
conclusions from this data (Figure 4.47).

In summary, these results suggest that PLOD could be an upstream regulator of
Notch activity, but further studies are needed to determine if it is a positive or negative
regulator of Notch. Results from the knockdown of RNA line 3 suggest that PLOD could
be a negative regulator of JAK/STAT, JNK and Ras/MAPK signalling but the disparities
between RNAI lines 2 and 3 and the low number of replicates prevent any definitive

conclusions from being drawn from this data set.
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Figure 4.46. Expression changes of known targets of the major regulatory signaling pathways
in PLOD-RNAi-1 knockdown in whole guts. qPCR analysis of the expression levels of known
pathway targets of Notch, JAK/STAT, JNK, MAPK/RTK and Dpp signaling showed that
knockdown of PLOD (TubGal80™ > PLOD-RNAi-1) decreases the expression levels of M3 (4), M5
(B), M8 (C), Mg (D), Soc36e (E), pnt (G), and dad levels (I). Puc (F), and brk (H) levels show an
increasing trend in knockdown guts compared to controls. n =2 for all samples and thus no statistical
analysis was carried out. Expression has been normalized to a housekeeping gene (GADPH/a-
tubulin). Expression changes have been calculated using Sq values. Each data point represents one
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sample and each sample contains 10 whole female guts.
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Figure 4.47. Expression changes of known targets of the major regulatory signaling pathways
in PLOD-RNAi-3 knockdown in whole guts. qPCR analysis of the expression levels of known
pathway targets of Notch, JAK/STAT, JNK, MAPK/RTK and Dpp signaling showed that
knockdown of PLOD (TubGal80™ > PLOD-RNAi-3) increases the expression levels of M8 (C),
Mg (D), Soc36e (E), puc (F), pnt (G), brk (H) and dad levels (I). M5 (B) levels show an decreasing
trend in knockdown guts compared to controls, and M3 (4) remains unchanged. n = 2 for all samples
and thus no statistical analysis was carried out. Expression has been normalized to a housekeeping
gene (GADPH/a-tubulin). Expression changes have been calculated using Sq values. Each data
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point represents one sample and each sample contains 10 whole female guts.
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4.4. Discussion

In this chapter, the data presented show that PLOD plays a significant role in the
regulation of intestinal stem cell homeostasis in the Drosophila midgut. Knockdown of
PLOD leads to a significant increase in the number of cells in the gut and a decrease in
EE cells, suggesting that PLOD could act to control EE differentiation in the posterior
midgut, and in cases were there is a deficiency in PLOD, EC differentiation is favoured
over EEs. However, this hypothesis is not consistent between RNAI lines, and thus the
only firm conclusion that can be drawn about the effects of PLOD knockdown on tissue
homeostasis is that it controls imbalances of differentiation in the midgut epithelium.
PLOD does not have an effect on the proliferation of ISCs, but rather works to maintain
a balance in ISC differentiation. Moreover, loss of PLOD leads to a loss of distribution of
cells in the posterior midgut, which potentially leads to a decrease in lifespan, but further
work is needed to characterize both of these phenotypes in detail. Consistently with
preliminary work from our group, PLOD has been shown to be expressed in a subset of
ISC and EB cells, although some data suggests that perhaps a small population of ECs
could also express the protein. This expression pattern fits in with that described for
collagen, as observed using a vkg Gal4 CRIMIC line, where both vkg and PLOD are
expressed in the stem and progenitor cells of the tissue. This explains the changes in
collagen expression observed after the manipulation in PLOD, although statistical
analysis did not deem these significant. PLOD is proposed to be upstream of the
Ras/MAPK, SMAD/ TGF-f, and JNK signaling cascades, but further work is needed to
determine the exact role it plays in the regulation of each of these pathways. Preliminary
data from qRT-PCR analysis also suggests PLOD might be found upstream of Notch, Dpp
and JAK/STAT signaling.

4.4.1. The effects of PLOD misregulation in different tissues and its regulatory

mechanisms

As mentioned in the introduction of this chapter, there is a significant gap in the
literature regarding the role of PLOD in the Drosophila intestine, and most of the
published literature focuses on the roles of mammalian PLOD molecules in cancer
development. Therefore, the comparison between the data presented here and that found

in published literature is limited. Moreover, the increased complexity of the mammalian
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systems and the presence of the three orthologs makes this comparison even harder. The
data presented here suggests that misregulation of PLOD affects the homeostasis of the
Drosophila gut by altering ISC differentiation.

Despite the lack of evidence for the role of PLOD in ISC regulation in the fly
intestine, there is a consensus that mammalian PLODs regulate the acquisition of stem
cell phenotypes in epithelial cancer development and maintenance of cancer stem cells in
tumours. The extrapolation of these conclusions and comparison to the fly model, and the
results presented in this chapter could lead to the hypothesis that, in the Drosophila
midgut, PLOD is expressed in the stem and progenitor cells of the tissue and acts to
maintain their stem cell properties. The function of PLOD as a regulator of stem cell
properties could explain the changes observed in our data that show pronounced shifts in
differentiated cells of the tissue when PLOD levels are reduced. Therefore,
downregulation of PLOD levels could lead to stem cell misregulation in the fly intestinal
tissue, loss of homeostasis and changes in proliferation. We reported the importance of
Ras/MAPK, SMAD and TGF-£ signaling in the regulation of PLOD expression, which
is consistent with published literature (Gjaltema et al., 2015; Yang et al., 2020). However,
these papers suggest that the mammalian ortholog PLOD2 is downstream of TGF-£1
signaling, whereas the data presented here suggest PLOD is found upstream, as
manipulation of PLOD results in changes to SMAD expression. Moreover, the results
presented here were highly variable between RNAI lines and experimental approaches,
i.e. immunofluorescence versus qRT-PCR, and thus further in-depth analyses are needed
to elucidate the specific roles of these signaling cascades in the regulation of PLOD
expression in the fly midgut.

To my knowledge, no published data has explored the effect of PLOD knockdown
or overexpression on the lifespan of Drosophila melanogaster. The extensive evidence in
the literature that demonstrates PLOD overexpression promotes tumour development and
correlates with the invasive capabilities of tumour cells, prompts the hypothesis that
overexpression of PLOD in the Drosophila gut would have a negative impact on lifespan,
whereas knockdown of this potentially oncogenic molecule would increase lifespan with
age by preventing or slowing down cancer progression. Evidence in the literature has
already shown that the reduction of all three mammalian PLODs (PLODI1-3) is able to
reduce tumour progression in bladder, colorectal and renal cancer, respectively (Yamada
et al., 2021; Song et al., 2022; Chen et al., 2023). The results obtained from the initial

replicates of the lifespan experiments presented in this chapter would fit with this
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hypothesis, where, later in life, reduced levels of PLOD in the tissue lead to a significant
increase in fly survival. Although these results were consistent among all RNAI lines,
they were not replicated in the second set of lifespan experiments, which found no change
between control and knockdown guts. Thus, further replicates of this are needed to draw
conclusive answers to the effect of PLOD changes in survival. Since these experiments
exclusively knocked down PLOD in stem and progenitor cells in the gut, future work
should focus on elucidating what changes are induced when PLOD is knocked down
specifically in the differentiated cells of the tissue, through the use of specific driver lines,
e.g. prosGal4TS to induce PLOD knockdown in EE cells. The comparison between these,
and full gut knockdown of PLOD would provide a clear picture of which cells are the
main source of PLOD expression in the Drosophila gut. Initial attempts to characterize
changes to PLOD expression with age were carried out as part of this project, where 10-
day-old (young) and 30-day-old (old) female fly guts were dissected and stained with a-
PLOD antibody, as well as with the EE-marker prospero, to quantify changes in PLOD
expression with age. However, these experiments did not yield any meaningful data, as
the PLOD antibody staining was very weak. Future work should focus on optimizing this
experimental approach to better understand any age-related changes to PLOD expression

that could be affecting the mortality rates of the fly.

4.4.2. The effect of PLOD on collagen deposition in the basement membrane

The relationship between PLOD and collagen is so interlinked that mutations or
changes to the expression of either protein have pleiotropic phenotypes (Bunt et al., 2011),
i.e. that mutations or misregulation of either PLOD or collagen have overlapping effects.

Correct deposition of collagen IV in the ECM is necessary for the recruitment of
other ECM molecules such as laminins, nidogen and perlecan (Wilmes et al., 2018). In
vitro analysis of PLOD revealed that this protein is regulated by tumour-necrosis factor-
alpha (TNF-a): this cytokine induces the expression of MMP3, which in turn enhances
PLOD expression (Ah-Kim et al., 1999). Moreover, TNF-a expression increases
collagenase activity in a variety of cell types and inhibits bone formation (reviewed by
Larrick and Kunkel, 1988) by reducing the rates of collagen biosynthesis (Bertolini et al.,
1986). This is consistent with the trends observed here between PLOD knockdown in
ISC/EB cells in the Drosophila gut and vkg expression: results presented in this chapter

showed that a reduction in PLOD levels resulted in increased collagen staining in the
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posterior midgut. In other words, PLOD could be a regulator of collagenase activity in
the fly gut, where reduced levels of PLOD leads to decreased rates of collagen
breakdown, thus explaining why PLOD knockdown leads to increased collagen levels in
the Drosophila intestinal tissue.

Electron microscopy analysis of the basement membrane in Drosophila epithelial
tissue reported that BM thickness is around 100nm (Isabella and Horne-Badovinac,
2015), although a recent review records varying BM thickness depending on the tissue
(Ramos-Lewis and Page-McCaw, 2019). These thin sheets are made up of collagen IV
fibers, laminins, nidogen and the HSPG perlecan (Pozzi et al., 2017) that form an
extensive network with associated accessory proteins that have the ability to alter the
biochemical and structural properties of the BM (reviewed by Isabella and Horne-
Badivinac, 2015). The expression of all four key BM components is independent of one
another, and their contribution to the regulation of the mechanical properties of the BM
differs between them (Topfer et al. 2022)

The simplicity of the Drosophila BM proteins compared to their mammalian
counterparts, as well as the reduction in protein diversity and redundancy in the fly, makes
Drosophila a wonderful model to study basement membrane formation and the function
of its individual components. As part of the troubleshooting process of the preparation of
transmission electron microscopy (TEM) samples to analyse the effects of PLOD
knockdown on basement membrane integrity, wild-type CantonS female guts were
dissected and analysed. From the data obtained (not shown), quantification of BM
thickness under the different cell types (ISCs vs ECs) revealed no significant difference
in the thickness of the basement membrane underlying these two different cell types. The
BM of ISCs had a mean thickness of 305nm, whereas EC BM was slightly thinner at an
average of 285nm. Out of the four main components of BMs in Drosophila epithelial
tissues, collagen IV is the main contributor to basement membrane stiffness and the
regulation of its mechanical properties (Topfer et al., 2022), and thus alterations in its
structure as a result of changes to PLOD expression should have a prominent effect on
BM thickness. Ongoing analysis is in the process of determine changes to BM thickness
in PLOD (and SPARC) knockdown guts compared to WT samples to determine the effect
of PLOD in the maintenance of BM integrity. This will contribute to characterize the
relationship between PLOD and collagen IV in the BM of the gut epithelium, and the

potential contribution of actin to this process. The actin cytoskeleton is also responsible
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for collagen production in vitro (Qin et al., 2017), suggesting that PLOD and actin work

in tandem to ensure the correct deposition of collagen in the BM of the Drosophila gut.

4.43. The implication of PLOD in signalling and consequences of its

misregulation

As previously stated, most of the literature published on PLOD focuses on its roles
during mammalian tumour development and the regulator pathways that control PLOD
expression in the context of cancer, complicating the comparison of published results with
the data sets presented here. Moreover, the increased complexity of the mammalian model
systems and the presence of multiple orthologs compared to the fly model organism make
this understanding of our results within the framework of published literature even harder.

Overall, all three mammalian PLOD molecules carry out slightly different
functions and therefore play different roles in tumour progression. PLODI is upregulated
in bladder cancer, where high levels of the enzyme are associated with poor prognosis
compared to bladder cancer samples with low PLODI1 expression (Yamada et al., 2021).
Moreover, silencing PLODI1 expression in these samples significantly reduced the
proliferative and invasive abilities of the cancer cells, and the use of a PLODI inhibitor
significantly increased the number of apoptotic cells in the tumour and led to cell-cycle
arrest of malignant cells (Yamada et al., 2021). Expression of PLOD2 is triggered under
hypoxic conditions, specifically regulated by hypoxia-inducible factor 1a (HIF-1a) (Qi
and Xu, 2018). Gong et al. hypothesized that this relationship between hypoxia and
PLOD?2 might regulate the epithelial to mesenchymal transition (EMT) and perhaps the
maintenance of cancer-stem cells (CSCs). TGF-f1 induces expression of PLOD2 in
cervical cancer, where PLOD2 expression triggers migration and invasion of cancer cells
(Qi and Xu, 2018). The relationship between PLOD2 and TGF-£1 signaling seems to be
mediated by the transcription factors SMAD3 and SP1 (Gjaltema et al., 2015; Yang et al.,
2020). This relationship between TGF-f and PLOD expression through SMAD is
consistent with the immunofluorescence data presented in this chapter, where changes to
expression levels of PLOD affect active SMAD in the cells of the posterior midgut.
PLOD?2 expression was significantly upregulated in cancer-associated fibroblast (CAFs)
and silencing its expression significantly reduced the tumour phenotype (Qi and Xu,
2018). Knockdown of PLOD?2 reduced proliferation, migration and the invasive potential
of colorectal cancer cells through integrin B1-activation of IL-6/STAT3 signaling (Song
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etal., 2022). These results suggests that PLOD acts as a tumour suppressor in this context,
as its downregulation reduces the invasive capabilities of the tumour. This is consistent
with the preliminary lifespan data shown here, where knockdown of PLOD seems to
increase the lifespan of the fly. However, the lack of reproducibility and consistency
between the first and second replicates of these lifespans prevents any firm conclusions
from being drawn from this data set.

PLOD2 overexpression has been proposed to increase the expression of stem cell
makers in the surface of laryngeal cancer cells, thus promoting the acquisition of stem
cell phenotypes (Song et al. 2022). Baek et al. demonstrated that PLOD?3 is able to interact
with STAT3 to suppress immune signals in lung cancer, which causes a dysregulation of
the Ras/MAPK signaling cascade and promotes metastasis in this tumour type (Baek et
al., 2018). Notch signaling has also been shown to regulate PLOD3 expression (Shi et al.,
2021). The results presented here that suggest a potential role of Drosophila PLOD in the
regulation of Ras/MAPK and Notch signaling in the context of the Drosophila gut are
consistent with these data. Interestingly, PLOD?3 is found bound to the cellular membrane
and exists in homodimeric form (Chen et al., 2023). This extracellular localization of
PLOD3 has led to hypothesis that propose that PLOD3 could modify proteins in the ECM,
besides collagen, and therefore control ECM remodelling (Knippenberg et al. 2007). This
fits in with the hypothesis suggested here that PLOD and actin could be working together
to control collagen IV deposition and distribution in the BM of the gut epithelium in the
fly, as PLOD knockdown seems to decrease the intensity of stained F-actin in the posterior

midgut.

4.5. Conclusions

As mentioned, there is a lack of evidence in the literature regarding the specific
role of Drosophila PLOD in the regulation of intestinal stem cells and its effect on gut
tissue homeostasis. Most of the studies employ in vitro mammalian models and
exclusively focus on the function of PLOD in disease development, mostly during the
different stages of tumour development. The existence of 3 orthologs in mammals
compared to the single gene in Drosophila complicates the comparison between the data
even further. In this chapter, we have demonstrated that knocking down PLOD in the ISC
and EBs in the Drosophila gut leads to a loss of homeostasis in the tissue, that manifests

in changes to the cellular composition of the posterior midgut, the distribution of cells
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within this area of the gut tissue and the levels of collagen expressed. Moreover, data
presented here corroborate the preliminary work that this project is based on that
identified PLOD as being specifically secreted by the stem and progenitor cells in the
tissue. Using a variety of experimental approaches, the data presented here demonstrate
that PLOD is expressed in the ISCs and EBs in the posterior midgut, although further
work is necessary to firmly conclude this. Future experiments should focus on further
characterizing the expression pattern of the protein and determining if its expression is
exclusive to stem and progenitor cells or if, at some point during ageing, the distribution
of PLOD changes to be expressed in the differentiated cells of the tissue. Furthermore,
the concrete relationship between changes to PLOD expression and collagen levels in the
midgut should be explored, through the generation of genetic engineering tools that allow
for the simultaneous manipulation of both genes within the same background in
combination with molecular biology approaches. The results presented here suggest a
potential epithelial source of collagen which is dependent on PLOD and which is
independent on the collagen produced by the visceral muscle. Lastly, PLOD is proposed
to regulate a range of signaling pathways in the fly gut, including Ras/sMAPK, TGF-f
(through the SMAD proteins), and Notch, which is consistent with the data reported in
the literature in other tissues and organisms. Taken together, all these results strongly
suggest that PLOD plays a role in the maintenance of gut homeostasis in the Drosophila

gut and contributes to the maintenance of the stem cell niche in this tissue.
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Chapter 5

TIMP as a regulator of intestinal stem

cell homeostasis

5.1. Introduction

Matrix metalloproteinases (MMPs) are proteins that play fundamental roles in the
degradation of the ECM, which is essential at different states of development,
morphogenesis and tissue remodelling (reviewed by Nagase and Woessner, 1999). Their
activity and the controlled degradation of the ECM is regulated, among other cytokines
and inhibitors, by tissue inhibitors of metalloproteinases (TIMPs), which act as the key
local regulators of MMP activity in the tissue (Brew et al., 2000; Visse and Nagase, 2003).
MMPs can degrade key ECM components such as collagen fibers and laminins, and
contribute to the tissue-specific special features of the ECM, as well as to cell migration
and growth factor release (Hughes et al., 2020).

Drosophila melanogaster has two MMP genes (Mmp1 and Mmp2) and a singular
TIMP gene (Wen et al., 2020), compared to the four TIMP family members (TIMP1-4)
and the 28 different MMPs that have been identified in mammals (Laronha and Caldeira,
2020). The functions, structure and biochemical properties of mammalian MMPs vary
between family members, with the percentage similarity of their protein sequence ranging

from just 33% to 86% (Laronha and Caldeira, 2020), but there is an overlap in TIMP
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function between isoforms (Murphy, 2011). Mammalian TIMP-2, -3 and -4 have the
highest sequence similarity between then, about 45-50%, whereas TIMP-1 only shares
around 40% of residues with the other family members (Brew, 2019). In terms of protein
evolution, TIMP-1 and -3 have an earlier evolutionary origin than TIMP-2 and TIMP-4,
and evidence suggests TIMP-1 is the most evolutionary conserved out of the 4
mammalian proteins (reviewed in Murphy, 2011).

Inhibition of MMP activity by TIMPs occurs through their N-terminal domain,
which folds indepently and forms its own separate unit within the structure of the protein
(Visse and Nagasse, 2003). Mammalian MMP-1, -8 and -13 are also known as
collagenases, which digest fibrillar collagens, and MMP2, a gelatinase, degrades, among
other ECM molecules, collagen IV fibers (Shiomi et al., 2010).

Drosophila TIMP was the first invertebrate homolog identified, and clonal
analysis revealed it only presents a 35% identity to human TIMPs (Pohar et al., 1999).
Moreover, the structure of Drosophila TIMP and its organization within its genetic locus
is conserved between flies and humans (Pohar et al., 1999). Phylogenetic tree analysis
has revealed a close relationship between Drosophila TIMP and the mammalian ortholog
TIMP2 (Wen et al., 2020). The N-terminal domain of Drosophila TIMP resembles the
mammalian TIMP3 N terminal domain (Wei et al., 2003), in both sequence conservation
and functional properties (Murphy, 2011). Drosophila TIMP has the ability to inhibit both
fly MMP molecules (Wen et al., 2020) which carry out complementary roles (Hughes et
al., 2020) and resemble mammalian membrane-tethered MMPs (Llano et al., 2002).
Drosophila MMP1 and MMP?2 have distinct, but overlapping and complementary, roles
in tissue remodelling (Wen et al., 2020). Moreover, both of these proteins have been
shown to exist in membrane-tethered and soluble forms, but the substrates of each of
these Drosophila MMP forms vary among them (LaFever et al., 2017). In-depth studies
of TIMP functions have revealed that they carry out a wider set of functions than
previously considered. Initially, the role of TIMPs was restricted to the protease inhibitor
function over MMPs, but further characterization of the enzyme has shown that it has
additional roles pertaining to the regulation of cell growth, cell migration and apoptosis,
by controlling the activity of certain cell surface receptors (reviewed by Stetler-
Stevenson, 2008). Drosophila TIMP has been shown to be involved in cell signaling
pathways and in cellular adhesion (Godenschwege et al.., 2000). Moreover, TIMPs can
interact with a range of matrisome components (reviewed by Peeney et al., 2023), i.e.

ECM and ECM-related components (Naba et al., 2016). Reductions in MMPs in
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Drosophila leads to the formation of protein aggregates in the ECM, modulating the
biochemical properties of the matrix (Hughes et al., 2020).

Proteomics analysis has revealed the fundamental role of TIMP in the regulation
of collagen IV levels in the ECM of the Drosophila ovary (Pearson et al., 2016). TIMP is
selectively distributed in the Drosophila embryo, and it has been shown to have similar
phenotypes to integrin mutants, suggesting a potential interaction between these two
molecules (Godenschwege et al., 2000). This is consistent with other studies that have
attributed cell signaling roles to TIMP. Among it many functions, TIMP is essential to
maintain the germline stem cell niche in female flies (Pearson et al., 2016). MMPs have
been described as a negative regulator of follicle stem cells in the Drosophila ovary, which
antagonizes Wnt signaling in this tissue (Wang and Page-McCaw, 2014).

Disruption of the balance between MMP expression and TIMP activity can have
detrimental effects on the tissue, with uncontrolled tissue turnover and degradation of the
ECM leading to tumour development, fibrosis, cardiovascular and neurodegenerative
diseases, and arthritis, among other conditions (Brew et al., 2000; Godenschwege et al.,
2000). However, the exact role of TIMPs in disease development seems to be context-
and tissue-dependent and still remains to be elucidated, as the different mammalian
TIMPs have been shown to have antagonistic roles regarding the regulation of apoptosis:
TIMP-3 is pro-apoptotic, whereas TIMP-1 and -2 inhibit cell death (reviewed in Visse
and Nagase, 2003).

Besides MMPs, TIMPs have also been shown to inhibit another family of
proteinases found in the extracellular matrix, a desintegrin and metalloproteinases
(ADAM), which are heavily involved in cancer development and progression (Murphy,
2011). TIMP activity on ADAMs occurs thorugh their N-terminal domain, which is highly
homologous to MMP N-terminal structure (reviewed by Shiomi et al., 2010).

5.2. Aims and objectives

Previous work from the Doupé group identified TIMP as a protein specifically
expressed by the stem and progenitor cells of the tissue (Doupé et al., 2018). Initial
characterization of the expression of this protein and the effects of its misregulation in the
Drosophila midgut suggested a role in the maintenance of tissue homeostasis (Sutherland,

unpublished). The aim of this project is to further characterize the roles of TIMP in the
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Drosophila midgut, and to establish an expression pattern and a regulatory mechanism
for TIMP in this tissue. Moreover, this project aimed to establish if these findings were

conserved in mammalian systems (see Chapter 8).

5.3. Results

5.3.1. The effects of TIMP overexpression on the posterior midgut of the fly

As mentioned above, work from the group attempted to elucidate the function of
TIMP in stem and progenitor cell homeostasis in the Drosophila midgut, and evidence
from this demonstrated that this protein plays a role in maintaining tissue homeostasis in
the fruit fly intestinal tissue (Sutherland, unpublished). In order to study this further, initial
immunofluorescence experiments carried out as part of this PhD project focused on the
effect of the overexpression and knockdown of this protein in ISCs and EBs using the
Gene Switch driver. Two TIMP overexpression lines (596195 > UAS-TIMP 58707 and
596195 > UAS-TIMP 58708) were compared and yielded similar results. These lines will
be referred to as UAS-TIMP line 1 and line 2, respectively, from here onwards.

Overexpression of TIMP with UAS-TIMP-1 (Figure 5.1) did not show any
significant changes in the total number of cells observed per field of view, gut width, area
or density (Figure 5.2). Overexpression of TIMP using UAS-TIMP-2 (Figure 5.4) led to
a significant increase in the total number of cells in the gut (Figure 5.54) but gut size,
measured in terms of gut width and area observed per field of view (FOV) remained
unchanged between control and TIMP-overexpression guts (Figure 5.5B and C). As
expected, these two results together translated to an increase in cellular density in the
midgut, as shown by quantification analysis, calculated by dividing the number of cells
observed by the area per FOV (Figure 5.5D). This increase was deemed statistically
significant. Next, we wanted to determine if this increase in cell number was due to an
increase in the mitotic rates of the tissue, for which the number of PH3-positive cells in
the whole gut was quantified. As previously mentioned, PH3 is a mitotic marker and
labels cells that are undergoing division at the time of dissection. There was no significant
increase in the number of mitoses per gut between control and UAS-TIMP-1
overexpression guts (Figure 5.3C) (no data available for UAS-TIMP-2). In order to

determine if overexpression of TIMP was affecting the differentiation of cells in the
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CONTROL

OVEREXPRESSION

midgut, cells were labelled with an EE-specific marker, prospero, and quantified.
Overexpression of TIMP in both UAS-TIMP lines significantly increases the number of
secretory enteroendocrine cells in the posterior midgut, both in terms of raw number
observed per field of view and in the proportion of secretory cells normalized to the total
cell number per FOV. This result was consistent across both overexpression lines used
(Figures 5.3 and 5.6).

Taken together, these results suggest that increased levels of TIMP in the tissue do
not affect the mitotic rates of the cells. This leads to an increase of cells in the tissue and
therefore a higher cellular density. Moreover, overexpression of TIMP changes the
cellular composition of the tissue, as demonstrated by the increase in the differentiated

secretory enteroendocrine cells.

Figure 5.1. The effects of TIMP overexpression with UAS-TIMP-1 in ISCs and EBs of the
posterior midgut. Overexpression of TIMP (5961°5> UAS-TIMP-1) seems to increase the width
and area of the gut, as well as the number of EE cells observed per field of view in overexpression
guts compared to controls. Guts were stained with a-prospero (1:100), a-PH3 (1:1000) and DAPI.
Scale bars in the bottom right corner represent 100um.
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Figure 5.2. TIMP overexpression with UAS-TIMP-1 does not significantly affect the
posterior midgut. Overexpression of TIMP (59619°> UAS-TIMP-1) does not cause any
significant changes to the total number of cells observed per FOV (control n = 34, OE n = 40)
(A), gut width (control n = 36, OE n = 40) (B), gut/FOV ) (control n = 35, OE n = 41) (C), or
cell density (control n = 34, OE n = 41) (D). All data was not normally distributed, so non-
parametric Mann Whitney-U tests were carried out for statistical analysis. Each data point

represents a gut.
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Figure 5.3. TIMP overexpression with UAS-TIMP-1 significantly increases EE cells in the
posterior midgut. Overexpression of TIMP (59615 > UAS-TIMP-1) significantly increases to
the number of EE cells observed per FOV (p =0.003) (control n =35, OE n=41) (A4), as well as
the proportion of EE cells normalized to the total number of cells (p < 0.0001) (control n = 34,
OE n = 41) (B). The number of mitoses observed across the whole gut are maintained between
control and overexpression guts (control n =40, OE n = 40) (C). Unpaired t-tests were used for
normally distributed data (B), and non-parametric Mann Whitney-U tests for non-normally
distributed data (A, C). Each data point represents a gut.
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Figure 5.4. The effects of TIMP overexpression with UAS-TIMP-2 in ISCs and EBs of the
posterior midgut. Overexpression of TIMP (59615 > UAS-TIMP-2) seems to increase the
number of EE cells in the posterior midgut compared to controls. Guts were stained with a-
prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in the bottom right corner represent
100um.
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Figure 5.5. TIMP overexpression with UAS-TIMP-2 significantly increases the total
number of cells and cell density in the posterior midgut. Overexpression of TIMP (59615>
UAS-TIMP-2) significantly increases the total number of cells observed per FOV (p = 0.01)
(control n =25, OE n = 36) (A4), and cell density (p = 0.02) (control n =25, OE n=36) (D). Gut
width (control n =30, OE n = 38) (B), and gut area/FOV (control n =30, OE n =40) (C) remain
unchanged between control and overexpression guts Unpaired t-tests were used for normally
distributed data (B, D), and non-parametric Mann Whitney-U tests for non-normally distributed
data (A, C). Each data point represents a gut.
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Figure 5.6. TIMP overexpression with UAS-TIMP-2 significantly increases EE cells in the
posterior midgut. Overexpression of TIMP (5961°> UAS-TIMP-2) significantly increases to
the number of EE cells observed per FOV (p < 0.0001) (control n =27, OE n = 39) (A4), as well
as the proportion of EE cells normalized to the total number of cells (p < 0.0001) (control n =
27, OE n = 35) (B). Unpaired t-tests were used for normally distributed data (B), and non-
parametric Mann Whitney-U tests for non-normally distributed data (A). Each data point
represents a gut.

5.3.2. The effects of TIMP knockdown in ISCs and EBs of the Drosophila midgut

The opposite experiment was also carried out, where TIMP was knocked down in
the stem and progenitor cells of the gut, to see if this had antagonistic results to the
overexpression data obtained. This was also studied using two different RNAi constructs
to account for potential off-target effects different efficiencies of the knockdown. Both
knockdown lines, 596195 > UAS-Timp RNAi 61294 (referred to as TIMP-RNAi-1) and
596195 > UAS-Timp RNAi 15372, (referred to as TIMP-RNAi-2), yielded similar results
with very little change (Figures 5.7 and 5.10). Knockdown of TIMP in ISCs/EBs did not
cause any changes to the total number of cells observed per field of view, and although
measurements of gut width and area/FOV were slightly increase in the knockdowns
compared to controls, these changes were not statistically significant (Figures 5.8 and
5.11). Thus, cell density also remains unchanged. The number of enteroendocrine cells
was maintained between knockdown and control guts (Figures 5.9 and 5.12), but

interestingly, 7/IMP-RNAi-2 showed a highly significant increase in the number of PH3-
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positive cells in knockdown guts (Figure 5.12C), indicating that reduced levels of this
protein may trigger an increase in ISC division across the entire Drosophila gut. Since
this increase in proliferation does not correlate with a higher number of cells in the tissue,
this raises the possibility that this increase in proliferation is matched by an increase in

the cell death rate, thus maintaining a homeostatic balance of cells in the tissue.
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Figure 5.7. The effects of TIMP knockdown with TIMP-RNAi-1 in ISCs and EBs of the
posterior midgut. Knockdown of TIMP (5961°5> TIMP-RNAi-1) does not seem to induce any
phenotypical changes in the posterior midgut compared to controls. Guts were stained with a-
prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in the bottom right corner represent
100um.
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Figure 5.8. TIMP knockdown with 7TIMP-RNAi-1 does not induce any significant
changes in the posterior midgut. Knockdown of TIMP (5961 > TIMP-RNAi-1) does not
affect the total number of cells observed per FOV (control n = 10, KD n = 12) (4), gut width
(p = 0.05) (control n = 10, KD n = 14) (B), gut area/FOV (control n =11, KD n = 14) (C), or
cell density (control n = 10, KD n = 12) (D). Unpaired t-tests were used for normally
distributed data (A, B, C), and non-parametric Mann Whitney-U tests for non-normally
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Figure 5.9. TIMP knockdown with TIMP-RNAi-1 does not affect the number of EE cells in
the posterior midgut or the proliferation rates of the gut. Knockdown of TIMP (59615 >
TIMP-RNAi-1) does not change the number of EE cells observed per FOV (control n =11, KD
n = 14) (A4), or the proportion of EE cells normalized to the total number of cells (control n = 10,
KD n = 12) (B). The proliferation rates across the whole gut tissue seem to increase, but this
trend if not statistically significant (p = 0.2 ) (control n = 14, KD n = 17) (C). Unpaired t-tests
were used for normally distributed data (B, C), and non-parametric Mann Whitney-U tests for
non-normally distributed data (A). Each data point represents a gut.

CONTROL

KNOCKDOWN

Figure 5.10. The effects of TIMP knockdown with TIMP-RNAi-2 in ISCs and EBs of the
posterior midgut. Knockdown of TIMP (5961°5> TIMP-RNAi-2) does not seem to induce any
phenotypical changes in the posterior midgut compared to controls. Guts were stained with a-
prospero (1:100), @-PH3 (1:1000) and DAPI. Scale bars in the bottom right corner represent
100um.
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Figure 5.11. TIMP knockdown with TIMP-RNAi-2 does not induce any significant changes
in the posterior midgut. Knockdown of TIMP (59619 > TIMP-RNAi-2) does not affect the
total number of cells observed per FOV (control n = 8, KD n = 10) (4), gut width (p = 0.05)
(control n = 13, KD n = 13) (B), gut area/FOV (p = 0.07) (control n = 13, KD n = 13) (C), or
cell density (control n =8, KD n = 10) (D). All data was normally distributed, so unpaired t-tests
were used for statistical analysis. Each data point represents a gut.
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Figure 5.12. TIMP knockdown with TIMP-RNAi-2 significantly increases the proliferation
rates of the gut. Knockdown of TIMP (59619 > TIMP-RNAi-2) does not change the number
of EE cells observed per FOV (control n = 12, KD n = 10) (A4), or the proportion of EE cells
normalized to the total number of cells (control n = §, KD n = 10) (B). Knockdown of TIMP
significantly increases the proliferation rates across the whole gut tissue, (p = 0.0005) (control n
=14, KD n = 19) (C). Unpaired t-tests were used for normally distributed data (B), and non-
parametric Mann Whitney-U tests for non-normally distributed data (A,C). Each data point
represents a gut.

5.3.3. Validation of TIMP RNAi line-1

Validation of the TIMP RNAi-1 was carried out in order to test the reliability of
the RNAI line and the extent of the knockdown in the tissue. For this, whole-gut TIMP
knockdown samples (tub-Gal80%, tub-Gal4 > UAS-TIMP RNAi-1) were analyzed using
qRT-PCR and TIMP levels quantified using the AACt method (Figure 5.13). Results from
this did not demonstrate a reduction in TIMP levels in the Drosophila gut. On the contrary,
it showed an increase in TIMP levels, although results were not statistically significant.
It is worth nothing that these validation experiments were done at very early stages of the
project, when samples were not prepared using RNA extraction kits and the levels of RNA
were not measured using a nanodrop prior to cDNA synthesis. Thus, there is a high chance
of error during sample preparation that could have led to these results, as this RNAi line
has been extensively used in published literature. No validation data is available for the
other TIMP RNAI line used as part of this project, as the line was not available at the time

of these experiments.
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Figure 5.13. Validation of TIMP-RNAIi-1 knockdown line. qRT-PCR analysis of whole gut
TIMP knockdown samples with RNAI lines 1 (fub-Gal80™; tub-Gal4 > TIMP-RNAi-1) shows
an increase in TIMP expression in knockdown samples compared to controls. Expression
changes were calculated using the AACt method. All data was normally distributed, so unpaired
t-tests were used for statistical analysis. Each data point represents a sample, and each sample
contains 10 whole guts.

5.3.4. Knockdown of TIMP might lead to a decreased lifespan in the fly

Because of the function of TIMP as an inhibitor of metalloproteinases and its
widely-studied implication in cancer progression, and as a result of the
immunofluorescence data obtained as part of this project, a lifespan analysis was carried
out in order to determine if knockdown of TIMP in the gut tissue affected the survival of
the fly (Figure 5.14). Knockdown of TIMP in 596195 > TIMP-RNAi-1 female flies was
induced 10 days into the experimental procedure and within 5 days a significant drop in
survival was observed. This increased death rate in TIMP-knockdown flies became more
prominent as adulthood progressed, and it was not until the final week of the experiment,
from day 73 onwards, where the survival of both control and TIMP-knockdown flies
levelled out. Thus, knockdown of TIMP in the ISC and EBs of the Drosophila gut
significantly decreases the probability of survival of the organism. This could be due to
the increase in proliferation across the gut associated with reduced levels of TIMP in ISCs
and EBs. This could lead to tissue hyperplasia could disrupt homeostasis and normal gut

function that has detrimental effects for organism survival.
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Figure 5.14. Knockdown of TIMP significantly reduces the lifespan of the fly.
Knockdown of TIMP (5961 > TIMP-RNAi-1) significantly reduces the lifespan of the fly
(p <0.0001) (n = 300). TIMP knockdown is induced on day 10, when the flies are flipped
into food containing the mifepristone (RU) drug.

5.3.5. The role of TIMP in major proliferative signaling pathways in the midgut

After determining that changes to TIMP expression levels can affect on posterior
midgut homeostasis and Drosophila lifespan, the next step was to elucidate possible
mechanisms of TIMP function and which signalling pathways its misexpression might
impact. For this, 596195 > UAS-TIMP-2 overexpression guts were dissected and stained
with a-phospho-MAPK to quantify the expression levels of active MAPK (Figure 5.15).
Results showed no significant difference in active MAPK levels between control and
overexpression guts (Figure 5.16). This demonstrates that overexpression of TIMP in
ISC/EBs does not trigger an increase in Rass/MAPK signalling, suggesting that TIMP is
not found upstream of the Ras/MAPK signalling cascade. Similar approaches were
undertaken to establish if TGF-f and JNK signalling were downstream of TIMP, through
a-phospho-SMAD and a-phospho-SAPK/JNK staining, respectively, but issues relating
to the microscopy facilities did not allow for sample observation and hence no data is

available.
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Figure 5.15. Changes in active MAPK expression in TIMP overexpression guts.
Overexpression of TIMP (59619 > UAS-TIMP-2) increases the levels of active MAPK in dlp
overexpression guts compared to controls. Guts were stained with a- phospho-p44/42 MAPK
(Erk1/2) (1:200) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 5.16. Active MAPK expression does not increase with TIMP overexpression.
Overexpression of TIMP (5961°5> UAS-TIMP-2) shows increasing trends in the levels of active
MAPK expression in dlp overexpression guts compared to controls (control n = 5, OE n =3)
(A). The proportion of active MAPK-positive cells normalized to total cell number is also not
significantly increased with TIMP overexpression (control n = 5, OE n = 3) (B). All data was
not normally distributed, so non-parametric Mann Whitney-U tests were used for statistical
analysis (B). Each data point represents a gut.
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Possible upstream regulation of TIMP in the fly gut was also explored using qRT-
PCR analysis in lines activating specific stem cell regulatory pathways. These results are
presented in depth in Chapter 7 of this thesis, but in summary, preliminary results suggest
that the Hippo and JAK/STAT signalling pathways could be positive regulators of TIMP
expression in the gut, since their overactivation leads to increased levels of the protein.
On the contrary, Ras/MAPK signalling was highlighted as a potential negative regulator
of TIMP. However, no statistically significant effects were observed due to a small sample

size, so the characterization of these trends requires further work.

5.4. Discussion

The results presented here demonstrate that changes to TIMP levels in the stem
and progenitor cells in the fly gut affect tissue homeostasis by inducing changes to the
tissue regarding proliferation rates and the size of the EE population in the posterior
midgut. The data presented in this chapter is consistent with previous work from our
group (Sutherland, unpublished)

In particular, results suggest that elevated TIMP levels favour EE differentiation
over ECs, raising the possibility that TIMP overexpression leads to biased differentiation.
However, evidence in the literature has demonstrated that TIMP overexpression in the fly
induces a significant increase in ISC proliferation in the midgut (Lee et al., 2012), which
is not consistent with the data presented here. Furthermore, our results suggest that in the
fly midgut, it is not overexpression, but rather the knockdown of TIMP that induces an
increase in proliferation. To my knowledge, no studies have attempted to elucidate the
role of TIMP in the regulation of ISC differentiation, and thus no data is available to
compare against the model proposed here that TIMP is key to maintain a homeostastic
balance of IS differentiation. The results presented here are consistent with previous work
from the Doupé group that showed a differentiation-promoting role of TIMP on ISCs in
the posterior midgut (Sutherland, unpublished). Considering that differentiation in the
homeostatic tissue is strongly biased toward enterocyte cells (90% of differentiated cells
are ECs, compared to 10% of EEs) (Amcheslavskly et al., 2009), the increase in EE cells

could have detrimental effects on the tissue, both structurally and physiologically.
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Drosophila MMP1 expression has been shown to increase with age, and its
reduction leads to hyperplasia in the gut tissue (Lee et al., 2012). This increase in MMP1
could translate to changes in TIMP levels in two ways: on the one hand, the increase in
MMP1 levels with age could be due to a decrease in TIMP expression with age, limiting
the ability of MMP inhibition in the tissue. On the other hand, the increase in MMP1
levels with age could trigger an increase in TIMP activity in an attempt to re-establish a
homeostatic balance in MMPI1 levels. The first hypothesis would help to explain the
significant decrease in survival in TIMP knockdown guts shown in this chapter.
Immunofluorescence experiments with the UAS-TIMP-2 line showed a significant
increase in cell density in TIMP overexpression guts compared to control guts, suggesting
that TIMP overexpression in ISCs and EBs of the Drosophila gut leads to a hyperplastic
phenotype in the posterior midgut. Knockdown experiments did not show any changes to
cell density in the midgut, but it triggered a highly statistically significant increase in
proliferation in the gut. Sutherland (unpublished) recorded similar findings relating to
density changes as a result of TIMP overexpression and knockdown: consistently with
the results presented here, they found a significant increase in cell density in TIMP-
overexpressing guts and a highly significant reduction in cell density in TIMP-
knockdown guts. Further experiments are needed to characterize this further, starting with
the appropriate validation of the TIMP knockdown and overexpression lines to establish
the reliability of the genetic tools. This project attempted to characterize if the expression
levels of TIMP in wild-type adult guts changed with age, and which cells within the gut
tissue expressed the inhibitor. However, these experiments did not yield any results, as
staining with a-TIMP (Dear et al., 2016) did not show any antibody expression. The
reduced availability of reagents for the study of TIMP expression in Drosophila limited
the scope of experimental approaches of this project. Future studies should look to
characterize TIMP expression changes with age and establish if it is the overexpression
or knockdown of TIMP that is responsible for the increase in hyperplastic phenotypes in
the tissue. Preliminary work from the Doupé group suggest that TIMP expression
significantly decreases with age in the posterior midgut of the fly (Sutherland,
unpublished).

Despite the varying results, our data and that found in the literature suggest that
ageing could have an effect on TIMP expression (Lee et al., 2012). The preliminary
lifespan analysis presented here suggests that knockdown of TIMP in the stem and
progenitor cells of the Drosophila gut significantly reduces the lifespan of the fly. This
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would fit in with the hypothesis outlined above that the overexpression of MMP1
increases with age, which could be a result of an age-associated decrease in TIMP levels
that is not able to control MMP1 activity in the tissue, thus contributing to the induction
of a hyperplastic phenotype. All of this will translate into detrimental effects in the gut
tissue, which could lead to tumour development.

TIMP has been shown to play an important role in the maintenance of the structure
and morphology of the germarium of the Drosophila ovary in aged flies (Pearson et al.,
2016), suggesting a potential role in the stem cell niche. Moreover, TIMP mutant ovaries
present reduced levels of viking expression (Pearson et al., 2016), i.e. one of the two
collagen chains in Drosophila. Hughes et al. suggested viking as a proteolytic target of
Drosophila MMP2 (Hughes et al., 2020). This establishes a link between TIMP and
collagen expression in the context of stem cell niche maintenance. Overexpression of
TIMP inhibits proteinase activity and leads to ectopic deposition of ECM proteins
(Hughes et al., 2020) Furthermore, overexpression of TIMP in larval cardiac tissue
induced fibrotic phenotypes in the tissue and resulted in ectopic expression and
accumulation of collagen I'V molecules in the pericardium and lumen of the heart (Hughes
et al., 2020). Thus, changes to TIMP expression could be affecting tissue homeostasis by
triggering changes to the collagen levels. Overexpression of TIMP, and the associated
integrin-mediated reduction in MMP activity led to accumulation of basement membrane
in tissues of Drosophila larvae (Hughes et al., 2020). In the context of the Drosophila gut
tissue, this could mean that TIMP plays a role in maintaining collagen IV levels for
appropriate assembly of the basement membrane of the epithelial tissue.
Immunofluorescence experiments were set up to observe this in the Drosophila midgut,
where 596195 > UAS TIMP-2 adult female guts were stained with a-vkg (1:400), but
issues with the fluorescence microscope hindered data collection. Short term future work
will involve imaging and analysis of these samples.

Activation of the epidermal growth factor (EGF) receptor is necessary to induce
early expression of mammalian TIMP1 and TIMP3 in vitro (Li and Curry, 2009).
Moreover, this EGF activation leads to the accumulation of TIMP1 mRNAs in vitro by
triggering MAPK/ERK signalling (Qiu et al., 2004), suggesting that TIMP could be acting
downstream of the MAPK signaling cascade. These results fit in with the
immunofluorescence data presented here that suggests TIMP acts downstream of MAPK,
since the overexpression of TIMP in ISCs and EBs of the Drosophila gut do not increase

the levels of active MAPK signaling. In the fly, MMP1 expression plays a role in the
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regulation of the intestinal stem cell niche and the maintenance of gut tissue homeostasis
through the EGFR pathway (Lee et al., 2012).

The regulatory mechanism of TIMP activity has been shown to be a complex one,
relying on the interplay of many signalling cascades. Leivonen et al. proposed a model of
TIMP3 regulation in vitro by which ERK1/2, p38 MAPK and Smad3 act together to
control the effect of TGF-B signaling on TIMP3 expression in fibroblasts in vitro
(Leivonen et al., 2013). Analysis of the active SMAD expression in TIMP-overexpressing
guts would shed some light into the potential conservation of this proposed model in the
posterior midgut of the fly. However, there are some inconsistencies among the published
literature on the exact mechanism of regulation that these pathways have on TIMP
expression. MMP1, MMP2 and TIMP were significantly upregulated in gut RasV12-
overexpression models in vivo in the fly (Wang et al., 2013), whereas upregulation of the
phosphorylated, i.e. active, forms of ERK1/2, p38 and JNK reduced the expression of
TIMP1 and collagen I in in vivo rat models (Peng et al., 2013). Moreover, upon infection,
MAPK, JNK and NF-KB have been shown to regulate TIMP and MMP expression in
vitro (Cai et al., 2022). The results presented in this chapter do not provide any conclusive
results on the relationship between MAPK and TIMP in the midgut, and further
experiments are necessary to provide a clear picture of the involvement of TIMP in the
major homeostatic pathways in this tissue.

In summary, the published data show a variation in the interactions between
MAPK and TIMP expression. However, what could at first be seen as inconsistencies
could actually be due to underlying differences in the TIMP molecules, since different
TIMPs have slight variation in their protein sequence and in their function, and most
studies focus on different cells/tissues and use different models. Thus, taken together,
these results suggest that the regulation of TIMP expression is dependent on the physical
and biochemical properties of the TIMP molecule in a tissue- and context-dependent
manner.

The consequences of TIMP misregulation have been extensively documented in
the literature. In a Drosophila larval model, MMP1 acts upstream of TGF-B signalling in
the fat body to disrupt protein localization in the basement membrane and in the ECM in
tumours (Lodge et al., 2021). MMPs have been shown to be fundamental for the ability
of tumours to metastasize in the fly (Beaucher et al., 2006), suggesting that aberrant
expression of TIMP could promote the formation of metastatic sites in the organism.

TIMP expression in the wing imaginal disc suppresses the invasive capacity of tumour
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cells through the cooperation of JNK and Ras signaling (Uhlirova and Bohmnann, 2006),
suggesting that TIMP might act as a tumour suppressor in this tissue. Ras"!?
overactivation triggers JNK signaling in the eye disc of the fly, activating TIMP and
preventing ECM breakdown, thus reducing the metastatic potential of the tumour cells
(reviewed by Patel and Edgar, 2014). This phenotype was consistent in Drosophila

ovarian tumours, raising the possibility of a conserved role in fly epithelial tissues.

5.5. Conclusions

In summary, TIMP may play an important role in the maintenance of intestinal
stem cell homeostasis in the Drosophila gut, as demonstrated by the immunofluorescence
data presented in this chapter, and supported by previous work from our group.
Overexpression of TIMP in ISCs and EBs increases the number of EE cells in the
posterior midgut, suggesting a role for TIMP in ISC differentiation. Knockdown of TIMP
increases proliferation in the gut epithelium and significantly reduces the lifespan of the
fly, but the mechanisms that trigger this, or that regulate TIMP expression in the context
of the ISC niche remain to be eclucidated. Further characterization of the function,
expression pattern and regulation of TIMP has proven difficult because the lack of reliable
tools available for its study, but results from this project and published data suggest a role
for MAPK signalling in the regulation of TIMP in the Drosophila gut, but the location of
the inhibitor within the signalling cascade is yet to be determined. The validation of the
available tools, and perhaps the development of new genetic manipulation tools, and
reagents that appropriately target this protein are necessary in order to carry on with this
work and be able to provide a conclusive picture of the role of TIMP in ISC/EBs of the

Drosophila midgut and in overall gut tissue homeostasis.
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Chapter 6

Dally-like protein (dlp) as a regulator of

stem cell homeostasis

6.1. Introduction

6.1.1. The function and structure of HSPGs and glypicans

Heparan sulfate proteoglycans (HSPGs) can be found in different forms within the
tissue: as cell surface macromolecules, in the extracellular matrix, or in soluble forms
(Stewart and Sanderson, 2014). They have the ability to interact with a wide range of
molecules, including growth factors, proteases, inhibitors and other ECM molecules, but,
most importantly, HSPGs act as co-receptors for secreted proteins of the Hh, Wnt/Wg,
TGF-B and FGF signaling pathways (Baeg and Perrimon, 2000). They regulate a group
of signalling molecules known as morphogens, which mediate tissue patterning during
development through the formation of concentration gradients (Han et al., 2005).
Moreover, HSPGs play important roles in disease progression, inflammation and cancer
development (Stewart and Sanderson, 2014).

A family of HSPG proteins, the glypicans, are found tethered to the cell membrane
through a glycosylphosphatidynositol (GPI) anchor (Filmus, 2001; Fico et al., 2011), and
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normally accumulate in cholesterol-rich regions of the membrane and on the apical
surface of polarized cells (De Cat and David, 2001). Six glypican genes have been
identified in mammals (GPC1-6), which can be further subdivided into two groups
(glypicans 1/2/4/6 and glypicans 3/5) with only 25% conservation in their amino-acid
sequence (Filmus et al., 2008). The Drosophila genome encodes two glypicans, Division
abnormally delayed (dally) and Dally-like protein (Dlp), both of which play important
roles in the regulation of Wnt signaling (Desbordes and Sanson, 2003). Dally is
considered the ortholog of glypicans 3/5 and dlp is closely related to glypicans 1/2/4/6
(Filmus et al., 2008). Thus, D. melanogaster provides an excellent simple model to study
the function and regulation of glypicans in vivo.

All glypicans have a similar size, ranging between 60-70kDa (Filmus, 2001), and
their core protein is highly conserved, with a conserved sequence of 14 cysteine residues
that is responsible for maintaining the three-dimensional structure of glypican molecules
(Fico et al., 2007). Despite their well-characterized roles in adult tissues, glypicans
expression is highest during development, where the molecules play essential roles in
morphogenesis (Filmus, 2001). Their expression levels are tightly controlled in a tissue-
and stage-specific manner (Filmus, 2001).

Their characteristic GPI anchor makes glypicans a target for post-translational
modifications (PTMs), including the cleavage of the molecule from the cell surface and
its release into the extracellular environment (reviewed in Fico et al., 2011). This
discovery challenged the initial characterization of glypican function as a membrane-
tethered protein. Membrane-associated glypicans act as platforms to regulate a broad
range of signaling pathways, including Wg, Hh, BMP and FGF (Filmus et al., 2008),
whereas these free, secreted glypican molecules can be transported through the organism
and have broader roles in the tissues. Studies on the imaginal disc of the fruit fly revealed
that the cleavage of HSPGs from the cell membrane occurs through the lipase Notum,
which is a target of Wg signalling that allows this pathway to control its own gradient

(Giréldez et al., 2002).

6.1.2. Dally-like protein (dlp), one of the two glypicans in Drosophila

In line with the characteristic structure of glypicans described above, the

Drosophila glypican Dlp localizes to the cell membrane and is anchored through a GPI
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link (Desbordes and Sanson, 2003). Dlp activity is regulated by the Hippo signaling
pathway, in particular by the transcriptional coactivator Yorkie (Baena-Lopez et al.,
2008). Baena-Lopez and colleagues proposed Hippo signalling as an important regulator
of dlp activity, implying that misregulation of any component of this signaling pathway
could have a knock-on effect on the wide range of cascades that are regulated by dlp.

Dlp has been best-studied in the context of its role in the regulation of Hh and Wg
signaling, but results still remain controversial. Some studies have shown that both Dlp
and Dally are essential for the regulation of Wg morphogens in the wing imaginal disc
(Han et al., 2005), whereas others have suggested that dlp expression is not necessary for
Wg signaling in Drosophila embryos (Desbordes and Sanson, 2003) or in cells cultured
in vitro (Lum et al., 2003). Notum has been proposed to modulate the activity of the
Drosophila glypicans to negatively regulate Wg signaling (Han et al., 2005), by cleaving
Dlp from the cell membrane and transforming it from its membrane-tethered form to a
secreted protein (Kreuger et al., 2004). Out of the two Drosophila glypicans, dlp has been
proposed as the main substrate for the lipase Notum (Kirkpatrick et al., 2004). In
particular, dlp and Notum have been shown to interact in the extracellular matrix to
collectively restrict the levels of Wg signaling in the development of the imaginal disc
(Kirkpatrick et al., 2004). This relationship between Notum and dlp highlights the
importance of post-translational modifications of the glypican in determining its role
within the tissue. Moreover, the roles of dlp been shown to differ depending on the levels
of Wg present in the tissue: dlp acts to increase Wg levels in low-expressing tissues, and
reduces Wg activity in contexts were there are high levels of the morphogen (Kreuger et
al., 2004).

In the Hedgehog (Hh) signaling pathway, Dlp is essential downstream of Hh for
signal transduction and acts either upstream or at the level of the Patched (ptc) receptor
(Desbordes and Sanson, 2003; Lum et al., 2003). Desbordes and Sanson suggested that
Dlp binds to Hh and enables its interaction with the ptc receptor. The interaction of Dlp
with Hh occurs through the core protein of the glypican (Williams et al., 2010; Yan et al.,
2010), where it acts to differentially regulate Hh signaling strength during development
based on the tissue environment (Yan et al., 2010). Both Dally and dlp act as substrates
of another Drosophila HSPG molecule, tout-velu (Ttv), to move the Hh protein along the
cell membrane, and have fundamental roles in cellular patterning (Han et al., 2004). Gallet
and colleagues demonstrated the importance of the GPI-anchorage of Dlp to the apical

cell membrane in the wing imaginal disc. This study showed how Dlp is internalized and
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translocated to the basolateral compartment of epithelial cells, and that this internalization
is coupled with that of the Hh receptor Patched (Gallet et al., 2008), which acts
downstream of dlp in the signalling cascade. The role of Dlp in the regulation of Hh
morphogens is conserved between the Drosophila glypican and its mammalian orthologs
in vitro and in vivo in embryonic tissues (Williams et al., 2010).

In the context of stem cell maintenance, high levels of dlp are expressed in male
germline stem cells and it is essential for the regulation of the stem cell niche in this tissue
(Hayashi et al., 2009). This same study suggested a possible mechanism of action for dlp
activity in this tissue through interactions with the JAK/STAT ligand unpaired.

The functions of dlp within the Drosophila intestine are not well-studied. In the
adult midgut, HSPGs are required to activate the Dpp signaling pathway and maintain
tissue homeostasis (Ma et al., 2019). No published data has looked at the role of dlp within
the ISCs, but some studies have reported roles of HSPGs in the regulation of embryonic
stem cell fate in vitro (Nurcombe et al., 2008) The heparan sulfate endosulfatase Sulfl is
required for ISC maintenance in the Drosophila midgut, and loss of Sulfl prevents
adequate termination of ISC division during intestinal regeneration by overactivation of

JAK/STAT, EGFR and Hh signaling (Takemura and Nakato, 2017).

6.2. Aims and Objectives

My previous work during my undergraduate MBiol project focused on the
function of dally-like protein (dlp) in the regulation of ISC homeostasis in the posterior
midgut. Because of the short duration of this project and circumstances relating to the
outbreak of the Covid-19 pandemic, many questions relating to the function and
regulation of this protein remained unanswered. The aim of this chapter was to validate
the preliminary results I had obtained during my MBiol and to further investigate the
function, expression pattern and regulation of this protein in the context of the intestinal
stem cell regulation in the posterior midgut. Moreover, this project aimed to elucidate if

the results observed in the fly were conserved in human samples.
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6.3. Results

6.3.1. Overexpression and knockdown of dlp in the stem and progenitor cells of

the posterior midgut goes not affect homeostasis

Initial experiments looked to replicate those observed during my undergraduate
project, using immunofluorescence approaches to elucidate if manipulation of dlp levels
affected posterior midgut homeostasis. Both the overexpression and knockdown of dlp
were studied in this context.

Overexpression of dlp driven by Gene Switch (5961 > UAS-dip 9160) (Figure
6.1) showed no changes to the posterior midgut of adult female flies in terms of number
of cells observed per field of view, and gut width and cell density were also maintained
when compared to controls (Figure 6.2). The total area of the gut observed per field of
view was, however, significantly decreased in dlp-overexpressing guts (Figure 6.2C).
Next, changes to the specific cell types in the gut were studied. The number of
enteroendocrine cells observed per field of view were quantified, using the EE-specific
marker prospero, as well as the proportion of EE cells in relation to the total number of
cells observed per FOV. These results showed that dlp overexpression correlated with a
small increase in both the number and the percentage of EE cells observed per field of
view, but these changes were not statistically significant (Figure 6.34-B). Moreover, dlp
overexpression seemed to increase the number of proliferating cells in the gut (Figure
6.3C), although upon statistical analysis this trend was not deemed significant. In
summary, dlp overexpression does not seem to cause any striking changes to the
homeostasis in the posterior midgut of the fly, raising the possibility that either dlp does
not play any significant roles in this context, or that there are perhaps compensatory

mechanisms in place to account for changes in dlp expression.
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CONTROL

OVEREXPRESSION

Figure 6.1. The effects of dlp overexpression in ISCs and EBs of the posterior midgut.
Overexpression of dlp (5961°°> UAS-dlp) reduces the area of the gut observed per field of view but
those not induce any striking phenotypical changes compared to control guts. Guts were stained with
a-prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 6.2. DIp overexpression significantly reduces the area of the gut observed per field
of view. Overexpression of dlp (5961%°> UAS-dlp) does not cause any significant changes to the
total number of cells observed per FOV (control n = 13, OE n = 16) (4), gut width (control n =
13, OE n = 16) (B), or cell density (control n = 13, OE n = 14) (D), but significantly reduces the
area of the gut observed per FOV (p = 0.01) (control n = 12, OE n = 16) (C). Unpaired t-tests
were used for normally distributed data (B,C,D), and non-parametric Mann Whitney-U tests for
non-normally distributed data (A). Each data point represents a gut.
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Figure 6.3. Dlp overexpression does not affect the EE cells in the posterior midgut or the
proliferation rates of the whole gut tissue. Overexpression of dlp (59615 > UAS-dlp) does
not cause any significant changes to the number of EE cells observed per FOV (control n =
13, OE n = 16) (A), or to the % of EE cells normalized to total cell number (control n = 13,
OE n = 16) (B). The proliferation rates of the whole gut tissue show an increasing trend with
in dlp overexpression guts (C) but this change is not statistically significant (p = 0.1) (control
n =12, OE n = 15) . Unpaired t-tests were used for normally distributed data (C), and non-
parametric Mann Whitney-U tests for non-normally distributed data (A, B). Each data point
represents a gut.

Next, the opposite genetic manipulation was carried out, where dlp was knocked
down in stem and progenitor cells using the same Gene Switch driver, to elucidate if the
reduction in glypican levels induced any changes in the fly midgut. For this, four different
RNAI lines were used in order to account for any off-target effects that may occur and
different knockdown efficiencies (596195 > UAS-dlp RNAi 34089, 596195 > UAS-dlp
RNAi 34091, 596195 > UAS-dIp RNAi 50540, and 59615 > UAS-dIp RNAi 10299). These
lines will be referred to as UAS-dlp RNAi lines 1-4 respectively, to simplify the
understanding of the results. The results observed were consistent between all four RNA
lines, with the exception of a few observations (Figures 6.4, 6.7, 6.10 and 6.13).
Knockdown of dlp does not have an effect on the total number of cells in the posterior
midgut between knockdown and control guts . Gut width, tissue area observed per field
of view and cellular density were also maintained in dlp-knockdown guts when compared
to controls (Figures 6.5, 6.8, 8.11 and 6.14). An investigation into potential changes to
tissue composition in terms of cell types yielded interesting results. While UAS-dIp-RNAi
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lines 1-3, which are interestingly all obtained from the same stock centre (BDSC), showed
no changes to the number of EE cells observed per field of view (Figures 6.6, 6.9 and
6.12), the UAS-dIp-RNAi-4, obtained from the Vienna Drosophila Research Centre,
showed a statistically significant increase in both the total number of EE cells observed
per field of view as well as in the percentage of secretory enteroendocrine cells
normalized against total cell number per FOV (Figure 6.14). This results raises the
possibility that dlp knockdown might favour ISC differentiation rather than ISC renewal,
and more specifically, that this differentiation is skewed towards the secretory cell type.
However, the variability between the RNAI lines from the different stock centres hinders
the ability to draw reliable conclusions from these results, and the lack of any effect on
RNAI lines 1-3 suggests that this is perhaps an off-target effect. Dlp knockdown seems
to induce a slight increase in the proliferative rates across the entire gut (Figures 6.6, 6.9

and 6.14) but statistical analysis showed this trend was not significant.

CONTROL

KNOCKDOWN

Figure 6.4. Knockdown of dlp using dlp-RNAi-1 does not cause any changes to the posterior
midgut. Knockdown of dlp (5961°° > dip-RNAi-1) does not induce any phenotypical changes
compared to control guts. Guts were stained with a-prospero (1:100), a-PH3 (1:1000) and DAPI.
Scale bars in the bottom right corner represent 100um.
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Figure 6.5. Quantification of dlp knockdown with dlp-RNAi-1 shows no changes between
knockdown and control midguts. Knockdown of dlp (59619 > dip-RNAi-1) does not cause
any significant changes to the total number of cells observed per FOV (control n = 14, KD n =
12) (A4), gut width (control n = 14, KD n = 9) (B), area/FOV (control n = 14, KD n =9) (C), or
cell density (control n = 14, KD n = 8) (D). Unpaired t-tests were used for normally distributed
data (B,C), and non-parametric Mann Whitney-U tests for non-normally distributed data (A, D).
Each data point represents a gut.
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Figure 6.6. Quantification of dlp knockdown with dip-RNAi-1 shows no changes in EE cells
or proliferation between knockdown and control guts. Knockdown of dlp (5961 > dip-RNAi-
1) does not cause any significant changes to the number of EE cells observed per FOV (control n
=10, KD n = 8) (4), or the % of EE cells observed per FOV normalized to total cell number
(control n = 14, KD n = 8) (B). The number of mitoses observed across the whole gut is slightly
increased (control n = 18, KD n = 16) (C), but it is not statistically significant. All data was
normally distributed, so unpaired t-tests were used for statistical analysis. Each data point
represents a gut.

Figure 6.7. Knockdown of dlp using dip-RNAi-2 does not cause any changes to the posterior
midgut. Knockdown of dlp (5961 > dip-RNAi-2) does not induce any phenotypical changes
compared to control guts. Guts were stained with a-prospero (1:100), a-PH3 (1:1000) and DAPI.
Scale bars in the bottom right corner represent 100um.
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Figure 6.8. Quantification of dlp knockdown with dlp-RNAi-2 shows no changes between
knockdown and control midguts. Knockdown of dlp (59619 > dip-RNAi-2) does not cause
any significant changes to the total number of cells observed per FOV (control n =15, KD n =
17) (A), gut width (control n = 15, KD n = 18) (B), area/FOV (control n = 15, KD n = 18) (C),
or cell density (control n = 15, KD n = 17) (D). All data was normally distributed, so unpaired
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t-tests were used for statistical analysis. Each data point represents a gut.
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Figure 6.9. Quantification of dlp knockdown with dlp-RNAi-2 shows no changes in EE
cells or proliferation between knockdown and control guts. Knockdown of dlp (59619 >
dlp-RNAi-2) does not cause any significant changes to the number of EE cells observed per
FOV (control n =15, KD n = 18) (4), or the % of EE cells observed per FOV normalized to
total cell number (control n = 15, KD n = 16) (B). The number of mitoses observed across the
whole gut is increased (control n = 9, KD n = 6) (C), but the change is not statistically
significant. All data was normally distributed, so unpaired t-tests were used for statistical
analysis. Each data point represents a gut.
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Figure 6.10. Knockdown of dlp using dlp-RNAi-3 does not cause any changes to the
posterior midgut. Knockdown of dlp (5961°° > dilp-RNAi-3) does not induce any phenotypical
changes compared to control guts. Guts were stained with a-prospero (1:100), a-PH3 (1:1000)
and DAPI. Scale bars in the bottom right corner represent 100um.
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Figure 6.11. Quantification of dlp knockdown with dip-RNAi-3 shows no changes between
knockdown and control midguts. Knockdown of dlp (5961 > dIp-RNAi-3) does not cause
any significant changes to the total number of cells observed per FOV (control n =13, KD n =
9) (A4), gut width (control n = 14, KD n = 14) (B), area/FOV (control n = 14, KD n = 13) (C), or
cell density (control n = 13, KD n = 9) (D). Both total cell number and cell density show
increased trends in knockdown guts compared to controls, but this change was not statistically
significant (p = 0.06 in both cases). Unpaired t-tests were used for normally distributed data (A,
D), and non-parametric Mann Whitney-U tests for non-normally distributed data (B, C). Each
data point represents a gut.
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Figure 6.12. Quantification of dlp knockdown with dip-RNAi-3 shows no changes in EE
cells between knockdown and control guts. Knockdown of dlp (5961° > dip-RNAi-3) does
not cause any significant changes to the number of EE cells observed per FOV (control n = 14,
KD n = 12) (4), whereas the % of EE cells observed per FOV normalized to total cell number
shows a decreasing trend (B), but this is not statistically significant (p = 0.09) (control n = 13,
KD n=09). All data was normally distributed, so unpaired t-tests were used for statistical analysis.
Each data point represents a gut.
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Figure 6.13. Knockdown of dlp using dlp-RNAi-4 increases the number of EE cells in
posterior midgut. Knockdown of dlp (5961 > dip-RNAi-4) increases the number of EE cells
in the posterior midgut compared to controls, but does not induce any other phenotypical
changes. Guts were stained with a-prospero (1:100), a-PH3 (1:1000) and DAPI. Scale bars in
the bottom right corner represent 100um.
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Figure 6.14. Quantification of dlp knockdown with dlp-RNAi-4 shows no changes between
knockdown and control midguts. Knockdown of dlp (5961 > dIp-RNAi-4) does not cause
any significant changes to the total number of cells observed per FOV (control n = 14, KD n =
25) (A), gut width (control n = 15, KD n = 26) (B), area/FOV (control n = 15, KD n = 26) (C),
or cell density (control n = 14, KD n = 25) (D). All data was normally distributed, so unpaired
t-tests were used for statistical analysis. Each data point represents a gut.
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Figure 6.15. Dlp knockdown with dip-RNAi-4 significantly increases the number of EE
cells in knockdown midguts compared to controls. Knockdown of dlp (5961 > dip-RNAi-
4) significantly increases the number of EE cells observed per FOV (p = 0.04) (controln = 8§,
KD n =26) (A), whereas the % of EE cells observed per FOV normalized to total cell number,
despite showing an increasing trend, does not significantly change between knockdown and
control guts (B) (p = 0.1) (control n = 8, KD n = 23). The proliferation rates across the whole
gut are not affected by dlp knockdown (C) (control n =22, KD n = 24). Unpaired t-tests were
used for normally distributed data (C), and non-parametric Mann Whitney-U tests for non-
normally distributed data (A, B). Each data point represents a gut.

6.3.2. Validation of the dlp RNAI lines

The previous use of RNAI lines 1-3 during my MBiol project resulted in a high
variability of the results obtained as part of that project, and subsequent validation of the
knockdown lines did not demonstrate appropriate dlp knockdown across all RNAi
constructs (Ferraces-Riegas, unpublished). Therefore, an optimized version of these
validation experiments was initially carried out as part of this PhD project, in order to
elucidate which of the RNAI lines were effectively knocking down the gene of interest
and to understand the lack of effects shown in the immunofluorescence data described
above. For this, whole-gut knockdown of dlp was induced using the temperature sensitive
tub-Gal80%, tub-Gal4 driver (tub-Gal80°; tub-Gal4 > UAS-dlp RNAi 1, tub-Gal80"; tub-
Gal4 > UAS-dlp RNAi 2 and tub-Gal80%, tub-Gal4 > UAS-dlp RNAi 3). At the time of
these experiments, the UAS-dlp RNAi 4 was not available for testing. qRT-PCR analyisis
of these samples and quantification of dlp levels using the AACt method showed that dlp-
RNAI lines 1 and 2 caused an average of 50% reduction in dlp expression, whereas dlp

RNAIi-3 showed ~75% reduction in dlp expression compared to control guts (Figure

6.16).
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Figure 6.16. Validation of dlp RNAi knockdown lines. qRT-PCR analysis of whole gut dlp
knockdown samples with RNAi lines 1-3 (tub-Gal80™; tub-Gal4 > dlp-RNAi) shows a
reduction in dlp expression in knockdown guts compared to controls in all three cases. The
reduction in dlp expression with dlp-RNAi-1 (A) is not statistically significant (p = 0.1),
whereas both dip-RNAi-2 (B) and dIp-RNAi-3 (C) both induce statistically significant
reductions in dlp expression compared to controls (p = 0.008, and p = 0.004, respectively).
All data was normally distributed, so unpaired t-tests were used for statistical analysis. Each
data point represents a sample, and each sample contains 10 whole guts.

6.3.3. The involvement of dlp in the major regulatory pathways in the midgut

In order to understand if dlp is involved in any of the fundamental signaling
pathways in the midgut, guts overexpressing dlp in the stem and progenitor cells of the
tissue (59619 > UAS-dlp 9160) were stained with a-phospho-42/44 MAPK (1:200)
(Figure 6.17) and MAPK-positive cells quantified. Results showed a significant increase
in active MAPK expression in the posterior midgut when dlp is overexpressed (Figure
6.18). This significance was maintained in both total number of MAPK-positive cells
observed per field of view and in the proportion of MAPK-positive cells in relation to the
total number of cells. Thus, these results suggest that dlp overexpression triggers an
increase in MAPK activity, and that dlp could be acting upstream of Ras/MAPK
signalling. Interestingly, the localization of active MAPK also differs between the control
and dlp-overexpressing guts: control guts present cytoplasmic staining of active MAPK,

whereas in the overexpression guts, this staining is exclusively nuclear (Figure 6.18).

182



Similar approaches to study the role of TGF-f through anti-phospho-SMAD
staining (1:100) and anti-phopsho-SAPK/JNK (1:100) were prepared but issues with the
Leica SP5 FLIM microscope used for imaging of all immunofluorescence experiments
meant no data is available for analysis. Similarly, an investigation into the role of the
ECM components collagen IV and actin were initiated in order to determine if, in its role
as an ECM component after cleavage from the cell membrane, dlp has the ability to
interact or affect the expression levels or the distribution of ECM molecules, but data

collection did not take place.
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Figure 6.17. Changes in active MAPK expression in dlp overexpression guts.
Overexpression of dlp (5961°° > UAS-dlp) increases the levels of active MAPK in dlp
overexpression guts compared to controls. Guts were stained with a- phospho-p44/42 MAPK
(Erk1/2) (1:200) and DAPI. Scale bars in the bottom right corner represent 100um.

183



A) Active MAPK-expressing cells B) % active MAPK-expressing cells

- %k
5 150~ s,k 225
o L
w 8 20 a
8 100+ 0 154
® 2
> = a
-] : @
7] a 8_ 10
8 504 :
s £,
o . < 57
< . a = I a
= 0__.1_._'_1—5— 35 0__3_;_n_|_
S g $
by ) S 9
§ o s o
¢ & ¢ g
) L
& &
g {
g K
o o

Figure 6.18. Active MAPK expression significantly increases with dlp overexpression.
Overexpression of dlp (5961 > UAS-dlp) significantly increases the levels of active MAPK
expression in dIp overexpression guts compared to controls (p = 0.003) (control n =6, OE n =5)
(A4). The proportion of active MAPK-positive cells normalized to total cell number is also
significantly enhanced with dlp overexpression (p = 0.008) (control n = 6, OE n = 5) (B).
Unpaired t-tests were used for normally distributed data (A), and non-parametric Mann Whitney-

U tests for non-normally distributed data (B). Each data point represents a gut.

6.4. Discussion

The results presented here show that dlp has a minimal effect, if any, on the
maintenance of tissue homeostasis. Only one of the 4 RNAI lines demonstrated that dlp
knockdown in the stem and progenitor cells leads to a significant decrease in the number
of EE cells in the posterior midgut. Therefore, the conclusions that can be drawn from the
immunofluorescence data are limited, and point to a lack of involvement of dlp in ISC
turnover. Published literature have demonstrated that HSPGs are essential in Drosophila,
at different stages of embryonic and adult development (Lin and Perrimon, 2000;
Nybakken and Perrimon, 2002; You, 2013; Trisnadi and Stathopoulos, 2015) and in the
maintenance of Drosophila gut homeostasis (Wei et al., 2020). However, among the
different HSPG molecules found in the fly, Dlp expression has actually been found to be
low in the midgut epithelium, with most of its expression in the visceral muscle
surrounding the gut tissue (Wei et al., 2020). Thus, it is not surprising that overexpression
and knockdown of Dlp in the ISCs and EBs showed minimal effects on the midgut.

Broadie and colleagues reported DIp expression in the visceral mesoderm in Drosophila
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(Broadie et al., 2011), which raises the possibility that perhaps Dlp expression is more
prevalent in the foregut and the hindgut regions of the fly gut, as they both stem from the
mesoderm from development, whereas the midgut has endodermal origin. Moreover, the
data presented here suggest an EE-specific expression of dlp in the posterior midgut,
which further supports the conclusion that dlp has no effect on ISC maintenance. Future
experiments should focus on elucidating the role of DIp in the stem and progenitor cells
of these gut regions, as the different subregions of the gut have been shown to be
controlled by independent ISC population with their own characteristic functions
(Buchon et al., 2013).

The low expression of Dlp in the midgut reported by Wei and colleagues is
consistent with preliminary experiments that reported low levels of the glypican in the
midgut (data not shown). Thus, in order to elucidate the exact roles of this protein in the
maintenance of the ISC niche, it is important to take both age and gut compartment into
consideration. Moreover, if Dlp expression is low in the midgut, it is not surprising that
DIp knockdown experiments showed any significant changes in the immunofluorescence
experiments shown here. If the levels are inherently low in control guts, further
knockdown could have minimal effects on gut homeostasis. It is worth noting that work
from my MBiol project reported the opposite results, where dlp expression was
significantly increased with age (Ferraces-Riegas, unpublished). Therefore, future work
should prioritise conclusively establishing the expression changes of this glypican with
age, using a different a-dlp antibody and exploring other genetic tools available for the
characterization of dlp expression, such as gene or protein traps. The significant increase
in gut width with age was consistent between the results presented as part of this PhD
project and my MBiol work.

One surprising result was the apparent colocalization of Dlp staining with EE cells
in the posterior midgut. This is not consistent with the initial genome-wide expression
study that has served as the basis of this project, which reported Dlp as a protein
specifically secreted by the stem and progenitor cells of the gut (Doupé et al., 2018).
Moreover, to my knowledge and at the time of this submission, no other papers have
reported Dlp expression in the enteroendocrine cells specifically. Thus, this also
contributes to explain the minimal effects observed in the DIp overexpression and
knockdown experiments: manipulation of Dlp expression was specifically carried out
using an ISC and EB specific Gene Switch driver, so if Dlp is expressed in the EE cells,

this manipulation is not occurring in the normal cells of dlp expression and will not be
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causing any phenotypic changes. Future work should look at the effects of Dlp expression
changes using an EE-specific driver, such as prosGal4™, or a whole-gut driver like fub-
Gal80%, tub-Gal4. The combination of this with the switch in focus to other regions of
the gut of mesodermal origin might provide a clearer picture of the roles of Dlp within
the ISC niche in Drosophila and the maintenance of gut homeostasis, if any. There is
evidence in the literature that supports a role of DIp in the regulation of the stem cell
niche: Dlp is required in the maintenance of the male germline stem cells, whereas Dally
regulates female GSCs (Hayashi et al., 2009), suggesting differing roles for each glypican
in the maintenance of the stem cell niche. HSPGs are key in the regulation of embryonic
stem cell fate in vitro (reviewed by Kraushaar et al., 2013), but the specific role of Dlp is
not described here.

In the context of dlp regulation, there is a significant gap in the literature regarding
the regulation of this glypican in the gut and its involvement in signaling cascades in the
adult tissue, as most of the published data focus on tis roles during development. The
results shown here suggest dlp acts upstream of the Ras/MAPK signaling cascade, but no
other evidence of its involvement in other pathways is available. Published data has
demonstrated that activation of Hippo signaling in the wing imaginal disc causes a
downregulation of Dlp expression (Baena-Lopez et al., 2008). In this same tissue, co-
expression of dlp and dally yields similar phenotypes to overexpression of Yorkie (Yki)
(Baena-Lopez et al., 2008), and since Yki is required in the midgut to drive ISC
proliferation in response to damage, infection or stress (Shaw et al., 2011), it is possible
that Hippo-driven Dlp activity is triggered upon stress induction, in disease states or in
tissue regeneration. Future work should look to elucidate this further, by inducing damage
in the gut tissue and observing the role of dlp in this context, while simultaneously looking
at changes in the different signaling cascades that are known to regulate or be regulated
by dlp or HSPG activity. An initial attempt was made to study this as part of this project,
where guts were damaged using DSS and the proteins of interest were investigated in this
context. However, time constrains meant this avenue was not pursued further.

It is not known if the role of Hippo in ISC proliferation is solely due to Yki activity,
or if Hippo triggers any other signaling pathways downstream. Downregulation of Hippo
signaling leads to increased stem cell proliferation and triggers the expression of
JAK/STAT ligands in an ISC context (Shaw et al., 2011). Loss of DIp directly correlates
with the loss of Unpaired ligand distribution and a reduction in JAK/STAT signalling
(Zhang et al., 2013), suggesting a potential link between Dlp, Hippo and JAK/STAT.
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Therefore, the cooperation of multiple signaling cascades to regulate the ISC niche and
maintain homeostasis cannot be ruled out.

Other signalling pathways have been reported to control HSPG activity in the fly
at different stages of development. Abnormal synthesis of some HSPG family members
has been shown to affect Wg, Hh and Dpp signalling in vitro (Bornemann et al., 2004),
but this study does not look into the specific role of Dlp in this context. It is worth noting
that in the regulation of JAK/STAT, Hh and Wg signaling, DIp has been shown to have
redundant roles with the other Drosophila glypican, Dally (Su et al., 2018), and thus the
possibility that changes to Dlp expression can be compensated by Dally should not be
excluded, and could account for some of the results presented in this chapter.

The elucidation of the role and regulatory mechanism that control Dlp expression
in the Drosophila gut is of great importance, as misregulation of glypicans in Drosophila
and in other organisms are implicated in disease and cancer progression (reviewed by
Filmus, 2001; Nagarajan et al., 2018). Downregulation of GPC4, one of the mammalian
orthologs of Dlp, facilitates proliferation, migration and invasion of tumour cells in breast
cancer in vivo (Munir et al., 2020), suggesting that GPC4, and by direct correlation dlp,
could perhaps have tumour suppressor roles in certain tissues. This role of GPC4 in cancer
progression could be mediated by Wnt/Wg signalling (Sakane et al., 2011). On the
contrary, GPC4 has oncogenic properties in pancreatic cancer, where it is involved in the
maintenance of stemness of the tumour cells and their resistance to chemotherapy through
the activation of the Wnt/f-catenin pathway (Cao et al., 2018). Taken together, these
results, alongside our findings presented in Chapter 8 of this thesis, raise the possibility
that the role of GPC4 is context- and tissue-dependent, and thus does not exclude DIp
from behaving similarly in Drosophila.

Finally, future work should attempt to characterize the expression pattern of Dlp
within the intestinal tissue, in order to determine in which subregions of the gut dlp is
expressed. DIp is a GPI-tethered receptor on the cell membrane, but can also be found in
a soluble form in the ECM after cleavage by Notum (Kreuger et al, 2004). Moreover,
some studies have reported the presence of HSPGs in the nucleus of fibroblasts
(Richardson et al., 2001), which are the main producers of ECM proteins in all organs
(reviewed by DeLeon-Pennell et al., 2020). The translocation of HSPGs to the nucleus
has been well-documented in recent years, proposing important roles of these proteins in
the regulation of cell cycle progression, proliferation and transcription (reviewed by

Stewart and Sanderson, 2014). This translocation to the nucleus is dependent on the
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presence of a nuclear localisation sequence (NLS) within the core protein sequence
(Liang et al., 2014; Stewart and Sanderson, 2014). Although none of these reports use
Drosophila as the model organism, or focus specifically in the potential roles of Dlp in
the nucleus, it raises the possibility of a third localization of DIp within the tissues that

could play important roles in the regulation of tissue homeostasis.

6.5. Conclusions

In summary, the combination of a small pool of genetic manipulation tools and
reagents available for the study of Dlp, as well as the results obtained here, did not provide
sufficient evidence to continue the study of dlp in the context of ISC regulation in the
Drosophila gut. Multiple independent knockdown and overexpression lines suggest dlp
does not have a significant role in the ISCs and EBs of the posterior midgut in normal
homeostasis, but the expression pattern in EEs warrants further characterization. Future
experiments should primarily focus on determining the expression pattern of dlp in the
gut tissue, i.e. which cells express the protein, and the levels of dlp present in intestinal
tissue, particularly in the midgut region. Initial characterization experiments should
follow up on the EE-specific expression of dlp reported here, which contradicts the initial
sequencing study that identified dlp as a protein specifically secreted by stem and
progenitor cells in the Drosophila gut. Manipulation of dlp expression through the use of
an EE-specific driver such as the prosGal4™ line used in other parts of this project would
provide a good indication of the expression pattern. Despite the lack of cellular
phenotype, the data presented here suggests that dlp acts upstream of the Ras/MAPK
signaling cascade, and evidence in the literature highlights its potential links with Hippo
and JAK/STAT signaling, through interactions with the transcriptional activator Yorkie
and the Unpaired ligands, respectively. Evidence in the literature suggests a role for Dlp
in the maintenance of the stem cell niche in certain tissues, as well as its function in the
regulation of ISC proliferation and differentiation. However, no published papers have
looked into the role of dlp within the ISC niche of different gut subregions, which could
be important to understand the involvement of dlp in disease, particularly in cancer
progression, and could perhaps provide a new therapeutic target for drug and therapy

development.
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Chapter 7

The study of SPARC, PLOD, TIMP and
dlp in the context of overproliferative

models of the Drosophila gut

7.1. Introduction

As mentioned in Chapter 1, the maintenance of gut and ISC homeostasis is
regulated by a wide range of signaling pathways, including Notch, JAK/STAT, Hippo,
EGFR/Ras/MAPK, Wnt, INK, the insulin pathway, and BMP/Dpp (reviewed by Miguel-
Aliaga, 2018). The dynamic interplay between all these signalling pathways and any
additional factors and feedback mechanisms is essential to maintain tissue homeostasis
and misregulation of any of these components could give rise to tissue overproliferation
or the depletion of the stem cell population (Yamashita et al., 2005; Doupé et al., 2018;
Ma et al., 2019).

One of the main aims of this project was to characterize the regulatory
mechanisms that control the expression of the 4 genes of interest studied here: SPARC.
PLOD, TIMP and dlp. Data pertaining to this has been presented in the corresponding
chapters, 3-6, where immunofluorescence approaches looked at the levels of active
MAPK, SMAD and SAPK/JNK in the context of overexpression and knockdown of the
proteins of interest in ISCs and EBs. Moreover, QRT-PCR of full-gut knockdowns of
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SPARC and PLOD was used to complement this data, by analysing the effect of gene
knockdown on known targets of several signaling pathways: Notch, JAK/STAT, JNK,
MAPK/RTK, and Dpp.

In summary, SPARC was proposed to act upstream of Ras/MAPK signaling as a
negative regulator of pathway activity, whereas SMAD/TGF-B activity was reduced in
SPARC-overexpressing guts. PLOD levels positively correlated with SMAD, whereas
Ras/MAPK could be negatively regulated by PLOD in the midgut, but results among the
different RNAI lines were variable. Moreover, data suggested PLOD could be upstream
of Notch, but additional replicates are necessary to establish the statistical significance of
the changes observed. TIMP data suggests it is not found upstream of the Ras/MAPK
signaling cascade, whereas dlp is, as the levels of active MAPK staining were

significantly upregulated in dlp-overexpressing guts.

7.2. The regulation of stem cell secreted proteins

In the early stages of this project, initial attempts to elucidate which major
signaling pathways regulated the expression of SPARC, PLOD, dlp and TIMP relied on
the use of three overproliferation models of the Drosophila gut, to test whether
overactivation of three key regulatory signaling pathways affected the expression levels
of the proteins of interest. The three overproliferative models were obtained by:

overactivation of a mutant form of the Ras protein, Ras¥!?

, a key component of the
Ras/MAPK signalling pathway, which can in turn function as a fundamental effector of
the EGFR pathway, which is the major driver of gut turnover; overxpression of Yorkie
(Yki), a transcriptional activator whose function is repressed by Hippo signaling, which
is essential for the maintenance of midgut homeostasis in the fly (Poernbacher et al.,
2012); and overexpression of Unpaired-3 (Upd3), the major ligand of the JAK/STAT
signaling pathway which, when activated, acts to control ISC division (Xu et al., 2011).
These three genes were specifically overexpressed in stem and progenitor cells in the gut,
using the 596165 driver. Immunofluorescence staining was used to validate each model

was working as expected, and confirmed the hypothesis that their overexpression would

drive proliferation in the gut.
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7.3. Results

7.3.1 Overexpression of RasY!2, Yorkie and Unpaired-3 drive overproliferation in

the Drosophila gut

Immunofluorescence analysis demonstrated the hypothesis that overexpression of
RasV!? (5961%% > UAS-Ras85D.V12), Yorkie (5961 > UAS-yki.S1684), and Upd-3
(596195 > UAS-Upd3) significantly increase proliferation in the Drosophila gut (Figure
7.1), as shown by the changes in the mitotic marker phospho-histone-3 (PH3). This

increase was consistent across all three overproliferative models.
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Figure 7.1 . Overproliferative models of the Drosophila gut. Overexpression of Ras"'* (5961
> UAS-Ras""?) increases proliferation in the gut tissue (p < 0.0001) (control n = 77, OE = 91) (A4).
Overexpression of Yorkie (Yki) (5961° > UAS-Yki) increases the number of mitotic cells in the gut
(p = 0.0005) (control n = 53, OE = 59) (B). Overexpression of the JAK/STAT ligand Upd3 (5961%°
> UAS-Upd3) increases the number of proliferative cells in the Drosophila gut (p = 0.001) (control
n=15, OE = 11) (C). All data was normally distributed, so unpaired t-tests were used for statistical
analysis. Each data point represents one whole gut.
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7.3.2. Changes in expression levels of SPARC, PLOD., TIMP and dlp in

oveproliferative models of the Drosophila gut

qPCR analysis of whole gut samples was carried out to analyse any changes to the
expression levels of the genes of interest when each signalling pathway was overactivated
in stem and progenitor cells. The hypothesis was that if the overactivated signalling
pathway regulates any of the proteins of interest, its levels should be significantly
affected: an increase would be expected if the pathway positively regulates gene
expression, or a proportional decrease in RNA levels should be observed if the pathway
negatively regulates gene expression.

Overactivation of the RasV!2

protein did not yield any significant results regarding
expression of SPARC, PLOD, TIMP or dlp (Figure 7.2). PLOD levels are increased,
indicating that perhaps Ras/MAPK controls its expression in stem and progenitor cells,
but this change is not statistically significant. On the contrary, Timp levels are decreased
when Ras/MAPK is overactivated, hence raising the possibility that Ras/MAPK is a
negative regulator of TIMP expression but these changes were not statistically significant.
In summary, we can conclude that Ras/MAPK signaling is not the main regulator of the
expression of these 4 genes in stem and progenitor cells in the Drosophila gut. The extent
of its role in PLOD and TIMP expression remains to be uncovered, and further
experiments are needed to get a clear picture of the role of Ras/MAPK in controlling their
expression.

Similarly, overactivation of Yorkie showed no significant change in SPARC and
PLOD expression (Figure 7.34-B). There was a highly increasing trend in the expression
of Timp when Hippo was overactivated but this change was not statistically significant (
p =0.05) (Figure 7.3C). This result indicates that Timp expression in [ISCs/EBs could be
directly regulated by Hippo signalling, but further experiments are needed to clarify the
significance of these results. The extent of this regulation and how key Hippo is for
appropriate Timp expression in the gut still remains unanswered. Dlp levels remained
unchanged between Yki-overexpressing guts and controls (Figure 7.3D).

Overactivation of JAK/STAT signaling led to a significant increase in SPARC
expression (p = 0.001) (Figure 7.4A4), indicating that this signaling pathway may
positively regulate with SPARC expression. PLOD and TIMP expression also showed an

increase in Upd3-overexpressing guts, but these changes were not statistically significant
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(Figure 7.4B-C). No data is available for dlp, as the primer pairs showed formation of

primer dimers upon validation.
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Figure 7.2. Expression changes of SPARC, PLOD, TIMP and dlp in the guts
overexpressing Ras¥'2. Overactivation of the Ras/MAPK signaling pathway (5961°° > UAS-
Ra""?) does not significantly affect the levels of SPARC (control n = 5, OE n = 6) (4), PLOD
(p=0.1)(n=7) (B), TIMP (p =0.3) (n=4) (C) or dlp (control n =4, OE n = 3) (D). Unpaired
t-test were used for statistical analysis of normally-distributed data (A, C, D), and non-
parametric Mann Whitney-U tests were used for non-normally distributed data sets (B) Each
data point represents one sample and each sample contains 10 whole female guts. OE stands
for overexpression/overactivation.
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Figure 7.3. Expression changes of SPARC, PLOD, TIMP and dlp in the guts
overexpressing Yorkie. Overactivation of the Hippo signaling pathway (5961 > UAS-Yki)
does not significantly affect the levels of SPARC (control n =5, OE n = 6) (4), PLOD (p =
0.3) (control n = 6, OE n = 5) (B), TIMP (p = 0.05) (n = 6) (C) or dlp (n =6) (D). Unpaired t-
test were used for statistical analysis of normally-distributed data (B, C, D), and non-
parametric Mann Whitney-U tests were used for non-normally distributed data sets (A) Each
data point represents one sample and each sample contains 10 whole female guts. OE stands
for overexpression/overactivation.
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Figure 7.4. Expression changes of SPARC, PLOD, and TIMP guts with overactive
JAK/STAT signaling. Overactivation of the JAK/STAT signaling pathway (5961°° > UAS-
Upd3) significantly increases SPARC expression levels (p = 0.001) (control n =4, OE n = 3)
(4). PLOD levels show a small increase with Upd3 overactivation but changes are not
statistically significant (p = 0.3) (n = 6) (B). TIMP expression slightly increases with
overactivation of JAK/STAT signaling, but changes are not statistically significant ( p = 0.2).
(control n =7, OE n = 6) (C). Unpaired t-test were used for statistical analysis of normally-
distributed data (B, C), and non-parametric Mann Whitney-U tests were used for non-normally
distributed data sets (A) Each data point represents one sample and each sample contains 10
whole female guts. OE stands for overexpression/overactivation.

7.3.3. Expression changes of other stem cell-specific secreted proteins

SPARC, PLOD, Timp and dlp were just 4 of the hits identified by Doupé and
colleagues as stem and progenitor cell-specific secreted proteins. In the early stages of
this project, I wanted to determine if there were any other hits from this original study
that could complement the characterization of SPARC, PLOD, Timp and/or dlp, i.e. if
among the other hits that have known mammalian orthologs, there were any proteins
working alongside them. Since the main aim of the project is to elucidate how stem cell-
derived signals could be involved in the misregulation and proliferation of ISCs, and how
these stem cell-derived proteins could be contributing to the maintenance of the niche,
parallel work attempted to test whether the broader set of genes may be regulated by some
of the fundamental proliferative pathways and may warrant further study in the future. In

order to do this, some of these other hits were also studied in the context of the three
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overproliferative models presented in this chapter. The hypothesis was that, if the stem
cell-specific genes are regulated in a similar manner and prior evidence in the literature
has established akin functions between them, perhaps the proteins are working in
consonance or can be found upstream/downstream of each other in the signalling
cascades. qRT-PCR samples of all three overproliferative models were analysed using
primers targeting the following genes: laminin A, B1 and B2 (LanA, LanB1 and LanB?2);
midkine pleiotrophin 1 and 2 (miplel and miple?2); Niemann-pick type C 2a (Npc2a);
Thioester-containing protein 4 (7ep4); the germline stem cell regulator magu; transferrin
2 (tsf2); brainiac (brn); and perlecan (trol). All primers were validated using a wild-type
standard sample. No data is available for trol, as the primers presented the formation of
primer dimers when tested in wild-type flies.

Overexpression of Rass/MAPK signaling significantly increases the expression of
miple2 (p = 0.01), brn (p = 0.01), magu (p = 0.02) and all three of the laminins, LanA (p
=0.04), LanBI1 (p = 0.005), and LanB2 (p = 0.03) (Figure 7.54-C, D, H, J). Tep4 and
Npc2a levels are also increased, but these change are not statistically significant (Figure
7.5F-G). The expression levels of miplel and tsf2 were maintained in RasV!2-
overexpressing guts compared to controls (Figure 7.5D and I). Taken together, these
results show that Ras/MAPK regulates laminin, miple2, magu and brn expression in the
Drosophila gut.

Overactivation of Yorkie leads to increased levels of the laminins LanA and
LanB1, miplel and 2, Npc2a and brn (Figure 7.64-B, C-D, F, H). On the contrary, levels
of Tep4 are decreased (Figure 7.6G), and there is no effect on LanB2 expression (Figure
765C). Overeactivation of Yki had no significant effect on any of these proteins, but the
trends observed hint to a potential regulatory role of Yki on these stem cell-specific
proteins. No data is available for magu and tsf2 in this overproliferative model.

And lastly, overactivation of JAK/STAT signalling significantly increases the
levels of laminin A (p=0.01) (Figure 7.7A), and although increases in the levels of LanB1,
LanB2, miplel, Tep4, Npc2a and magu were also observed (Figure 7.7B-D, F-H), these
were not statistically significant. Interestingly, miple2 levels have a decreasing trend in
overactive JAK/STAT (Figure 7.7E). The levels of brainiac (brn) were maintained in the
overproliferative model compared to control guts (Figure 7.7I). No data is available for

tsf2 expression changes in this model.
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Figure 7.5. Expression changes of ISC/EB-specific secreted proteins in RasV'
overactivated guts. qPCR analysis of the expression levels of stem cell-specific proteins in
guts with overactive Ras"'? signaling pathway (5961°° > UAS-Ras""?). Overaction of the
Ras/MAPK pathway significantly increases the levels of LanA (p = 0.04) (4), LanB1 (p =
0.005) (B), LanB2 (p = 0.03) (C), miple-2 (p = 0.01 ) (£), magu (p = 0.02) (H), and b (p =
0.01) (J). Npc2a levels (F) and Tep4 levels (G) show increasing trends but these changes are
not statistically significant (p = 0.4 and p = 0.07, respectively). The levels of miple 1 (D) and
tsf2 (I) remain unchanged. n = 6 for all samples. Unpaired t-test were used for statistical
analysis of normally-distributed data (A-C, E-J), and non-parametric Mann Whitney-U tests
were used for non-normally distributed data sets (D) Each data point represents one sample
and each sample contains 10 whole female guts.
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Figure 7.6. Expression changes of ISC/EB-specific secreted proteins in YKki overactivated
guts. qPCR analysis of the expression levels of stem cell-specific proteins in guts with
increased Hippo pathway activity (5961 > UAS-Yki). Overactivation of Yki increases the
levels of LanA (p = 0.1) (control n =4, OE n = 3) (4), LanB1 (p = 0.1) (n = 6) (B), miple-1 (p
=0.2) (n=5) (D) miple-2 (p =0.2) (control n =5, OE n =4) (E), Npc2a (p > 0.9) (n=4) (F)
and brn (p=0.7) (H). Tep4 levels (G) show a decreasing trend but this change is not statistically
significant (p = 0.4) (control n = 2, OE n = 5). The levels of LanB2 (C) remain unchanged
(control n = 7, OE n =63) . Unpaired t-test were used for statistical analysis of normally-
distributed data (B, D), and non-parametric Mann Whitney-U tests were used for non-normally
distributed data sets (A, C, E, F, J) Each data point represents one sample and each sample

contains 10 whole female guts. OE stands for overexpression/overactivation.
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Figure 7.7. Expression changes of ISC/EB-specific secreted proteins in Upd3
overactivated guts. qPCR analysis of the expression levels of stem cell-specific proteins in
guts with increased JAK/STAT pathway activity (5961°° > UAS-Upd3). Overactivation of
Upd-3 leads to a significant increase of LanA expression (p = 0.01) (control n = 6, OE n = 3)
(A). The levels of LanB1 (p=0.3) (n=6) (B), Lan B2 (p =0.3) (control n =7, OE n =5) (C),
miple-1 (p = 0.1) (control n = 4, OE n = 5) (D), Npc2a (p =0.4) (n=6) (F), Tep 4 (p =0.3)
(control n = 6, OE n = 5) (G) and magu (p = 0.05) (control n = 3, OE n = 2) (H) all show
increasing trends, but the changes are not statistically significant. Expression of miple-2 (E)
and brn (/) remain unchanged (control n =4, OE n =2). Unpaired t-test were used for statistical
analysis of normally-distributed data (A, B, C, D, F, G, H,I), and non-parametric Mann
Whitney-U tests were used for non-normally distributed data sets (E) Each data point
represents one sample and each sample contains 10 whole female guts. OE stands for
overexpression/overactivation.
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7.4. Discussion and conclusions

In conclusion, these experiments show that JAK/STAT signaling is important in
the regulation of SPARC expression and that this pathway, alongside Hippo and
Ras/MAPK signaling, play varying roles on the regulation of the other proteins studied
in this project. SPARC has been shown to interact with STAT3 by regulating the
phosphorylation of the transcription factor in vitro (Bhoopathi et al., 2011), where it acts
to control the expression of neuronal markers and induce cell cycle arrest in tumour cells
(Chetty et al., 2011). In the context of the Drosophila gut, JAK/STAT signalling in ISCs
is activated to control stem cell division (Xu et al., 2011), but data suggests that in this
tissue, JAK/STAT is part of a wider signaling cascade, which encompasses Notch, Wg
Hh and EGFR, in order to maintain tissue homeostasis (Lin et al., 2009; Lin et al., 2010;
Xuetal., 2011). Hippo, Ras/MAPK and JAK/STAT have all been shown to interact in the
Drosophila midgut, where p38-MAPK activation regulates the expression of the unpaired
ligands through Hippo, TGF-£ and Dpp signaling (Houtz et al., 2017).

One limitation of these experiments were the reduced number of independent
replicates available, compared to the rest of the data presented in this thesis. In some
cases, this limited the statistical analysis of the data and prevented the establishment of
reliable conclusions. Moreover, the sample preparation differs from later work, as the
RNA extraction and cDNA synthesis were not done using readily-available kits, which
increases the changes of variability in the data. Future experiments should look to expand
on this and compare these results with the effects of overexpressing Ras¥!?, Yki and Upd3
in all gut cells and not just in ISC/EB cells, since some of the results presented in this
thesis show the potential expression of the genes of interest in differentiated cells and not
in ISCs and EBs.

The most striking results obtained from this data were the changes in laminin
expression in all three of the overproliferative models. Laminins highly conserved
molecules that play key roles in the regulation of basement membrane assembly and
morphogenesis (Urbano et al., 2009). Disruption of the laminin network has been
described as a consequence of SPARC mutations in embryos (Martinek et al., 2008),
although no SPARC has not been shown to directly affect laminin deposition in the BM
(Morrissey et al., 2016). Laminins have been shown to bind to collagen IV and perlecan
(trol in Drosophila), one of the other stem cell specific hits studied here, suggesting

potential interactions between some of these ISC secreted proteins. Moreover, some
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studies have looked at the relationship between PLOD, collagen and the laminin network
in the fly (Ke et al., 2018). There is also a potential link between TIMP and dlp with
laminins (Broadie et al., 2011; Sun et al., 2021), as both TIMP and dlp play critical roles
in the maintenance of the ECM in the fly, suggesting that laminins in the Drosophila gut
might be part of a network that acts to ensure tissue homeostasis and that SPARC, PLOD,
dlp and TIMP could be found within this network. However, ongoing work in the group
is already focusing on the in-depth study of these proteins in the Drosophila gut, and thus
no further work was carried out as part of this project. No other conclusive results were
obtained and thus further experiments are needed to elucidate the concrete regulatory
mechanism for SPARC, PLOD, TIMP and dlp in the stem and progenitor cells of the
Drosophila gut. The regulatory network that control homeostasis of the Drosophila gut is
extensive, with many components and pathways working in consonance for tissue
maintenance. Thus, the elucidation of a clear control mechanism for SPARC, PLOD,
TIMP and dlp is a challenging feat, since the pool of other proteins and pathways with
the ability to compensate for the misregulation of one another is large. Since no further
conclusions have been drawn from these initial attempts to characterize the signaling
pathways the genes of interest are involved in, the relevant discussion on the significance
of these results in the framework of published data and the rest of the data sets presented

in this thesis can be found in the relevant chapters for each gene.
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Chapter 8

Conservation of SPARC, PLOD, TIMP

and dlp expression in mammalian tissues

8.1. Introduction

As mentioned in Chapters 3-6, there is extensive evidence in the literature that
demonstrates that misregulation of the mammalian orthologs of SPARC, PLOD, Timp
and dally-like protein (dlp) plays important roles in the formation and development of
epithelial tumours (Uhlirova and Bohmnann, 2006; Patel and Edgar, 2014; Liu et al.,
2020; Munir et al., 2020; Gao et al. 2021; Gong et al., 2022). However, no studies have
shown a direct comparison between results obtained from the study of these genes in the
Drosophila gut and their conservation in mammalian models in vitro. In order to
determine the translational application of the results obtained from the study of these
genes in the Drosophila midgut, the final aim of this project was to determine if their
expression pattern was conserved in mammalian tissues, using three-dimensional
spheroid models and tissue samples from human patients. This would imply a potential
conservation in function, and would provide additional suitable models to study the
function of SPARC, PLOD, dlp and TIMP. There is only one SPARC protein in mammals,
but the most closely related mammalian orthologs for Drosophila PLOD, Timp and dlp
were PLOD3, TIMP1 and glypican-4 (GPC4), respectively, based on DIOPT scores and

the range reagents available for their study.
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8.2. Results

8.2.1._ Analysis of SPARC, PLOD, TIMP and dlp expression using definitive

endodermal spheroids

Three-dimensional definitive endodermal (DE) spheroids from iPSCs were
generated and treated to induce endodermal differentiation, since the epithelial lining of
the gut tissue arises from the endoderm during development. In particular, the midgut
section of the Drosophila gut is the only one with endodermal origin, whereas the foregut
and the hindgut arise from the ectoderm (as reviewed by Miccheli, 2012). Spheroids were
imaged and measured at days 0, 1, 3 and 5 of treatment to monitor their growth (Figure
8.14). Spheroid growth was quantified as length and area at each timepoint (Figures 8.1B
and 8.1C). At day 5, samples were embedded in parafinn blocks which were then
sectioned and analysed using immunohistochemical (IHC) and immunofluorescent (IF)
approaches. Moreover, 10 spheroids were processed for RNA extraction and cDNA
synthesis for qPCR analysis.

The immunohistochemical and immunofluorescence analysis of the 3D spheroid
models did not yield any results. Time constraints meant no more than one replicate was
possible for each experiment presented in this chapter and thus, the data available is
limited. Moreover, due to their small size, the handling and sectioning of these samples
requires extensive training and expertise, which hindered the sample preparation and the
acquisition of data even further.

Reverse-transcriptase quantitative PCR (RT-qPCR) analysis of 3D spheroid
samples was performed to determine if there were any changes in SPARC, PLOD3,
TIMP1 and GPC4 RNA levels when endodermal differentiation was induced compared
to controls. An androgen-sensitive human prostate adenocarcinoma cell line, LNCaP,
which has a high level of expression of all genes of interest, was used to test the different
primer pairs. All results presented here are normalized against the ribosomal protein
RPL13a. When tested in LNCaP cells, all SPARC primers presented non-specific
amplification and PLOD3 primers resulted in the formation of primer-dimers. Thus no
spheroid data is available for these two genes. GPC4 levels were increased upon
endodermal differentiation of the 3D iPSC spheroid (Figure 8.24), whereas TIMP1 levels

were maintained compared to controls (Figure 8.2B). However, results showed positive
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expression of TIMP1, which correlates with results from the Drosophila model that

demonstrate expression of the protein in the epithelium.
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Figure 8.1. Generation of 3D endodermal spheroids. Organoid growth from days 0-5 of
treatment for endodermal differentiation induction (A4). Increase in organoid diameter from day
0 to day 5 in control (p < 0.0001) and treated spheroids (p = 0.0003) (B). Increase in organoid
area from day 0 to day 5 in control (p < 0.0001) and treated spheroids (p = 0.0008) (C). Each
data point represents one spheroid.
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Expression changes in definitive-endoderm (DE) 3D Spheroids
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Figure 8.2. Expression changes of TIMP1 and GPC4 in spheroid samples. TIMP expression
does not change upon the induction of endodermal differentiation when compared to control
spheroid expression (p = 0.08) (4). GPC-4 significantly increases in endodermal spheroids
compared to controls (p < 0.0001) (B). Each data point represents one replicate.

8.2.2. Analysis of SPARC, PLOD, TIMP and dlp expression using human prostate

tissue samples

IHC was carried out on formalin-fixed paraffin embedded (FFPE) tissue slides of
human samples to observe the expression pattern of the four proteins of interest in human
tissue. One benign prostatic hyperplasia (BPH) control tissue sample (#11972) was
compared to two localized prostate cancer patient samples (#12872 and #12910).

In BPH controls, SPARC is found in the cytoplasm of the epithelial gland cells
and in basal cells, and there is some SPARC expression in the stroma of the tissue (Figure
8.3). Interestingly, in some cells, SPARC expression localizes to the nucleus. In the
localized prostate tissue samples, SPARC expression in the nucleus seems to have
increased (Figure 8.4), and although still expressed in epithelial cells in sample #12910,
tissue organization in sample #12782 has been lost, making the differentiation of the cell

types complicated (Figure 8.3).
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Control Tissue (BPH)
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12872
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Figure 8.3. IHC analysis of SPARC expression in control and localized prostate cancer
patients samples. Samples were stained with a-SPARC (1:50). Scale bars in the bottom left
corner represent 200um.
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Figure 8.4. Nuclear SPARC expression in localized prostate samples. Enhanced images of
SPARC staining in localized prostate cancer samples show high levels of SPARC expression
in the nucleus of epithelial cells. Lower levels of nuclear expression were also observed in
BPH controls. Scale bars in the bottom left corner represent 200um.

PLOD3 is highly expressed in the basal cells in control prostate tissue, as well as
in the cytoplasm of the epithelial cells and in the stroma surrounding the tissue (Figure
8.5). In prostate cancer samples, cytoplasmic expression seems to be conserved compared
to controls, with PLOD3 accumulation in basal cells (Figure 8.5). This increase in PLOD3
staining intensity could also represent an increase in PLOD3 in the basement membrane
of the epithelial cells. Interestingly, PLOD3 seems to localize to the nucleus in prostate
cancer samples, whereas its expression in the control tissue samples is exclusively
cytoplasmic in the epithelial and basal cells of the prostate glands (Figure 8.6).

TIMP1 expression is not as pronounced as the other proteins of interest, with most
of the expression localizing to the cytoplasm of epithelial and basal cells, and some
expression in the stroma (Figure 8.7). Some nuclei in the BPH control express low levels
of TIMP1, and this seems to be increased in localized prostate (Figure 8.8). Overall, the
levels of TIMP1 expression do not present any striking changes in localized prostate

cancer compared to the hyperplastic prostate control.
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Control Tissue (BPH)
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12872
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Figure 8.5. IHC analysis of PLOD3 expression in control and localized prostate cancer
patients samples. Samples were stained with a- PLOD3 (1:50). Scale bars in the bottom left
corner represent 200um.
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Control Tissue (BPH) ’

Localized Prostate Cancer Tissue e

Figure 8.6. Nuclear expression of PLOD3 in control and localized prostate patient tissue
samples. Enhanced images of IHC analysis show translocation of PLOD?3 expression to the cell
nucleus in cancer tissue samples. No PLOD3 staining in nuclei was observed in BPH controls.
Scale bars in the bottom left corner represent 200um.
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Control Tissue (BPH)

Figure 8.7. IHC analysis of TIMP1 expression in control and localized prostate cancer
patients samples. Samples were stained with a a-TIMP1 (1:50). Scale bars in the bottom left
corner represent 200um.
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Localized Prostate Cancer Tissue -7

Figure 8.8. Nuclear expression of TIMP1 in localized prostate patient tissue samples.
Enhanced images of [HC analysis show TIMP1 staining in cell nuclei in cancer tissue samples.
Some level of nuclear staining was also observed in BPH controls. Scale bars in the bottom left
corner represent 200um.

Glypican 4 is highly expressed across all samples (Figure 8.9), with very dark
staining in the cytoplasm of epithelial cells, basal cells and in the stroma. GPC4 is also
found expressed in some nuclei in the BPH controls. The two localized prostate cancer
samples differ slightly in their distribution of GPC4. The expression pattern in sample
#12910 is consistent with that observed in BPH but GPC4 seems to have moved to the
basal cells of the glands, as observed by a lighter staining in the cytoplasm of the epithelial
cells and a darker pattern of the basal cells compared to controls. On the contrary, sample
#12872 presents higher cytoplasmic expression in the remnants of the prostate glands,

with a higher colocalization of GPC4 in the nucleus compared to controls samples.

8.3. Discussion

In summary, the results presented here have shown that all 4 genes of interest have
conserved expression in prostate tissue samples, and both TIMP1 and GPC4 are also
expressed in 3D definitive endoderm spheroids. SPARC, PLOD3, GPC4 and TIMP1 are
expressed in the epithelial, basal and stromal cells in prostate tissue, indicating a wide-
spread expression pattern of these proteins in different cell types. Prostate stem cells are
thought to reside in the basal layer of the tissue (Taylor et al., 2010), and therefore, these
results suggest that the stem cell-specific expression of all 4 proteins could be conserved

between Drosophila and mammalian models.
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Figure 8.9. IHC analysis of glypican-4 (GPC4) expression in control and localized
prostate cancer patients samples. Samples were stained with a-GPC4(1:50). Scale bars in
the bottom left corner represents 200um.
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8.3.1. SPARC

Secreted protein acidic and rich in cysteine (SPARC) is a collagen-binding
glycoprotein that plays important roles in the extracellular matrix (Hu et al., 2020). Both
Drosophila and mammals present a single SPARC gene, with 30% protein sequence
identity between them (Martinek et al., 2002), but the fly protein is functionally and
structurally less complex than its mammalian ortholog. SPARC plays many roles within
the tissue, including cell cycle control, differentiation and migration (Liu et al., 2020),
but its most studied feature is its context-dependent role in tumour development, where
SPARC can present oncogenic or tumour suppressor properties depending on the tissue
type, the tumour characteristics and disease stage (reviewed by Ghanemi et al., 2020).

Characterization of SPARC expression in prostate tissue has revealed that this
protein is found in the cytoplasm of glandular epithelial cells and in the basal cells, at
moderate to low levels, with weaker staining in some stromal cells (Thomas et al., 2000).
According to the Human Protein Atlas (HPA) database, SPARC is mainly found in
connective tissue, i.e. the ECM, and it is enriched in the cytoplasm of fibroblasts in
prostate tissue. Specifically, intracellular SPARC is found in cytoplasmic vesicles. This
expression pattern was consistent in both healthy prostate tissue and in tumour samples,
but elevated SPARC expression was observed in transformed cells, i.e. cells that have
acquired a malignant phenotype, and in metastatic foci (Thomas et al. 2000). This
expression pattern is consistent with our data, although it is worth noting that the data
available in the HPA shows low or negative staining of SPARC in some prostate samples,
indicating that the expression levels of SPARC in prostate tissue have high variability
among patients.

The notion that SPARC localizes to the nucleus was first brought to light in 1999
by Gooden et al., where they demonstrated that SPARC was taken up into the nucleus of
embryonic chicken cells, and proposed that SPARC might play similar roles in the nuclear
matrix as it does in the extracellular matrix (ECM). In mouse epithelial cells, reduction
of SPARC levels causes the protein to translocate to the nucleus through passive diffusion
across the nuclear pores, therefore proposing the idea that SPARC is not only an
extracellular protein, but that it also exists in an intracellular form that plays important
roles in the maintenance of homeostasis (Yan et al., 2005). Since then, many other groups

have shown expression of nuclear SPARC in a variety of cells. However, there is a gap in
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the literature regarding the nuclear localization of SPARC in prostate cancer tissue, as
proposed by our data.

As mentioned in Chapter 3, the function and regulation of SPARC is tissue- and
context-dependent. The role of SPARC in prostate cancer, however, is well-characterized,
and results across published literature are consistent in the oncogenic properties of
SPARC in this tissue. DeRosa et al. showed that SPARC expression is increased in
prostate cancer, where it forms a network with 12 associated genes that promote the
formation of bone metastasis, thus highlighting the use of this protein as a marker of
tumour aggressiveness. Increased SPARC expression in prostate cancer correlated with
higher malignancy, increased invasive potential of cells and poor prognosis (Liang et al.,
2010). Moreover, SPARC is enriched in endothelial cells and in some immune cells,
including neutrophils, and can be found circulating in the blood (HPA).

SPARC is responsible for the regulation of markers such as E-cadherin,
cytokeratin-18 and ZEB1, where their expression is inversely correlated, i.e. increased
SPARC levels reduces the expression of epithelial markers in prostate tissue (Lopez-
Moncada et al., 2022). Thus, SPARC plays an important role in triggering epithelial to
mesenchymal transition (EMT) in prostate cancer, and some reports have hypothesized
that this is due to the SPARC-mediated triggering of the p38-MAPK signalling cascade
(Wang et al., 2019). SPARC has also been proposed to regulate invasion of PCa cells
through its interaction with integrin Bl (Shin et al., 2013). Recent results from a
bioinformatics analysis of SPARC function in prostate cancer are consistent with
published in vitro data that highlights SPARC as a useful biomarker of human prostate
cancer aggressiveness (Chekhun et al., 2024).

In summary, the expression pattern of SPARC presented here correlates with that
described in the literature and in online databases, and demonstrates the expression of this
protein both in BPH and in localized prostate cancer. Moreover, the observations made
here correlate with results presented in Chapter 3, where the SPARC expression pattern
in the fly could be found through the tissue, in both the epithelial and stromal

compartments.
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8.3.2. PLOD3

PLOD (procollagen-lysine, 2-oxyglutarate, 5-dioxygenase) is an enzyme
responsible for the post-translational modifications (PTMs) of collagen molecules
(D’Aniello et al., 2021; Xu et al., 2021) with key roles in ECM deposition (Yamada et al.,
2019; Zhang et al., 2021).

In mammals, the PLOD family consists of three genes: PLOD1, PLOD2 and
PLOD3 (Zhang et al., 2021), whereas the fly Drosophila melanogaster only has one copy
of the PLOD gene. The protein sequence of Drosophila PLOD is highly homologous to
PLOD3, sharing 45% identity and 66% similarity, and both proteins have the same
hydroxylase and glycotransferase activity (Bunt et al., 2011).

The expression pattern of PLOD3 presented in this chapter is consistent with that
found in the HPA database, where PLOD3 localizes to the cytoplasm of the epithelial
cells, as well as to some stromal cells, but in lower levels. According to the HPA database,
PLOD3 is found in the cytoplasm of most tissues, as well as throughout the ECM. PLOD3
has low tissue and immune cell specificity, and, interestingly, immunoassays of PLOD3
did not detect the protein in the bloodstream.

The function of mammalian PLODs in the context of cancer has been extensively
studied, and evidence in the literature demonstrates that all three mammalian PLODs
carry out slightly different functions during tumour development, i.e. their functions are
not fully redundant, but PLOD expression could be mutually exclusive in certain
instances (Guo et al., 2021). A relationship between PLOD1 expression and prostate
cancer has been established, with its overexpression correlating with poor prognosis
(Ross et al., 2020), but the specific role of this molecule or PLOD2/3 in prostate tumours
is yet to be elucidated. Analysis of pan-cancer data from The Cancer Genome Atlas
(TCGA) by Shi et al. showed that PLOD3 expression is significantly increased in prostate
adenocarcinoma compared to normal prostate tissue. Despite the significant gap in the
literature regarding PLOD3 function in prostate cancer, the role of PLOD3 in the
development of other epithelial cancers has been largely documented. PLOD3 is highly
enriched in melanoma, and it is a prognostic biomarker in colorectal and cervical cancer,
where increased PLOD3 expression correlates with poor patient survival (HPA).
Similarly, PLOD3 expression increases in bladder cancer compared to normal tissue at
both the mRNA and protein levels (Chen et al., 2023). Metastatic lesions of ovarian cancer

present enhanced expression of PLOD2 and PLOD3, with high PLOD3 expression
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correlating with worsened survival of patients (Guo et al., 2021). One key characteristic
of PLOD3 is its association with gap junctions and its correlation with connexin-43
expression (Gou et al., 2021; Lyu and Feng, 2021), as well as its ability to bind to MMP-
9 and remodel the ECM to facilitate migration of tumour cells (Baek et al., 2018)

In summary, the expression pattern of PLOD3 presented here correlates with that
found in online databases, demonstrating this protein is present in prostate tissue. The
accumulation of PLOD3 in the basal compartment of the prostate glands in BPH samples
could indicate PLOD3 expression in stem cells, which correlates with the expression
pattern suggested in the fly model. However, experimental limitations and a lack of
evidence in published literature restrict the extent of the conclusion that can be drawn
from this. In any case, PLOD expression is found in mammalian tissue and its roles in
epithelial tissues correlate with those presented in Chapter 4 of this thesis, even if the

evidence in prostate tissue is limited.

8.3.3. TIMP1

Tissue inhibitors of metalloproteinases (TIMPs) are important regulators of the
ECM and tissue remodelling (Brew and Nagase, 2010). Besides their role as inhibitors of
metalloproteinase activity, TIMPs are involved in cell migration, differentiation, and
synaptic plasticity, as well as in many aspects of tumour development (Brew and Nagase,
2010).

While the Drosophila genome encodes a single TIMP gene (Hughes et al. 2020),
mammals have 4 TIMP genes (TIMP1-4), which present 40% identity in their protein
sequence (Nagase and Murphy, 2008), and extensive functional redundancy despite
having independent regulatory mechanism (Murphy, 2011).

Selective TIMP1 expression has been documented in glandular cells in the
prostate, according to data obtained from the HPA database. This is consistent with the
observations from the IHC data presented in this chapter, although no expression in the
basal or stromal cells is documented.

The role of TIMPI in prostate cancer has been extensively studied over the last
few decades. TIMP1, a negative regulator of matrix metalloproteinase-9 (MMP-9)
activity (Reis et al., 2011), is expressed at low levels in the vast majority of prostate
tumours (Pacheco de Moraes et al., 2021). TIMP1 is expressed at low levels in prostate

cancer compared to benign prostatic hyperplasia (BPH) controls (Reis et al., 2011). In
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BPH, TIMP1 is mainly found in granules in the epithelial cells, and the significant
reduction in its expression has been demonstrated in prostate adenocarcinoma
(Babichenko et al., 2014), as well as in an in vitro system (Dong et al., 2001). Brehmer et
al. showed differential TIMP-1 expression between healthy and tumour epithelium in
prostate tissue: benign prostate epithelium presented high intensity of TIMP-1 staining
using IHC, whereas the tumour tissue had weak to no staining. TIMP-1 levels were also
higher in the stromal cells compared to the prostate epithelium (Brehmer et al., 2003).
gRT-PCR analysis of TIMP1 expression showed that protein levels are
significantly increased in BPH tissue samples when compared to LNCaP cells, indicating
a significant reduction in TIMP1 in prostate cancer cells compared to healthy tissues, and
suggesting a tumour suppressor role for TIMP1 in prostate cancer (Yang et al. 2021). This
same study also demonstrated that TIMP1 reduces the migratory and invasive capacity of
LNCaP cells (Yang et al., 2021). Loss of TIMP1 expression in prostate cancer correlates
with increased aggressiveness and metastatic potential, and poor prognosis (Guccini et
al., 2021). Interestingly, TIMP1 has been shown to control the senescence programme of
prostate cancer cells, thus controlling the metastatic capacity of the tumour (Guccini et
al., 2021). Reis et al. demonstrated that the reduction in TIMP1 expression in prostate
cancer is accompanied by an increased expression of MMP-9 (Reis et al., 2011). Thus,
the aggressive phenotype that has been widely associated with low TIMP1 expression in
prostate tumours is not solely due to the decreased levels of the MMP inhibitor, but is
rather a combination of this and the proportional increase it triggers in MMP9 activity.

No papers have described the translocation of TIMP1 to the nucleus in tumour
cells, so further analysis is needed to confirm the observations made here regarding the
presence of TIMP1 staining in the nuclei of localized prostate cancer tissue samples.

In summary, the expression pattern of TIMP described here in both BPH and
prostate cancer samples correlates with that found in the literature: we identified TIMP1
expression in the cytoplasm of epithelial cells, as well as some expression in the
surrounding stroma. However, we did not observe a difference in the intensity of staining,
i.e. in the expression levels of TIMP1, between BPH and localized prostate samples,
which is not consistent with published literature (Babichenko et al., 2014). Similarly to
the other proteins studied here, TIMP1 is expressed in the basal cells of the tissue, where
the stem cell population is thought to be located, and therefore, this suggests that the
expression pattern of TIMP in the fly model is conserved in mammalian tissues. It is

worth noting the limitations of this study that could account for this inconsistency: as
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mentioned previously, time constraints prevented the analysis of multiple replicates for
IHC, and therefore the observations described here are based on a single tissue section
for each sample. Moreover, the TIMP1 antibody employed for our analysis was
discontinued shortly after, preventing any comparison between this data and future

analyses.

8.3.4. GPC4

Glypicans (GPCs) are members of the heparan sulfate proteoglycan (HSPG)
family that are found tethered to the plasma membrane of cells through a
glycosylphosphatidynositol (GPI) anchor (Filmus, 2001). Besides their expression on the
cell surface, glypicans can also be found in the basement membrane of epithelial tissues
and highly expressed throughout the extracellular matrix (Thota and Chignalia, 2022). In
mammals, the glypican family is made up of 6 members (GPC1-6) (Filmus et al., 2008),
whereas D. melanogaster only has two glypicans, Dally and dally-like (dlp) (Nakato et
al., 2021). The mammalian orthologs for dlp are glypicans 1, 2, 4 and 6 (Filmus et al.,
2008). Glypicans are important regulators of growth factor signalling, where they control
the formation of morphogen gradients and thus play key roles during development (Li et
al., 2020; Wang et al., 2021). Abnormal expression of the different glypican family
members has been reported in multiple types of cancer and at different stages of tumour
progression.

According to the HPA database, GPC-4 is found in glandular cells, in some basal
cells, and in smooth muscle cells, but expression in stromal cells is significantly lower
than those presented in this chapter. GPC-4 expression localizes to the plasma membrane
but can also be found in the nucleoplasm of prostate cells. GPC-4 is also a favourable
prognostic factor in renal and lung cancer.

In a prostate tissue context, GPC-4 is expressed in LNCaP and C4-2B cells, and
its expression is increased 3-fold in PC3 cells (Murillo-Garzén et al. 2018). GPC4 is also
increased in pancreatic and colorectal cancer, where it has oncogenic properties, whereas
in breast and ovarian cancers, GPC4 acts as a tumour suppressor (Li et al., 2020; Munir
et al., 2020; Muendlein et al. 2023). Grillo et al. showed that higher expression of GPC4
in breast cancer patients correlates with prolonged survival. However, in ER-negative
breast cancer tissues, lower levels of GPC4 prolonged the remission-free survival rates of

the patients (Grillo et al., 2021). These seemingly contradictory roles of GPC4 in prostate
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cancer resemble the roles of dlp in the Drosophila gut, where the HSPG molecule acts as
a morphogen that can adjust its function depending on its environment.

The main glypican associated with prostate cancer is glypican-1 (GPC-1), and its
role has been widely studied. In healthy prostate tissue, GPC1 is found at low levels in
epithelial cells, whereas in tumours samples epithelial expression was further decreased
and accompanied by an increase in GPC-1 expression in the surrounding stroma
(Suhovskih et al. 2013). This same paper demonstrated that GPC1 expression is enhanced
in prostate cancer both at the mRNA and protein level. The aggressive PC3 cell line also
shows increased expression of GPC-1, which promotes cell growth and migration (Quach
et al., 2019). However, this glypican had the opposite effect on another prostate cancer
cell line with a similar aggressive phenotype, suggesting a context- and tissue-dependent
role of GPC1 in prostate tumour development (Quach et al., 2019). qRT-PCR analysis of
GPC1 expression in healthy prostate tissue and BPH samples showed that no mRNA
expression of GPC1 was detected in healthy prostate tissue whereas in BPH, GPCl1
expression was weak and only found in 1 out of 4 cases (Suhovskih et al. 2013)

Interestingly, GPC5 has also been found in to be expressed in prostate tumours,
where its expression is reduced compared to controls (Zhang et al. 2016). Here, GPC5
promotes epithelial-to-mesenchymal transition in the tumour cells by inhibiting the
Wnt/Beta catenin pathway (Sun et al., 2018). GPC5 is the mammalian ortholog of the
other Drosophila glypican, Dally (Filmus et al., 2008)

In summary, the results presented here showed very high expression of GPC4 in
in epithelial cells, basal cells and in the stroma of BPH and localized prostate cancer tissue
samples. Because of the overlapping and redundant roles of glypicans in tumours, and
their seemingly morphogenetic properties, further in-depth analyses are needed to
characterize the role of GPC4 in localized prostate cancer. The fly data presented in
Chapter 6 also shows minimal changes to gut homeostasis when dlp expression levels are
altered in the intestinal stem cells of the Drosophila gut. Taken together, these results
indicate that perhaps both dlp/GPC4 have highly-specific context- and tissue-dependent
roles. Thus, further studies are needed to characterize the function, expression pattern and

regulation of GPC4 in localized prostate cancer.
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8.4. Conclusions

In summary, the mammalian orthologs all four proteins of interest, SPARC,
PLOD, dlp and TIMP are expressed in prostate tissue samples and in 3D definitive
endoderm spheroid models. Moreover, the expression pattern seems to be conserved: all
4 proteins are expressed in the basal compartment of the prostate glands in tissue samples,
which suggests the potential likelihood that the mammalian orthologs of the ISC-secreted
proteins are also expressed in the stem cells in prostate tissue. All four proteins are also
found in the stromal compartment, which is consistent with the ECM expression and
ECM-related roles documented in the fly. This conserved expression pattern could
suggest the conservation of their function within the tissue, but the presence of multiple
mammalian orthologs for each fly proteins raises the possibility of overlapping functions
in the mammalian systems. Thus, these results highlight the benefits of using Drosophila
as a model system to study the roles and expression of these proteins in epithelial tissues,
and confirms that these in vitro models are suitable for future work exploring the function

of these proteins.
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Chapter 9

Thesis Discussion and Future

Perspectives

9.1. Summary of findings

The aim of this project was to determine if stem cell-secreted factors play key
roles in the regulation of stem cell homeostasis, their potential contributions to the ISC
niche, and to understand their functions to provide insight into the ISC dysregulation in
disease. In order to do this, the project aimed to characterize the function, expression
pattern and regulatory mechanisms of SPARC, PLOD, TIMP and dlp using Drosophila
midgut ISCs as the model system. Furthermore, the characterization of their expression
pattern and conservation in human intestinal tissue and in vitro mammalian models was
the final aim of this PhD, to form the basis of future work.

The work presented here has demonstrated that SPARC, PLOD and TIMP play
active roles in the regulation of intestinal stem cell homeostasis and the maintenance of
the gut tissue, and insight into the signaling cascades the proteins are involved in has been
provided. While a homeostatic role is lacking at the cellular level, it is possible that dlp
does an effect in the gut tissue in specific contexts such as damage, which warrants further

exploration.
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SPARC has been shown to play a role in controlling the proliferation of midgut
ISCs, as well as in the regulation of differentiation, as observed by an increase in EE cells
when SPARC expression levels were elevated. Changes to SPARC expression in the
intestinal and progenitor cells of the gut are accompanied in some cases by phenotypic
changes in the gut tissue, which highlights a potential role in the maintenance of the
homeostatic balance of the intestinal epithelium. The expression pattern of SPARC
suggested here is not consistent with previous work that described this protein as
specifically secreted by stem and progenitor cells of the tissue. Here, data shows that
SPARC is expressed in a small subset of differentiated cells in the posterior midgut, but
this project was not able to conclusively establish if SPARC is expressed in the absorptive
enterocyte cells or the secretory enteroendocrine cells. SPARC plays key roles in collagen
deposition and BM assembly in the epithelial tissue, and results presented here suggest
that misregulation of SPARC could perhaps affect the actin filament network as well.
SPARC has been shown to act upstream of the Ras/MAPK signaling pathway, and a
potential upstream regulatory role of Notch signalling has been proposed, but the results
were not robust enough to conclusively determine this.

PLOD plays an important role in the regulation of ISC homeostasis. Knocking
down PLOD in the ISC and EBs in the Drosophila gut alters the distribution of cells in
the posterior midgut, and seems to favour differentiation into EEs. The data shown here
are consistent with the sequencing study (Doupé et al., 2018) that identified PLOD as an
ISC/EB-specific protein, but the preliminary data obtained from use of a nuclear
localization sequence tagged with GFP suggests that PLOD might also be expressed in
absorptive ECs. PLOD is proposed to regulate a range of signalling pathways in the fly
gut, including Rass/MAPK, TGF-f (through the SMAD proteins), and Notch, which is
consistent with the data reported in the literature in other tissues and organisms.

TIMP also contributes to the maintenance of ISC homeostasis. Overexpression of
TIMP in ISCs and EBs increases the number of EE cells in the posterior midgut,
suggesting a role for TIMP in ISC differentiation. On the contrary, knockdown of TIMP
increases proliferation in the gut epithelium and significantly reduces the lifespan of the
fly, suggesting that a reduction in TIMP levels could lead to tissue hyperplasia and disrupt
tissue homeostasis. Further characterization of the function, expression pattern and
regulation of TIMP has proven difficult because the lack of reliable tools available for its

study, but results from this project and published data suggest a role for MAPK signalling
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in the regulation of TIMP in the Drosophila gut, but the location of the inhibitor within
the signalling cascade is yet to be determined.

There is a lack of evidence to conclude dlp contributes to the ISC niche and the
maintenance of homeostasis. Multiple independent knockdown and overexpression lines
suggest dlp does not have a significant role in the ISCs and EBs of the posterior midgut
in normal homeostasis, but despite the lack of a cellular phenotype, the data presented in
this thesis suggests that dlp could act upstream of the Ras/MAPK signaling cascade.

Moreover, this project showed that the expression pattern of all four proteins was
conserved in human prostate tissue samples, with expression of the mammalian orthologs
of SPARC, PLOD, dlp and TIMP in the basal compartment of the tissue suggesting a
potentially-conserved stem cell expression pattern in human tissues. This conservation in
expression raises the possibility that the function of these proteins is also conserved
between Drosophila and humans, highlighting the advantages of using the simpler
Drosophila model system to study epithelial stem cell homeostasis.

Overall, this project has shown that SPARC, PLOD and TIMP may contribute to
the regulation and maintenance of the ISC niche, and misregulation of their expression
disrupts the intestinal epithelium in the fly. A summary of the main changes to gut
morphology observed as a result of the overexpression and knockdown of the 4 genes of
interests can be found in Table 6. The aim of this work was to provide evidence that the
ISCs contribute to the regulation of their own niche, and that, although the surrounding
microenvironment, ECM and other tissue cells contribute to ISC regulation, the stem cells

themselves are capable of substantially contributing signals to their own niche.

9.2. Limitations and future perspectives

Any work comes with its limitations, and the work presented here is no exception.
The limited number of samples available for some experiments prevented any statistical
analysis to be carried out and therefore, the ability to draw conclusions from these data
sets is restricted. Changes to the qRT-PCR sample preparation half-way through the
project could have also translated in a small variability to the data obtained, and the
quality of the dissections at early stages of the project should also be taken into account.
In regards to the mammalian data shown here, time and facility access were big

constraints, as shown by the single replicate for each experiment. This has bigger
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implications, as the takeaways from this data set cannot be quantitatively compared to the
fly model, and all observations are qualitative.

Moreover, issues beyond my control, including the temporary shut-down of the
electron microscopy facility, administrative set-backs regarding the collaboration at
Newcastle University, the many damages to the microscope, complications with the
delivery of fly lines, and the restriction of lab access during the first 8§ months of my PhD
due to the Covid-19 pandemic, have had a big impact on the work presented here.

All of this has left gaps for future work to consider. The expression patterns for
each protein described in this thesis provide an initial framework form which to build a
clear picture of the distribution of these proteins in the intestinal tissue. The use of a
specific EE cell driver, prosGal4'™, was employed to understand if EE-specific
manipulation of SPARC had an effect on midgut homeostasis, after some results
suggested SPARC is expressed in EE cells in the tissue.

In regards to establishing a clear function and regulation of each of these proteins,
the work presented here has shown the effects of knockdown and overexpression on
protein expression in the gut tissue, but a lack of consistency between different
knockdown lines and in comparisons between knockdown and overexpression
phenotypes (7able 6) means additional tools required to solidify conclusions. An obvious
next step would be to explore the effects of loss of function mutations in these proteins
on the maintenance of homeostasis, particularly for SPARC and PLOD, which have
provided the most solid evidence for future work. For example, the use of MARCM
(Mosaic Analysis with a Repressible Cell Marker) would be valuable in this context, as it
allows the labelling of cells derived from a common progenitor as well as the generation
of homozygous mutations within these labelled cells (Lee and Luo, 2001; Wu and Luo,
2007). Moreover, the generation of functional gene knockouts, thought the use of single
guide RNAs (sgRNAs) (Hiranniramol et al., 2020) would also provide additional
information on protein function. These two additional approaches to manipulate gene
expression would contribute to the understanding of the function and regulation of
SPARC, PLOD, TIMP and dlp.

Some published data hints to the possibility that these 4 proteins, in their role in
the regulation of ECM composition and mechanical properties, could be linked within the
same network to regulate ISC and tissue homeostasis. Three of the proteins of interest
studied as part of this project have important roles in BM formation and integrity: SPARC,
PLOD and the HSPG dlp (reviewed in Isabella and Horne-Baldovinac, 2015; Pozzi et al.,
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2017). Moreover, dlp can be found in a soluble form in the ECM when it is cleaved by
the lipase Notum from the cell surface, raising the possibility that it has additional roles
in the regulation of the ECM, much like SPARC, PLOD and TIMP. Therefore, the
interplay between these four proteins in the maintenance of the ISC niche and gut
homeostasis cannot be ruled out. Page-McCaw and colleagues reported that Dlp is a
positive regulator of the germline stem cell niche, where proliferation is mediated by
matrix metalloproteinases (Page-McCaw et al., 2014), thus suggesting the possibility that
dlp and Timp act in consonance to regulate Wnt signaling and maintain its homeostatic
balance in the niche. In a similar manner, SPARC and PLOD could be working in
consonance to regulate collagen formation and distribution in epithelial tissues. Thus,
future work should aim to characterize this further, through the generation of fly lines that
allow for the the study of SPARC and PLOD expression with a collagen reporter in the
background. Attempts to do this were started as part of this project, through the generation
of a stable 5961GS,vkg::GFP line, as well as a vkg::GFP/SM6a, TIGS/TM6C line, but
the time limit prevented this from being taken further. These driver lines with the
fluorescent vkg reporter could then be crossed to SPARC and PLOD overexpression and
knockdown lines to directly study the effects of SPARC and PLOD manipulation on
collagen.

All of this would provide a greater understanding of the roles of SPARC, PLOD,
TIMP and dlp in the regulation of ISC homeostasis, their contributions to the stem cell
niche and their involvement in the maintenance of tissue homeostasis. The hope is that
this research can provide a solid rationale for the study of these proteins in the regulation
of ISCs, for the use of Drosophila as a model to study epithelial stem cell homeostasis,
and contribute to the identification of potential therapeutic targets for disease treatment,

particularly for cancer development.
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Table 6. Summary of results of Drosophila data. This table summarizes the main significant changes, presented in Chapters 3-6 of this thesis, as a results of the

overexpression or knockdown of the 4 genes of interests in the ISC and EBs of the Drosophila midgut.

Gene of Interest | Genetic Drosophila line | Total number of | EE cells % EE Cell Density Number of
manipulation cells in the gut cells/FOV proliferating cells
SPARC Overexpression | 77924 Decrease Decrease No difference Decrease Decrease
Knockdown 40885 Decrease No difference | No difference No difference Decrease
16677 No difference No difference | No difference No difference Increase
PLOD Knockdown 67935 No difference Increase Increase No difference Increase
34911 No difference No difference | No difference No difference | No difference
454848 Increase Decrease Decrease No difference No difference
TIMP Overexpression | 58707 No difference Increase Increase No difference | No difference
58708 Increase Increase Increase Increase No data available
Knockdown 61294 No difference No difference | No difference No difference | No difference
15372 No difference No difference | No difference No difference Increase
dlp Overexpression | 9160 No difference No difference | No difference | No difference | No difference
Knockdown 34089 No difference No difference | No difference No difference | No difference
34091 No difference No difference | No difference No difference | No difference
50540 No difference No difference | No difference No difference | No difference
10299 No difference Increase No difference No difference No difference
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