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Abstract:
Stem cells are a class of undifferentiated cells that have the unique ability to give rise to a variety
of specialized cell types during tissue development and growth. These cells communicate amongst
one another by sending and receiving signals from multiple pathways that regulate cell fate
decisions by promoting either self-renewal or differentiation. The Notch, and JAK/STAT signaling
pathways are central regulators of multicellular development and are vital for tissue maintenance.
The interplay between the Notch, and JAK/STAT pathways required for tissue homeostasis has
not been fully elucidated, particularly as it relates to the intestinal epithelium. I utilize the
Drosophila melanogaster midgut as a model system to study stem cell dynamics and more
specifically, how Notch and JAK/STAT signaling cooperatively regulate intestinal stem cell
turnover. In order to accomplish this, I employed both traditional and optogenetic methods to elicit
Notch blockade and ectopic activation of JAK/STAT signaling in the midgut. First, I demonstrated
that ectopic JAK/STAT signaling paired with Notch knockdown causes substantial ISC
overproliferation, leading to the formation of large ISC tumors spanning the entire midgut.
Quantitative assessment of ISC pools confirmed that Notch and JAK/STAT signaling work in a
synergistic manner, rather than an additive manner, to regulate ISC homeostasis. I also utilized
two optogenetic alleles, Opto-Delta and Opto-Domeless, to recapitulate Notch blockade and
JAK/STAT hyperactivation using light. Opto-Delta was tested in the intestinal epithelium and
demonstrated the ability to block Notch signaling in the ISCs, resulting in the formation of stem
cell clusters. Subsequently, an Opto-Domeless construct was created and expressed in the nervous
system during embryogenesis to assess its efficacy to activate JAK/STAT signaling. The embryos
that expressed Opto-Domeless exhibited a significant decrease in viability when subjected to the
light condition, suggesting possible light-responsiveness. Expression of Opto-Domeless in the
midgut was also achieved, however, ISCs expressing Opto-Domeless appeared to have JAK/STAT
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activity in the absence of light exposure, suggesting that Opto-Domeless is not behaving in a binary
fashion and will require further validation. Altogether, these findings reveal great potential for
light-gated proteins, as they provide a powerful approach to disentangle dynamic cellular signals
by using light.
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Chapter 1.0 – Introduction
1.1 General Overview
This thesis investigates how Notch and JAK/STAT signaling synergize in order to regulate stem
cell proliferation and differentiation in the Drosophila midgut. In this chapter, stem cell
characteristics are explained, including their ability to self-renew and differentiate, their different
levels of potency, the signaling pathways required to maintain stem cell homeostasis, and the
consequence of losing those essential signaling cues. An overview of the Notch and JAK/STAT
signaling pathways are provided, along with their history and their role in development. The
reasons for choosing Drosophila melanogaster as a model organism are discussed in detail, as well
as the similarities between the Drosophila and mammalian intestinal epithelium.
Recent literature on optogenetics has unveiled a new means to precisely control cell signaling
events in time and space. This chapter will review currently used optogenetic techniques and the
varying light-sensitive protein tags that can be used to engineer a light-controllable protein. A
variety of applications are covered in addition to the advantages that optogenetics provide over
traditional genetic approaches. Finally, project objectives, proposed approaches and general
hypotheses are discussed.

1.2 Decision Making in Stem cells
Every tissue in the body is made up of specialized cells that work in unison to carry out a specific
function (Zakrzewski et al., 2019). Stem cells are a class of undifferentiated cells that will either
self-renew, or specialize and take on specific functions during tissue development and growth.
(Zakrzewski et al., 2019). Stem cells also serve as an internal repair system in various tissues,
dividing indefinitely when essential to replenish cells that have been damaged or lost during basal
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cell turnover or, tissue damage (Zakrzewski et al., 2019). Stem cells communicate with their
neighbouring cells by sending and receiving signals from multiple signaling pathways that regulate
cell fate decisions by promoting either self-renewal or differentiation into a specialized cell
(Zakrzewski et al., 2019).
Prior to any cell becoming specialized, it initially exist in the embryo as a totipotent embryonic
stem cell (Zakrzewski et al., 2019). There are several steps leading to cell specialization, and the
developmental potency is reduced with each step (Zakrzewski et al., 2019). Totipotent stem cells
can divide and differentiate into any cell type of the developing organism and has the highest
differentiation potential of all stem cells (Zakrzewski et al., 2019). Totipotency allows stem cells
to form both embryo and extra-embryonic structures such as the three germ layers and the placenta,
respectively (Zakrzewski et al., 2019). The primary example of totipotency is a zygote, which is
formed following the fertilization of an egg (Zakrzewski et al., 2019). As the zygote develops into
a blastocyst, the blastocyst’s inner cell mass becomes the first source of pluripotent cells
(Zakrzewski et al., 2019).
Pluripotent stem cells (PSCs) will develop into all three germ layers of the embryo except for
the extraembryonic structures, such as the placenta (Zakrzewski et al., 2019). Embryonic stem
cells are pluripotent and are derived from the inner cell mass of an early-stage pre-implanted
embryo (Pazhanisamy, 2009). Multipotent stem cells are more limited in terms of their potency
compared to PSCs because they will differentiate into discrete cells of specific cell lineages
(Zakrzewski et al., 2019). One example is a mesenchymal stem cell (MSC), which can develop
into several types of bone, muscle and fat cells (Zakrzewski et al., 2019). If an MSC differentiates
into an adipocyte, the cell is then considered to be an oligopotent cell (Zakrzewski et al., 2019). In
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this example, oligopotent signifies that its differentiation abilities are restricted to cells of the
adipocyte lineage (Zakrzewski et al., 2019).
Every class of stem cell, regardless of its potency, has two defining properties. The first being
the capacity for prolonged self‐renewal and secondly, the potential to differentiate into a
specialized cell type (Figure 1.1)(Zhang & Wang, 2008). As a tissue is undergoing homeostatic
turnover, stem cells will self-renew and differentiate at a basal rate suitable for tissue maintenance
(Zhang & Wang, 2008). However, when a tissue sustains damage, stem cell self-renewal increases
exponentially to quickly accumulate a supply of stem cells (Biteau et al., 2011). Subsequently, the
supply of stem cells will differentiate in order to replenish the cells that have faced damage or have
died (Zhang & Wang, 2008). This stem cell program is vital in diseased tissue, whereby stem cells
are responsible for renewing and replenishing the functional cells that been lost (Zhang & Wang,
2008).

Figure 1.1: Mesenchymal stem cell self-renewal or differentiation. A mesenchymal stem cell
(MSC) can either self-renew or differentiate into three different cell lineages. Those lineages
include adipocytes, chondrocytes and osteoblasts.

Much like specialized cells, stem cells can also become dysfunctional and cause a myriad of
issues such as hematological diseases (Steinhoff et al., 2017), autoimmune diseases (Zhu & Feng,
3

2018) and cancers (Pazhanisamy, 2009). Over the past decade, many studies have determined that
the common underlying factor of stem cell diseases is deficient molecular machinery (Ahmed et
al., 2017; Pazhanisamy, 2009). Compromised stem cells have a tendency to overproliferate due to
the loss of homeostatic mechanisms that regulate self-renewal (Pazhanisamy, 2009). The surge in
stem cell numbers wreak havoc on their neighbouring cells and results in an inflammatory response
(Herrera & Bach, 2019). Interestingly, the molecular mechanisms that are responsible for
controlling the balance between self-renewal and differentiation are shared by different types of
embryonic stem cells, adult stem cells and cancer cells (Zhang & Wang, 2008). For example, Monk
and Holding demonstrated that Oct4 and three other human embryonic genes are expressed in
tumours but not in normal adult somatic tissues (Monk & Holding, 2001). This finding was
corroborated two years later when Wang et al. 2003 demonstrated that Oct4 was specifically
expressed in all human primary breast carcinomas but not in normal human breast tissue. This
suggests a link between the expression of embryonic genes and the progression of tumorigenesis.
There are also multiple signalling systems that are involved in self-renewal and differentiation that
overlap in stem cells and cancer cells, these include JAK/STAT (Pencik et al., 2016.), Notch
(Allenspach et al., 2002) and Wnt signalling (Polakis, 2012). Collectively, these studies reveal that
signaling pathways that are seen in early development and adult homeostasis also play a pivotal
role during disease progression.

1.3 Notch signalling
Notch signalling is a highly conserved pathway that functions in several different developmental
and homeostatic contexts (Bray, 2016). Notch is involved in regulating a wide variety of cell
differentiation processes during embryonic and adult life (Bray, 2016). There is over 100 years of
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extensive research that has led us to our current understanding of the Notch signaling pathway. In
1914, John S. Dexter observed the first Notch phenotype in the distal tip of the wing of Drosophila
melanogaster (Dexter, 1914) and three years later, the alleles of the Notch gene were identified in
the laboratory of Thomas Hunt Morgan (Morgan, 1917). It was not until the late 1930’s that the
first association between Notch and tissue development was recognised with the research done on
hemizygous Notch mutant embryos, whereby Donald F. Poulson elucidated the importance of
Notch signaling on inner germ layer development and proper morphogenesis of the developing
Drosophila embryo (Poulson, 1937).
A significant advancement in the scientific community ensued when the Notch gene was cloned
and sequenced from D. melanogaster (Artavanis Tsakonas et al., 1983). Over the course of several
years following this development, the structure of the Notch receptor was established in a variety
of vertebrate and invertebrate species (Powell et at., 2006). From these discoveries, it has been
deduced that all Notch receptors are large single-pass transmembrane proteins roughly 300 kDa in
size (Powell et al., 2006). Furthermore, the Notch receptor possesses an extracellular domain
(NECD) that includes multiple epidermal growth factor-like (EGF-like) and Lin12/Notch repeats
(LNR) motifs, a trans-membrane domain (TM) that spans the cell membrane and a Notch
intracellular domain (NICD) that is comprised of nuclear localization sequences (NLS), ankyrin
(ANK) domains, a transcriptional activation domain (TAD) and a proline-glutamic acid-serinethreonine (PEST) region (Figure 1.2A)(Bray, 2016). In vertebrates, there exists four Notch
receptors, Notch 1-4, whereas there is only one that exists in Drosophila (Bray, 2016).
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Figure 1.2: Structure of the Notch receptor and the Delta ligand. (A) The Notch receptor has
an extracellular domain that includes multiple epidermal growth factor-like (EGF-like) and
Lin12/Notch repeats (LNR) motifs, a trans-membrane domain that spans the cell membrane and a
Notch intracellular domain that comprises of nuclear localization sequences (NLS), ankyrin
(ANK) domains, a transcriptional activation domain (TAD) and a proline-glutamic acid-serinethreonine (PEST) region. (B) The Delta ligand is comprised of an extracellular domain that
includes EGF-like repeats as well as a Delta-Serrate-Lag (DSL) domain.

There are two general classes that are used to categorize Notch ligands in all eukaryotes and this
classification is based off their similarities to the Drosophila ligands Delta and Serrate (Allenspach
et al., 2002). The Delta ligand possesses and extracellular domain that includes EGF-like repeats
as well as a Delta-Serrate-Lag (DSL) domain (Figure 1.2B)(Bray, 2016). Vertebrates have three
Delta homologues, termed Delta-like 1 (DLL1), Delta-like 3 (DLL3), and Delta-like 4 (DLL4),
and two homologues of Serrate, termed Jagged-1 and Jagged-2 ( JAG1, and JAG2,
respectively)(Bray, 2016). Both the Notch receptors and their respective ligands are type 1
6

transmembrane proteins, identified as single transmembrane α-helices that are anchored to the lipid
membrane and whose N-terminus resides in the extracellular space (Bray, 2016).
Notch signaling is initiated when the ligand Delta binds to the extracellular domain of the Notch
receptor on the neighbouring cell surface (Bray, 2016)(Figure 1.3). The binding of Delta to the
NECD causes a conformational shift of the Notch receptor, which initiates the first of two
enzymatic cleavage events (Bray, 2016). The ligand-induced conformational change of the Notch
receptor unmasks a key proteolytic site, which is recognized by ADAM10/TACE, a
metalloprotease that mediates an S2 proteolytic cleavage (Stephenson & Avis, 2012). Once
cleaved, the NECD experiences transendocytosis into the ligand presenting cell (Bray, 2016).
Subsequently, γ-secretase cleaves the inner portion of the tethered receptor and releases a
transcriptionally active NICD (Bray, 2016). The NICD translocates to the nucleus and associates
with DNA binding proteins, assembling a transcriptional complex encompassing the cAMP
response element-like sequence (CSL), the NICD and a co-activator protein RBP-J kappa/CBF1
(Bray, 2016). RBP-J kappa/CBF1 is a DNA-binding repressor that prevents the transcription of
specific genes involved in the Notch pathway (Bray, 2016). The formation of the transcription
complex with RBP-J kappa/CBF1 overcomes the repression and consequently, target genes are
activated downstream via the recruitment of additional co-activators (Bray, 2016). These target
genes include multiple hairy/enhancer of split (Hes) and hairy/enhancer of split related with
YRPW motif (Hey) genes (Borggrefe & Oswald, 2009).
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Figure 1.3: Notch signaling schematic. Delta binds to the extracellular domain of the Notch
receptor (NECD) on the neighbouring cell. The ligand-induced conformational change of the
Notch receptor unmasks a proteolytic site that is recognized by the ADAM10/TACE
metalloprotease, which mediates an S2 proteolytic cleavage. Once cleaved, the NECD undergoes
transendocytosis into the ligand presenting cell. Meanwhile, γ-secretase cleaves the inner portion
of the receptor and releases a transcriptionally active NICD. The NICD translocates to the nucleus
and associates with DNA binding proteins, creating a transcription complex that regulates
downstream target gene expression.

The events leading to target gene activation via Notch signaling are very simple in essence, as
the NICD must travel on a one-way street to the nucleus in order to promote gene transcription.
Despite the straightforwardness of this mechanism, the complexity of this pathway lies heavily in
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the numerous posttranslational processes that regulate Notch activity during the synthesis,
endocytic trafficking and recycling, and degradation of the receptor and its ligands (Fortini, 2009).
An additional facet that adds a layer of complexity to how Notch activity is regulated is its ability
to crosstalk with other signaling pathways, for Notch has been shown to synergize with Wnt,
Hedgehog, TGFβ/BMP and Jak/Stat signaling pathways (Borggrefe et al., 2016; Kamakura et al.,
2004). The crosstalk between Notch and other pathways will be responsible for shaping the identity
of downstream target genes, and consequently, developmental outcomes.
Notch activity is responsible for a variety of biological progressions in cell fate determination
during embryonic and adult life (Bray, 2016). Processes such as glial and neural differentiation
(Gaiano & Fishell, 2002), angiogenesis (Liu et al., 2003) and ventricular chamber development
(Grego-Bessa et al., 2007) are a few of many mechanisms that are regulated by Notch signaling.
Due to its all-encompassing role in development, many diseases have been a direct result of Notch
signaling dysregulation, including T-cell leukemia (Sharma et al., 2007), Multiple Sclerosis
(Juryńczyk & Selmaj, 2010) and Alagille syndrome (Gilbert & Spinner, 2017). It is for this reason
that the Notch signaling pathway must be tightly regulated to maintain proper tissue maintenance
and homeostasis.

1.4 Jak/Stat signalling
The JAK/STAT pathway is a highly conserved signaling system in metazoans that utilizes
extracellular cytokines to regulate transcriptional activity in the nucleus (Herrera & Bach, 2019).
JAK/STAT signaling is commonly known for its roles in immunity, however, its involvement in
other vital processes such as proliferation and apoptosis have been well document in recent
literature (Herrera & Bach, 2019). Interestingly, JAK/STAT signaling is also involved in cellular
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events that aid in mammary gland development and lactation, adipogenesis and sexually dimorphic
growth (Rawlings et al., 2004). In the early 1990s, researchers discovered a family of Janus (JAK)
tyrosine kinases and cytosolic transcription factors involved in mediating interferon signaling in
mammalian cell culture (Darnell, 1997). The family of latent cytosolic transcription factors were
later named signal transducers and activator of transcription (STATs) (Herrera & Bach, 2019). It
was also determined that various interleukins and growth factors were capable of using JAKs and
STATs to alter gene expression (Herrera & Bach, 2019). Over the past three decades, a wealth of
knowledge has been gathered using model organisms such as Drosophila, zebra fish, and mice,
providing additional insight into how JAKs and STATs function and regulate homeostatic
processes (Herrera & Bach, 2019).
JAK/STAT signal transduction begins with a cytokine ligand binding to the extracellular portion
of the transmembrane receptor (Figure 1.4)(Herrera & Bach, 2019). Ligand binding results in
receptor dimerization and brings the receptor-associated JAKs into close proximity (Herrera &
Bach, 2019). Subsequently, the JAKs phosphorylate each other at specific tyrosine residues
through a process termed trans-phosphorylation, which results in the JAKs phosphorylating
tyrosine residues on the receptor (Herrera & Bach, 2019). The phosphorylated receptor produces
binding sites for the SH2 domains of the STAT transcription factors, which are roughly 100
residues in size (Herrera & Bach, 2019). Once docked, the JAKs phosphorylate the STATs which
leads to their dissociation from the receptor (Herrera & Bach, 2019). The activated STATs
dimerize in the cytoplasm and translocate to the nucleus to alter the expression of target genes
(Herrera & Bach, 2019), some of which include suppressors of cytokine signaling (SOCS), Nitric
Oxide Synthase 2 (NOS2) and MYC (Zhai et al., 2017).
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Figure 1.4: JAK/STAT signaling schematic. Ligand binding (green) results in receptor
dimerization and brings the receptor-associated JAKs into proximity. The JAKs phosphorylate
(yellow) each other and the receptor, which produces docking sites for the STAT transcription
factors. Once the STATs are docked, the JAKs phosphorylate the STATs which leads to their
dissociation from the receptor. The phosphorylated STATs dimerize in the cytoplasm and
translocate to the nucleus to regulate the expression of target genes.

There are four JAK and seven STAT genes found in mammals, and studies performed on
knockout mice have revealed expected roles in hematopoiesis and immune development (Herrera
& Bach, 2019). There has been an abundance of research conducted on JAK/STAT signaling in
invertebrates, much of which has been performed in Drosophila, as this pathway demonstrates
strikingly similar developmental roles and cellular functions to mammals (Herrera & Bach, 2019).
In Drosophila, there are three related ligands called Unpaired (Upd), Upd2 and Upd3 that activate
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a single receptor, which is called Domeless (Dome) (Herrera & Bach, 2019). Binding of the ligand
leads to the activation of JAK, called Hopscotch (Hop) and latent Stat92E proteins (Herrera &
Bach, 2019). In Drosophila, JAK/STAT activity is downregulated by a SOCS protein called
Socs36E, which is most homologous to the mammalian socs-5 gene (Herrera & Bach, 2019). The
central components of this pathway in flies are homologous to interleukin 6 (IL-6), its receptor
Gp130, as well as Jak2 and Stat3, which mediate proliferative and inflammatory responses in
mammals (Herrera & Bach, 2019).
Unfortunately, aberrant JAK/STAT signaling has been revealed to contribute largely to
tumorigenesis, cancer progression and metastasis (Pencik et al., 2016). This is largely due to the
fact that JAK/STAT signaling regulates the transcription of genes involved in cell division (Pencik
et al., 2016). High levels of STAT, specifically STAT3 and STAT5, have been associated with
many forms of cancer such as melanoma, prostate and breast cancer (Pencik et al., 2016). Studies
have determined that oncogenic activation of JAK/STAT signaling is frequently paired with the
activation of the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)
pathways (Pencik et al., 2016). This implies that JAK/STAT not only crosstalk’s with other
signaling system during regular tissue maintenance but also during carcinogenesis. Notably,
inhibitors of the JAK/STAT pathway are used for treatment of various diseases, ranging from
rheumatoid arthritis to prostate cancer with the main intention of reducing inflammation-driven
cell division (Pencik et al., 2016).

1.5 Drosophila melanogaster as a model organism
Drosophila is a powerful model organism that has been used for over a century to study a broad
range of biological processes including genetics and inheritance, embryonic development, learning
and behaviour, organ regeneration and aging (Cheng et al., 2018). Fortunately, many genes in
12

Drosophila are homologous to those involved in human development and disease (Pandey &
Nichols, 2011). In fact, Drosophila is commonly referred to as a genetic “work horse”, suggesting
its importance in the understanding of genes and how they regulate different biological processes.
One convention in genetics that originated with research done on Drosophila by Thomas H.
Morgan is naming mutations after the nature of their phenotype (Morgan, 1917). For example, the
first mutation that Morgan discovered is known as white, and flies that carry this mutation have
white eyes instead of red (Morgan, 1917). Scientists continued investigating mutations using blunt
tools such as chemical mutagenesis with the intention of generating new mutations that were then
screened for interesting phenotypes (Nix & Brewen, 1978). While this approach continues to be
very successful at identifying the functionality of a gene through a phenotypic change, not all genes
can be uncovered by mutagenesis for two reasons. Firstly, many genes share overlapping functions
with other genes, meaning that a mutation in their sequence may not lead to an easily recognizable
phenotype because other family members can provide the same function. Secondly, many genes
are critical at specific stages of development. Mutations in these genes can result in early lethality
or exhibit pleiotropic effects, which can be difficult to interpret. Lastly, the function of a gene can
only be discovered if the mutant is studied at the relevant point during development.
In order to circumvent the issues identified with mutagenesis, molecular biologists created a
technique called the Minos mediated integration cassette (MiMIC) transposon system to allow for
easier DNA manipulation in Drosophila (Venken et al., 2011). The MiMIC transposon consists of
a gene-trap cassette and the yellow+ selectable marker, which is responsible for yellow body
pigmentation, flanked by two inverted bacteriophage phiC31 attP sites (Venken et al., 2011). The
MiMIC transposon system is a technique that is used to introduce transgenes across an organism’s
genome. The attP sites are known as recognition sites that are used by the phiC31 integrase for
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site-specific recombination (Venken et al., 2011). This provides null mutations along the genome
and more importantly, multiple landing sites for protein tagging and transgene expression through
an exon swapping approach (Venken et al., 2011). The use of MiMIC in combination with
CRISPR/Cas9-mediated knockout/knockin strategies provide biologists with the ability to
inactivate, tag, and overexpress any gene in the genome within weeks of starting an experiment
(Jennings, 2011). By the same token, a number of genes or alleles related to a human disease can
potentially be studied in flies.
Another technique that is used in Drosophila for targeted gene expression is the GAL4/upstream
activating sequence (UAS) expression system. GAL4 is a transcriptional activator protein that was
first identified in the yeast Saccharomyces cerevisiae (Duffy, 2002). It was determined that GAL4
regulates the transcription of GAL10 and GAL1 genes by directly binding to four 17 base pair
sites upstream of the gene (Duffy, 2002). These sites were defined as the UAS elements which are
essential for the transcriptional activation of the GAL4-regulated genes and can also be viewed as
analogous to an enhancer element found in multicellular eukaryotes (Duffy, 2002). Following
these discoveries, a study in Drosophila confirmed that GAL4 expression was capable of
stimulating the transcriptional activity of a reporter gene under the control of the UAS element
(Duffy, 2002). Put simply, GAL4 binds to the UAS element, RNA polymerase is recruited and
activated transcription of the downstream target (Duffy, 2002). This binary system has been used
widely in Drosophila because of its on/off-like properties, but also because it can drive tissue
specific expression of the transgene (Duffy, 2002). One caveat that has been encountered with the
GAL4-UAS system is the inability to control when transgene is turned on. GAL4 is a protein that
is maternally deposited, signifying that it is produced or deposited in the oocyte and is present in
the fertilized egg before the expression of zygotic genes (Duffy, 2002). This also implies that when
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using the GAL4-UAS system, transgene expression will typically begin as the embryo develops
and will continue through the life of the fly (Duffy, 2002). While this may benefit those wishing
to express their transgene as embryogenesis takes place, some may wish to express transgenes that
could be lethal to the developing organism (Duffy, 2002). An example would be the expression of
RNAi that targets a gene required for the developing embryo. Luckily, an added level of
inducibility has been discovered through the use of a temperature sensitive GAL80 (GAL80ts)
inhibitor (Zeidler et al., 2004). At 18°C, GAL80ts binds to GAL4 and prevents its transcriptional
activity towards the UAS element (Figure 1.5)(Zeidler et al., 2004). However, when GAL80ts is
shifted to its restrictive temperature above 29°C, it becomes inactive and loses its ability to bind
and inhibit GAL4 (Zeidler et al., 2004). Using a ubiquitously expressed GAL80ts, Zeidler et al.,
2004 demonstrated that GAL80ts is able to inhibit GAL4 activity in Drosophila without exhibiting
any harmful phenotypic effects on its own. This reveals a new degree of temporal regulation that
can be achieved by adding an extra player to the GAL4-UAS system.

Figure 1.5: The GAL4-GAL80ts-UAS system. GAL4 is expressed under the control of an
enhancer and GAL80ts is expressed ubiquitously through the tubulin promoter. At 18°C, GAL80ts
binds to GAL4 and prevents its transcriptional activity towards the UAS element. When GAL80ts
is shifted to its restrictive temperature above 29°C, it becomes inactive and loses its ability to bind
and inhibit GAL4 and the gene of interest can then be expressed.
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Aside from their genetic advantage, fruit flies are ideal for laboratory use because they are
relatively inexpensive and easy to maintain. Additionally, there are minimal restrictions regarding
their use in the laboratory as there are virtually no ethical or safety issues. Their life cycle is
approximately 40 days long and consists of four distinct stages including egg, larva, pupa and adult
(Jennings, 2011). It takes roughly 10 days for an embryo to mature into a fertile adult fly, at which
point the female can lay up to 100 eggs per day. With this in mind, it is relatively easy to propagate
flies for experimental purposes.

1.6 Drosophila Intestinal Stem Cells
The digestive system in vertebrates and invertebrates show striking similarity with regard to
structure and cellular composition (Lucchetta and Ohlstein 2012). Drosophila shares conserved
intestinal physiology with humans, which allows scientists to study intestinal stem cell pathology
under different conditions. The midgut of the fly is primarily made up of absorptive enterocytes
(ECs) which create an epithelial monolayer that spans the intestine (Ohlstein & Spradling, 2006).
Interspersed among the polyploid ECs are hormone producing enteroendocrine cells (ees) and
intestinal stem cells (ISCs) that reside just above the basement membrane, which separates the
epithelium from the underlying visceral muscle cells (Figure 1.6A)(Ohlstein & Spradling, 2006).
ISCs are multipotent in terms of their capacity to generate every specialized cell type within the
intestinal epithelium. Much like the mammalian intestine, the Drosophila adult midgut also
experiences dynamic self-renewal (Ohlstein & Spradling, 2006). When an ISC divides it can either
self-renew or begin differentiating into an immature daughter cell, known as an enteroblast
(EB)(Ohlstein & Spradling, 2006).
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Figure 1.6: A schematic of the Drosophila midgut. (A) The structural layout of the midgut.
Enterocytes (ECs) create a monolayer that lines the lumen and the intestinal stem cells (ISCs),
enteroblasts (EBs) and enteroendocrine cells (ees) are found at the basement membrane, just above
the smooth muscle. (B) The Delta ligands on the ISCs send signals to the Notch receptor on the
EBs which promotes differentiation. The level of Notch activity will dictate whether the EB will
take on an EC or an ee cell fate.
Delta is strictly expressed in ISCs and EBs, where its expression can fluctuate greatly depending
on the environmental context (Ohlstein & Spradling, 2007). When an ISC is called upon by its
environment to differentiate, it will first divide into an EB and begin sending signals through the
Delta ligand (Figure 1.6B)(Ohlstein & Spradling, 2006). The Notch-expressing EB receives the
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signal and will further differentiate into an EC or an ee depending on the level of Notch activation
(Ohlstein & Spradling, 2006). In the absence of Notch signaling, ISCs are unable to differentiate
(Ohlstein & Spradling, 2007). The cell fate is highly dependent on the level of Delta in the ISC, as
high levels of Delta expression will induce EBs to differentiate into ECs, while low levels of Delta
have been speculated to promote ee cell fate (Ohlstein & Spradling, 2007). Unexpectedly,
experiments in which Delta and Notch signaling were suppressed by either clonal deletion or RNA
interference, revealed that ees can still be generated in the absence of Notch signaling (Ohlstein &
Spradling, 2006). The mechanisms that regulate Delta expression in ISCs are still unknown. It is
also worth noting that Notch signal activation in the EBs will simultaneously block proliferation
of ISCs (Ohlstein & Spradling, 2006). In addition to Delta expression impacting ISC fate, the
transcription factor Escargot is also responsible for maintaining stemness of ISCs.
Escargot is a transcription factor that is apart of the Snail family and can both stimulate and
repress transcription in a variety of tissues (Korzelius et al., 2014). In Drosophila, Escargot is
responsible for a variety of developmental processes such as cell motility and adhesion during
tracheal morphogenesis, the development of the genital disk, and acts with other members of the
Snail protein family to control embryonic central nervous system development (Fuse et al., 1994;
Miao & Hayashi, 2016; Ramat et al., 2016). Snail family transcription factors have been described
as regulators of epithelial-to-mesenchymal transitions (EMT) that occur during development,
tissue homeostasis and cancer metastasis (Wu & Zhou, 2010). A cell's ability to undergo EMT is
believed to also accompany stem-like properties (Wu & Zhou, 2010). Interestingly, RNA-seq
experiments showed that Escargot is expressed in intestinal stem cells and enteroblasts, and
downregulated in enterocytes and enteroendocrine cells (Hung et al., 2020). Additional
experiments further confirmed that Escargot is responsible for maintaining stemness and
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suppressing differentiation in the intestinal stem cells (Korzelius et al., 2014). After acquiring this
information, fly geneticists made use of this allele in order to drive transgene expression
specifically in intestinal stem cells by using the Escargot promoter. This gene expression system
has allowed scientists to gain a better understanding of stem cell dymanics in the intestinal
epithelium.
The JAK/STAT pathway has proven to be another essential signaling pathway involved in
midgut homeostasis and regeneration in Drosophila and in mammals (Jiang & Edgar, 2011). When
the intestinal epithelium sustains injury, the damaged cells respond by inducing the expression of
cytokines which are typically secreted by ECs, for they make up the critical barrier that protects
the host against damaging pathogens or chemicals (Jiang & Edgar, 2011). In Drosophila, ECs,
ISCs and the visceral muscle have all been identified as being able to express the cytokines Upd,
Upd2 and Upd3 (Jiang & Edgar, 2011). While it is not fully clear as to how cytokine signaling is
regulated in each cell type of the midgut, it has been established that an increase in cytokines in
the intestinal environment promotes both ISC proliferation and EB differentiation (Jiang & Edgar,
2011). This increase in cytokines promotes the rapid production of new intestinal epithelial cells
in order to replace those that have been damaged. The role of JAK/STAT in inducing ISC
proliferation upon intestinal damage shows striking similarities to the IL6/STAT3 axis in
mammals, as they too are responsible for compensatory proliferation following tissue damage
(Jiang & Edgar, 2011). For example, in damaged liver tissue, IL6 and STAT3 are responsible for
promoting the proliferation of hepatocytes (Jiang & Edgar, 2011). The same function for IL6 and
STAT3 has been reported in the mammalian small intestine and colon (Jiang & Edgar, 2011).
While the role of JAK/STAT signaling is primarily thought to be involved in responding to
injury, it is also required for proper differentiation of ISCs in the Drosophila adult midgut (Jiang
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& Edgar, 2011). ISC clones mutant for the Domeless receptor, hopscotch or Stat92E were all
unable to generate substantial numbers of mature midgut cells, and instead were identified as EBs
(Jiang & Edgar, 2011). These ISC clones lacked markers for mature ECs and ees, Pdm-1 and
Prospero respectively, and also expressed reduced levels of the ISC marker Delta (Jiang & Edgar,
2011). These results suggest that ISC clones that lacked JAK/STAT signaling were unable to
complete differentiation which resulted in the accumulation of EB-like progenitor cells (Jiang &
Edgar, 2011). Collectively, it can be deduced that the JAK/STAT signaling system in responsible
not only for the tissue damage response, but also for cell turnover and tissue maintenance.

1.7 Optogenetics as a method to control protein activity
Optogenetics is a novel biological technique that utilizes light to control protein-protein
interactions (Kushibiki et al., 2014). In essence, light-activatable proteins can be exploited in order
to activate or inhibit a system, signaling pathway, or protein of interest (Kushibiki et al., 2014).
Light-dependent proteins such as channelrhodopsin (Nagel et al., 2002) and halorhodopsin
(Matsuno-Yagi & Mukohata, 1980) were first identified decades ago. Instead of simply studying
how these light-sensitive proteins function, Boyden et al., 2005 had the innovative idea to utilize
channelrhodopsin to control neuronal activity in a light-dependent manner. This original technique
was termed neuronal optogenetics, as the primary focus was to use light-gated ion channels to
manipulate neurons. Since then, advances have been made in the field of non-neuronal
optogenetics, a powerful technique that can be applied to developmental biology at the level of
subcellular perturbations (Krueger et al., 2019). There are many light-sensitive proteins that have
been utilized as optogenetic tags, some examples being the light-oxygen-voltage-sensing (LOV)
domains, cryptochrome 2 (CRY2) and phytochrome B (PHYB) (Krueger et al., 2019).
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The LOV domain belongs to a large family of proteins found in bacteria, fungi, algae and plants
(Krueger et al., 2019). While LOV domain-containing proteins are functionally and topologically
diverse, each LOV core domain possesses a conserved Per-Arnt-Sim (PAS) domain (Krueger et
al., 2019). PAS domains are roughly 110 amino acids in size, and form a five-stranded antiparallel
β-sheet with α-helical connector elements that bind to a photoreactive flavin chromophore
(Krueger et al., 2019). In the dark, the α-helical connector elements are folded tightly with the PAS
domain forming a closed conformation (Krueger et al., 2019). Upon exposure to blue light (450 to
500 mn), the LOV domain will undergo a conformational change whereby a covalent bond forms
between a cysteine in the PAS domain and a flavin, leading to the unfolding of one of the Cterminal α-helices (Krueger et al., 2019). This unfolding event has been strategically used in
optogenetics to control cellular processes such as intracellular protein trafficking and proteinprotein interaction (Krueger et al., 2019). Each LOV domain that has been characterized possesses
distinct activation kinetics, sensitivity and relaxation time (reversion to the dark state), allowing
users to chose which one would be best for a given application (Krueger et al., 2019). Arabidopsis
sativa LOV2 (AsLOV2), for example, has been extensively studied and has been applied in
mammalian cells to control intricate processes such as protein degradation and gene expression
(Mansouri et al., 2019). In pursuit of broadening their application, LOV domains have also been
engineered to induce protein dimerization, Vaucheria frigida Aureo1 LOV (VfAu1-LOV) being
an example of such (Heintz & Schlichting, 2016). When VfAu1-LOV is exposed to blue light, the
undocking of the C-terminal α-helix from the PAS domain is coupled with the formation of a
disulfide bond (Cys162 and Cys182) between the Basic Leucine Zipper Domain (bZIP domain) and
the bZIP-LOV linker regions (Hisatomi et al., 2014). This blue-light induced conformational
change is what allows the formation of the light-state dimer.
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CRY2 is another blue-light responsive protein that was first discovered in Arabidopsis thaliana
(Krueger et al., 2019). CRY2 is a photoreceptor that belongs to the cryptochrome protein family
and plays a crucial role in circadian clocks in both plants and animals (Krueger et al., 2019). All
cryptochromes have a conserved N-terminal photolyase homology region (PHR) that binds flavin
and pterin chromophores, making it the light-responsive region of the protein (Krueger et al.,
2019). Upon blue-light illumination, flavin adenine dinucleotide (FAD) becomes reduced to
FADH which elicits a conformational change, allowing CRY2 to homo-oligomerize or heterooligomerize with the N-terminus of the Cryptochrome-Interacting Basic-Helix-Loop-Helix1
(CIB1) protein (Krueger et al., 2019). The CRY2:CIB1 pair will also oligomerize with other pairs
to produce large clusters of CRY2:CIB1. The ability for CRY2 to bind to CIB1 upon
photoactivation has proven to be a useful characteristic, for CIB1 can be anchored to any
compartment of the cell, making it possible to use light to control the localization of target proteins
that are fused to CRY2. An additional advantage of using this system is its high reversibility,
meaning that CRY2 and CIB1 will dissociate in matters of minutes, making its use suitable for in
vivo applications (Krueger et al., 2019). CRY2 has been used in multiple model organisms to study
contextual memory formation in mice (Kyung et al., 2015), transcription suppression and
activation in zebrafish (Liu et al., 2012) and Notch signaling in D. melanogaster (Viswanathan et
al., 2019).
It is apparent that optogenetics provides certain advantages over traditional molecular biology
techniques. Current molecular research utilizes binary tools that do not provide any means of finetuning, for example RNA interference (RNAi) and ectopic gene expression. The consequence of
using these tools is that it is impossible to disentangle whether the experimental observations are
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due to primary or secondary effects. Optogenetics provides that extra level of control by allowing
researchers to manipulate a biological process both in space and time.

1.8 Summary and Purpose
Notch signaling can have varying roles during stem cell differentiation, which are heavily
dependent on the cell type and context. For example, Notch signaling inhibits neuronal stem cells
from differentiating by preventing uncommitted precursors to acquire a neuronal fate (Grandbarbe
et al., 2003). In contrast, in the intestinal epithelium, Notch is responsible for promoting intestinal
stem cells to differentiate into absorptive enterocytes and enteroendocrine cells (Zhai et al., 2017).
Stem cell decision making is a very dynamic and context dependent process, which involves
sending and receiving signals from neighbouring cells. While Notch signaling is important in stem
cell homeostasis, there are many other pathways that play a critical role in stem cell fate, such as
the JAK/STAT pathway. Multiple reports demonstrate that both Notch and JAK/STAT regulate
stem cell behaviour (Gaiano & Fishell, 2002; Jiang et al., 2009; Patel et al., 2015; Zhai et al.,
2017), however it is unclear whether they cooperate in a synergistic or additive manner to regulate
cell-fate decisions. The aim of my thesis is to perturb Notch and JAK/STAT signaling to determine
if there is cooperativity between both signaling pathways.
I hypothesize that Notch and JAK/STAT signaling work together cooperatively, either in
an additive or synergistic way. If they work in a synergistic manner, the perturbations will produce
a combined effect greater than the sum of their separate effects. The cooperativity of these two
signaling pathways has not been explored previously, therefore I will be investigating Notch and
JAK/STAT signaling in the Drosophila midgut. The Drosophila intestinal epithelium will provide
us with an advantageous environment that allows us to perturb these two pathways simultaneously
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and examine the effects by directly observing and quantify intestinal stem cell pools. I anticipate
that inhibiting Notch signaling in the midgut will lead to a build-up of ISC clusters. I also
hypothesize that combining Notch inhibition with JAK/STAT activation will exacerbate ISC
build-up and will result in stem cell overproliferation (Figure 1.7).

Figure 1.7: Predictive model for Notch blockade and JAK/STAT activation in the intestinal
epithelium. Schematic demonstrating the outcome of intestinal stem cell division and
differentiation under three conditions. Under basal condition, the intestinal stem cell will either
self-renew or differentiate into an enteroblast. Once an enteroblast, the cell will further
differentiate into an enterocyte or an enteroendocrine cell. When Notch signaling is inhibited
(Notch off), the cell will divide but will not be capable of differentiating. When Notch signaling
blockade is paired with JAK/STAT activation (Notch Off + JAK/STAT On), the stem cells will
overproliferate while being unable to differentiate.xz
My second experimental goal is to determine whether cell-autonomous activation of
JAK/STAT is responsible for the hypothesized increase in stem cell proliferation. When Upd3 is
being abundantly expressed in ISCs, it is likely that Upd3 cytokines are acting on neighbouring
cells. JAK/STAT signaling could, in theory, act indirectly on ISCs through a different pool of cells.
Whether Upd3 is acting on ISCs directly or indirectly through a different set of cells is currently
unknown. Therefore, we aim to develop light-responsive tools to disentangle the function of
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JAK/STAT at the cellular level, to determine whether cytokines such as Upd3 are functioning
autonomously in the stem cells, or in a non-autonomous manner.
In order to accomplish this, I utilize optogenetic tools to recapitulate Notch blockade and
JAK/STAT hyperactivation using light. An optogenetic Domeless receptor (Opto-Domeless) was
synthetically engineered for D. melanogaster to control JAK/STAT activity. Specifically, the
Domeless receptor was tagged with an N-terminal mScarlet fluorophore to track the localization
of the receptor and a VfAu1-LOV domain on the C-terminus to allow for blue light dimerization
(Figure 1.8). When Opto-Domeless is exposed to blue light, we predict that the LOV domains will
dimerize to enable JAK/STAT signaling.
A functional Opto-Domeless allele will allow us to have precise control over JAK/STAT
signaling in Drosophila ISCs. Using Opto-Domeless in combination with other binary expression
systems can shed light on the intricacies between JAK/STAT and Notch signaling when stem cells
are in the midst of deciding their fate.
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Figure 1.8: Controlling JAK/STAT signaling using an optogenetic Domeless allele. (Top
panel) Schematic of the wildtype JAK/STAT receptor in Drosophila. (Bottom panel) Schematic
of the optogenetic Domeless allele. Depicted above is the reporter protein mScarlet (red), the
Domeless receptor (gray) and the photosensitive LOV domain (orange). Dimerization occurs upon
blue light illumination which allows for the recruitment of Stat92E and subsequent activation of
JAK/STAT signaling.
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Chapter 2.0 – Experimental Methodology
2.01 Fly Stocks
All experiments were performed using 5-day old, adult male Drosophila melanogaster. The
following fly stocks were used; w[1118] (3605), UAS-NotchRNAi (33611), CyO; TM3(Sb)
(59967), esgts (67072), ElaV-GAL4 (458), 67.15 Mat-GAL4 (80361) and Stat92E-10XGFP
(26198) were obtained from the Bloomington Drosophila Stock Center. UAS-Upd3 was obtained
from Douglas Harrison (University of Kentucky, USA). Delta-Cry2 was obtained from Stefano
De Renzis (European Molecular Biology Laboratory, Germany) and Opto-Domeless was
generated for this study. The genotypes and additional information for the fly stocks can be found
in Appendix Table 2.1. The fly crosses that were used in each experiment are listed in Appendix
Table 2.2, along with their respective results section.

2.02 Drosophila genetics
Flies raised at 18°C were shifted to 29°C upon eclosion to induce UAS transgene expression in
progenitor cells using esgGAL4; tubGAL80ts (esgts). The midguts had undergone transgene
expression for 5 days prior to being analysed which provided a sufficient amount of time according
to previous studies (Micchelli & Perrimon, 2006; Ohlstein & Spradling, 2007) to quantify the
contribution of each treatment without saturating the midguts with ISC clusters.

2.03 Immunohistochemistry of midguts
Each fly dissection represented one biological replicate. Flies were dissected in ice-cold PBS
and fixed in a PBX (PBS, 0.1% Triton X-100, 1% milk powder) solution with 4% (v/v)
paraformaldehyde for 40 minutes on a Lab-Line Maxi Rotator nutator. The midguts were washed
in PBX three time for 2-minute intervals. The PBX solution was removed, and a 5% milk powder27

PBX blocking solution was added and incubated for 30 minutes at room temperature on the nutator.
The blocking solution was removed and the primary antibody prepared in PBX was added to the
sample and incubated overnight at 4°C. The following day, the primary antibody solution was
removed, and the midguts were washed three times with PBX on a nutator for 15-minute intervals.
The PBX solution was removed, and the secondary antibody prepared in PBX was added to the
sample. The secondary antibody stain was incubated for 2 hours at room temperature on the
nutator. Afterwards, the secondary antibody was removed, and the midguts were washed three
times with PBX on the nutator for 15-minute intervals. After the final wash, the midguts were
rinsed three times with PBS. The PBS was removed and a 1:100 DAPI:PBS solution was added to
the midguts and incubated for 10 minutes at room temperature on the nutator. At this point, tinfoil
was used to cover the sample because DAPI is light-sensitive. The midguts were subsequently
washed with PBS three times for two-minute intervals. The PBS was removed and mounting media
(50% glycerol in PBS) was added to the sample. The midguts were then transferred to a microscope
slide and imaged.
The primary antibodies that were used in these experiments are mouse anti-Delta (1:100) and
rabbit anti-GFP (1:100) and the secondary antibodies that were used are goat Alexa Fluor 568 antimouse (1:500) and goat Alexa Fluor 488 anti-rabbit (1:500). Information regarding the source and
product number of the antibodies can be found in Appendix Table 2.3.

2.04 Fluorescence microscopy
Confocal images of both live and fixed cells were acquired using a Carl Zeiss Axio Observer.Z1
inverted fluorescence microscope equipped with an ApoTome.2 processor, an X-Cite 120 LED
and a Hamamatsu ORCA-Flash4.0 V2 digital camera. Both live and fixed samples were imaged
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under ambient conditions. Blue fluorescence (i.e. for DAPI signal) was detected using a
fluorescence channel with an excitation and emission wavelength of 353 nm and 465 nm,
respectively. Green fluorescence (i.e. for GFP or Alexa Fluor 488 signals) was detected using a
fluorescence channel with an excitation and emission wavelength of 488 nm and 509 nm,
respectively. Red fluorescence (i.e. for mScarlet or Alexa Fluor 568 signals) was detected using a
fluorescence channel with an excitation and emission wavelength of 587 nm and 610 nm,
respectively. Far-red fluorescence (i.e. for Alexa Fluor 647 signal) was detected using a
fluorescence channel with an excitation and emission wavelength of 650 nm and 671 nm,
respectively. Z-stack series consisted typically of 20 – 30 slices, each 0.5 µm apart, and were
rendered into single 2D images using the “Maximum Intensity Z-projection” function in the Fiji
image processing software.

2.05 Intestinal stem cell quantification
Delta is a protein that is exclusively expressed in progenitor cells in the Drosophila midgut (Jiang
& Edgar, 2011). Performing an antibody stain against Delta is a means to visualize stem cell pools
in the intestinal epithelium. Once the midguts were stained and imaged, the stem cells and the
enteroblasts in the posterior region were quantified by identifying cells that were expressing Delta
using the Fiji image processing software. The number of stem cells in the midgut was quantified
by counting Delta-positive cells associated with DAPI stain. The total number of cells was
quantified by the number of DAPI-positive cells, which also represent the total number of nuclei.
The percentage of stem cells was calculated by dividing the number of stem cells over the total
number of cells.
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First, the DAPI channel and the Delta channel were split (Appendix Figure 2.01A-B), and a
Gaussian Blur was applied to both images to reduce background noise and facilitate distinguishing
between two nuclei in close proximity (Appendix Figure 2.01C-D). The DAPI channel was used
to identify the number of independent nuclei using the “Find Maxima” function, which detected
the local maxima of each nuclei (Appendix Figure 2.01E). A threshold was performed on the
Delta channel in order to make the image binary (Appendix Figure 2.01F). The DAPI Maxima
and the Delta image were superimposed by selecting the Delta binary image and using the
“Convert to Mask” function. Finally, the number of stem cells were quantified using the “Analyze
Particles” function. A macro created on Fiji can be found at the end of the appendix for a more
detailed description of the image analysis.

2.06 In silico Design of Opto-Domeless
The Opto-Domeless construct was designed by adding the VfAU-LOV (Grusch et al., 2014)
optogenetic tag and an mScarlet fluorophore (Bindels et al., 2016) to the Domeless receptor while
not compromising the functionality of the protein. The prospective fluorophore needed to have an
excitation wavelength outside of the blue spectrum so that the Opto-Domeless protein could be
visualized in live samples without activating the optogenetic tag. mScarlet was chosen for its peak
excitation wavelength of 570 nm (Bindels et al., 2016) which is suitably far away from the
activation wavelength of VfAU-LOV (470 nm)(Grusch et al., 2014). mScarlet was added to the
N-terminus of the receptor (the extracellular domain)(Figure 2.1) and replaced the cytokine
binding motif so that JAK/STAT signal activation would be independent of endogenous cytokine
binding. A Kozak consensus sequence was added at the beginning of the construct and functions
as the protein translation initiation site in the majority of eukaryotic mRNA transcripts (Kozak,
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1987). The Domeless signaling peptide was also added upstream of mScarlet to direct the
localization and insertion of the protein into the plasma membrane. The VfAU-LOV domain was
fused to the C-terminus of Domeless (intracellular domain) at a disordered region of the protein
that is away from the putative HOP and Stat92E binding sites (Fisher et al., 2016). Incorporation
of VfAU-LOV at the end of Opto-Domeless was accomplished in order to enable protein
dimerization upon blue light-illumination, thus activating JAK/STAT signalling. A stop codon was
also added to the end of the construct to terminate protein translation, immediately following
VfAU-LOV.

Figure 2.1: Schematic of the Opto-Domeless construct in the pAc5.1 vector. Insert 1 consists
of the Kozak sequence (yellow), the signaling peptide (green) and the mScarlet fluorophore (red).
Insert 2 contains a portion of the extracellular domain of Domeless (ECD), as well as the
transmembrane domain (TMD) and the intracellular domain (ICD) of Domeless (purple). The third
insert is the VfAU-LOV domain (blue) with a terminal stop codon. Together, these three inserts
will be introduced into the pAc5.1 plasmid using Gibson Assembly.
There are four parts to the Opto-Domeless construct that facilitated cloning using Gibson
Assembly; three inserts and a vector backbone. Insert 1 consists of the Kozak sequence, the
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signaling peptide and the mScarlet fluorophore. Insert 2 consists of the Domeless protein, whose
extracellular domain has been removed with the exception of 9 amino acids to ensure proper
anchoring into the plasma membrane. Insert 3 is the VfAU-LOV domain with a stop codon. These
three components will be inserted into the pAc5.1 vector in order to test the construct in Drosophila
Schneider 2 (S2) cells. A Plasmid Editor (ApE) was used to compile the sequences used in this
construct. The full Opto-Domeless DNA sequence (mScarlet-Domeless-VfAU-LOV) can be
found in Appendix Table 2.3.
The mScarlet and VfAU-LOV DNA sequences are both available in plasmids from Addgene
(Plasmid #85042 and #58686, respectively) whereas the Domeless sequence needed to be isolated
from Drosophila as mRNA and converted into cDNA. After looking at the expression profile of
Domeless on the Flymine database (data from modENCODE RNA-seq), it was determined that
Domeless is highly expressed during the first 13 stages of embryogenesis. For that reason, the
Domeless sequence was acquired from mRNA harvested from D. melanogaster early embryos.

2.07 Isolation and Amplification of Domeless
Approximately 50 wild type flies were placed in a fly cage and embryos were collected on an
apple juice agar plate for 12 hours. The apple juice agar plate was removed and sprayed with a
layer of PBT, and the embryos were loosened from plate using a nylon paintbrush. The PBT and
suspended embryos were filtered through a sieve to collect the embryos. The embryos were rinsed
with tap water for one minute to remove any residual yeast paste collected from the agar plates.
The sieve was placed in a dechorionation basket and submerged with 50% (v/v) bleach for 2
minutes to dechorionate the embryos. The embryos were washed with room temperature tap water
for 1 minute to remove all traces of bleach from the embryos.
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50 mg of dechorionated embryos were transferred into a 1.5 mL Eppendorf tube with liquid
nitrogen and grinded quickly with an Eppendorf micropestle until the liquid nitrogen evaporated.
1 mL of TRIzol™ Reagent (ThermoFisher #15596026) was added to the sample and a 25G needle
and syringe were used to shear and further homogenize the tissue. The sample was centrifuged at
12,000gs for 10 minutes at 4°C to pellet the debris. The supernatant was transferred to a new
microfuge tube and 200 µL of chloroform was added. The sample was tilted gently for a minute
and then left to incubate for 3 minutes at room temperature. The sample was centrifuged at
10,000gs for 15 minutes at 4°C. The upper aqueous layer was transferred to a new Eppendorf tube
and equal parts of isopropanol was added to the sample. The sample was incubated for 10 minutes
at room temperature and then centrifuged at 12,000gs for 10 minutes at 4°C. The supernatant was
removed, and the pellet was washed with 70% ethanol. The sample was centrifuged at 7,500gs for
5 minutes and then the supernatant was removed. The pellet was allowed to air dry and was
subsequently resuspended in 50 µL of RNase-free water.
After having collected the mRNA, reverse transcription polymerase chain reaction (RT-PCR)
was performed to create cDNA. RT-PCR was completed using the OneTaq® One-Step RT-PCR
Kit from New England Biolabs Inc. (NEB)(#E5310S). 1 mg of RNA was added into an Eppendorf
tube with the Domeless-specific reverse primer, the OneTaq One-Step Reaction Mix and the
nuclease-free water. The sample was incubated at 65°C for 5 minutes to denature the mRNA and
reduce any secondary structure that may hinder the RT-PCR. The OneTaq One-Step Enzyme Mix
and the Domeless-specific forward primer were added to the tube and then placed in the
thermocycler. In order to amplify the Domeless gene, the following program was executed: a
reverse transcription at 48°C for 25 minutes; an initial denaturation at 94°C for 1 minute; then 40
cycles of; 94°C for 15 seconds to denature the DNA, 68°C for 30 seconds for primer-specific
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annealing and 68°C for 1.5 minutes for the extension of Domeless; followed by a final extension
at 68°C for 5 minutes. The primer information for this experiment is listed in Appendix Table
2.4.

2.08 Amplification the Opto-Domeless Components
Each component of the Opto-Domeless construct was amplified using the polymerase chain
reaction (PCR). This was accomplished using Q5® High-Fidelity DNA Polymerase from NEB
(#M0492S). Q5 Polymerase has the highest fidelity amplification (~280X higher than Taq
polymerase) and ultra-low error rates. All PCRs were completed using a BioRad DNAEngine
Peltier Thermal Cycler.
The primers used to amplify each insert were designed to have 20 base pairs of homology to its
neighbouring component for Gibson assembly. The annealing temperature of these primers were
provided using the NEB Tm Calculator (http://tmcalculator.neb.com/#!/). Due to the long length
of these primers, a two step PCR was performed to optimize the amplification of each component.
A two-step PCR reaction consists of 5 regular PCR cycles at the annealing temperature specific to
the primers, followed by 30 cycles of PCR with an annealing temperature of 72°C. Bringing the
annealing temperature up to 72°C facilitates better annealing of the long primers. The sequence
annealing temperatures and extension times for each set of primers are listed in Appendix Table
2.4. These primers were ordered from Sigma-Aldrich Co. LLC.
Insert 1 is unique in that it contains a Kozak sequence and a signalling peptide upstream of
mScarlet. Iterative PCR was performed to create Insert 1 by encoding the signaling peptide in the
forward primer while amplifying mScarlet. Once the signaling peptide was added to the mScarlet
sequence, the Kozak sequence was encoded into the final forward primer, which also contained 20

34

base pairs of homology to the pAc5.1 vector. Four PCR reactions were performed in order to
complete the synthesis of Insert 1 (Appendix Figure 2.02-2.05).
Insert 2 and 3 of the Opto-Domeless construct was successfully amplified using a two-step PCR
and gel electrophoresis was performed to confirm the size of each insert. Amplification of Insert
2 (Domeless) can be visualized in Appendix Figure 2.04 and amplification of Insert 3 (VfAULOV) can be visualized in Appendix Figure 2.03. The PCR reaction mixture was loaded in a 1%
agarose gel and ran for 45 minutes at 100V. Afterwards, the samples were extracted from the
agarose gel using a Monarch DNA Gel Extraction Kit from NEB (#T1020S).

2.09 Linearization of pAc5.1-V5-His
Before the Opto-Domeless inserts could be ligated into the pAc5.1 expression vector, the vector
needed to be linearized and the V5 epitope and His-tag needed to be removed. The pAc5.1 plasmid
map obtained from Invitrogen (#V4110-20) showed that cutting the vector with KpnI and BamHI
restriction enzymes would remove the V5 epitope and His-tag from the multiple cloning site
(MCS). Cutting the pAc5.1 vector with two restriction enzymes is also a strategy used to prevent
the vector from re-ligating to itself during Gibson assembly reactions. 2 µg of pAc5.1-V5-His was
cut with KpnI and BamHI and left to incubate overnight at 37°C. To confirm whether the vector
had been effectively cleaved, the reaction mix was loaded in a 1% agarose gel and ran for 45
minutes at 100V. Upon observation, the vector had been properly cleaved and demonstrated the
correct size (Appendix Figure 2.06). The vector was extracted from the 1% agarose gel using a
Monarch DNA Gel Extraction Kit from NEB (#T1020S).
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2.10 Gibson Assembly of pAc5.1-Opto-Domeless
The three inserts in the Opto-Domeless construct were ligated together and inserted into a pAc5.1
expression vector using Gibson assembly. Gibson assembly is a cloning technique that enables the
assembly of multiple overlapping DNA sequences by the concerted action of a 5’ exonuclease, a
DNA polymerase and a DNA ligase (Gibson et al., 2009). The NEBuilder Hifi DNA Assembly
Master Mix (#E2621L) was used for this experiment. Optimized cloning efficiency requires 50–
100 ng of vector with 2–3 fold of excess inserts. With this in mind, 100 ng of the pAc5.1 vector,
45 ng of Insert 1 (Kozak-signaling peptide-mScarlet), 67 ng of Insert 2 (Domeless protein) and 24
ng of Insert 3 (VfAU-LOV) were used to yield a 3:1 molar ratio of insert to vector. The reaction
mix was assembled on ice which included the vector and inserts, 10 µL of the NEBuilder HiFi
DNA Assembly Master Mix and nuclease-free water to bring the total volume to 20 µL. The
isothermal reaction was performed at 50°C for one hour in a BioRad DNAEngine Peltier Thermal
Cycler. The reaction mix was purified using the NEB Monarch PCR & DNA Cleanup Kit
(#T1030S) and the assembled product was transformed and amplified in competent bacteria.
Additional information regarding the vector and inserts that were used to create pAc5.1-OptoDomeless are listed in Appendix Table 2.5.

2.11 Amplification of pAc5.1-Opto-Domeless in DH5α Escherichia coli
Chemically competent DH5α E. coli cells were obtained from NEB (#C2987I). The competent
cells were taken out of the -80°C freezer and thawed on ice for 20 minutes. 100 ng of the pAc5.1Opto-Domeless plasmid was added to the 50 µL aliquot of DH5α cells and mixed gently by
flicking the Eppendorf tube a few times. The competent cell/DNA mixture was incubated on ice
for 30 minutes. Heat shock was subsequently performed by placing the tube in a 42°C water bath
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for 45 seconds and the Eppendorf tube was put back on ice for 2 minutes. Afterwards, 1 mL of
Super Optimal broth with Catabolite repression (SOC) was added to the Eppendorf tube and the
sample was placed in a 37°C shaking incubator for 1 hour. After the incubation period, the
competent cell/DNA mixture was plated on antibiotic LB agar plates that contained 100 µg/mL of
ampicillin. The plates were incubated at 37°C overnight and observed the following day for
colonies.
Single colonies of E. coli that had successfully taken up the pAc5.1-Opto-Domeless plasmid
were selected and re-streaked onto a new ampicillin LB agar place and catalogued for future use.
One of the re-streaked colonies was transferred to liquid LB medium containing 100 µg/mL of
ampicillin and incubated overnight at 37°C in a shaking incubator. The following day, the pAc5.1Opto-Domeless plasmid was isolated from the bacterial culture using the NEB Monarch Plasmid
Miniprep Kit (#T1010S).

2.12 Verification of pAc5.1-Opto-Domeless
Prior to testing the Opto-Domeless construct in cell culture, two diagnostic experiments were
conducted in order to ensure that the pAc5.1-Opto-Domeless vector contained the proper OptoDomeless sequence. The first method of verification was cutting the pAc5.1-Opto-Domeless
sample with KpnI and BamHI to separate the vector sequence from the Opto-Domeless sequence.
These two restriction enzymes were previously used to digest the pAc5.1 vector during the cloning
process and are still present in the final product. The isolated pAc5.1-Opto-Domeless plasmid was
cut with KpnI and BamHI and incubated overnight at 37°C. The following day, gel electrophoresis
was performed to confirm the size of pAc5.1 and the Opto-Domeless insert. The cut sample was
loaded in a 1% agarose gel and ran for 45 minutes at 100V. Two bands were visualized, one at
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approximately 5,000 bp and the other at approximately 2,500 bp (Appendix Figure 2.07). These
two bands correspond to pAc5.1 and the Opto-Domeless construct, respectively.
The second diagnostic measure was to sequence the Opto-Domeless construct using Sanger
sequencing. A sample of the pAc5.1-Opto-Domeless vector was sent to The Centre for Applied
Genomics at the Hospital for Sick Children in Toronto, Ontario. The DNA sequence that was
produced from Sanger sequencing was aligned to the original sequence via a multiple sequence
alignment (MSA) using ClustalX (Larkin et al., 2007); http://www.clustal.org) to confirm whether
the isolated plasmid carried the exact Opto-Domeless sequence. The alignment showed 99.84%
sequence identity (Appendix Figure 2.08) with four mutations in the Domeless portion of the
construct. NCBI Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to compare the two
translated sequences and showed no discrepancies between the amino acid sequences (Appendix
Figure 2.09). This indicates that the point mutations in pAc5.1-Opto-Domeless are silent and do
not affect the amino acid sequence of the protein.

2.13 Schneider 2 Cell Transfection for Opto-Domeless Expression
Schneider 2 (S2) cells were acquired from the Drosophila Genomics Resource Center (DGRC
#181). The S2 cells were cultured at 28°C in a 75 cm2 T-flask in Schneider’s Insect Medium
(Sigma-Aldrich Co. LLC #S0146) supplemented with 10% heat inactivated fetal bovine serum
(FBS), 500 ng/mL of insulin, and 100 µg/mL of Penicillin and Streptomycin (serum-containing
Schneider’s Insect Medium). Once the cells reached a concentration of 2 X 107 cells/mL, they
were seeded onto 35 mm MatTek dishes (MatTek Corp. #P35COL-1.5-14-C) at a density of 6 X
106 cells/mL. The S2 cells were given a few days to grow and reach a confluency of 70-90%.
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Once the cells reached confluency, the serum-containing Schneider’s Insect Medium was
removed, and the dish was washed twice with PBS. The buffers and media used in this protocol
were pre-warmed to 28°C. The PBS was removed and replaced with serum-free Schneider’s Insect
Medium, and the S2 cells were left to acclimatize to the new medium for one hour. During the
acclimatization period, 7.5 µL of Lipofectamine 3000 (Invitrogen #L3000-015) was added to
117.5 µL of serum-free Schneider’s Insect Medium and mixed together in an Eppendorf tube (Tube
A). 5 µL of P3000 was added to 2 µg of DNA (pAc5.1-Opto-Domeless) in an Eppendorf tube, and
then serum free Schneider’s Insect Medium was added to bring the total volume to 125 µL (Tube
B). The contents of Tube A and Tube B were mixed together and incubated at room temperature
for 20 minutes. Following the incubation period, the DNA/Lipofectamine mixture was added
dropwise to the S2 cells. The DNA/Lipofectamine solution was left to incubate with the S2 cells
for six hours. The medium and the DNA/Lipofectamine solution was then removed from the
MatTek dishes and replaced with serum containing Schneider’s Insect Medium. The S2 cells were
incubated in the dark at 28°C for 12 hours to allow for Opto-Domeless expression, and
subsequently imaged using the Carl Zeiss Axio Observer.Z1.

2.14 Molecular Cloning of the Opto-Domeless Construct into a UAS Expression Vector
The Opto-Domeless construct was cloned into a pUAST-attB vector and subsequently
microinjected into embryos of D. melanogaster. The UAS promoter enables gene expression
through the Gal4/UAS expression system (Bischof et al., 2007), and the attB recombination site
allows the plasmid DNA to be inserted into the genome of the fly via PhiC31 integrase-mediated
transgenesis.
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The Opto-Domeless construct was amplified from the pAc5.1-Opto-Domeless vector using
PCR. The primers used to amplify Opto-Domeless can be found in Appendix Table 2.4. The PCR
reaction mixture was loaded in a 1% agarose gel and gel electrophoresis was performed to confirm
the proper size of the amplified product (Appendix Figure 2.10). The amplified product was
extracted from the agarose gel using the Monarch DNA Gel Extraction Kit (#T1020S). 2 µg of
pUAST-attB (Drosophila Genomics Resource Center #1419) was double digested with EcoRI and
KpnI and incubated overnight at 37°C. The cut sample was loaded into a 1% agarose gel and gel
electrophoresis was performed to confirm the success of the double digestion (Appendix Figure
2.11). The Opto-Domeless construct was ligated into the pUAST-attB vector using NEB T4 ligase
(#M0202S). The ligation reaction was assembled on ice and consisted of 45 ng of the OptoDomeless insert and 50 ng of the pUAST-attB vector (3:1 insert to vector molar ratio), 2 µL T4
DNA Ligase Buffer, 1 µL T4 DNA Ligase and nuclease-free water to bring the total volume to 20
µL. The reaction was incubated overnight at room temperature and subsequently heat inactivate at
65°C for 10 minutes. The ligation reaction was subsequently purified using a NEB Monarch PCR
& DNA Cleanup Kit (#T1030S).
The pUAST-attB-Opto-Domeless plasmid was transformed in DH5α E. coli cells using chemical
transformation and plated onto LB agar plates containing 100 µg/mL of ampicillin. The plates
were incubated overnight at 37°C and observed the following day for transformants. Single
colonies of E. coli that had successfully taken up the pUAST-attB-Opto-Domeless plasmid were
selected and re-streaked onto a new ampicillin LB agar place and catalogued for future use. One
of the re-streaked colonies was transferred to liquid LB medium containing 100 µg/mL of
ampicillin and incubated overnight at 37°C in a shaking incubator. The following day, the pUAST-
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attB-Opto-Domeless plasmid was isolated from the bacterial culture using the NEB Monarch
Plasmid Miniprep Kit (#T1010S).
The isolated pUAST-attB-Opto-Domeless plasmid was sent for sequencing to confirm that it
possessed the correct Opto-Domeless sequence. A sample of the plasmid was sent to The Centre
for Applied Genomics at the Hospital for Sick Children in Toronto, Ontario. The DNA sequence
that was produced from Sanger sequencing was aligned to the original sequence via a multiple
sequence alignment (MSA) using ClustalX (Larkin et al., 2007); http://www.clustal.org). The
alignment showed 99.84% sequence identity with four mutations in the Domeless portion of the
construct. These four point mutations were identical to those found in the pAc5.1-Opto-Domeless
plasmid (Appendix Figure 2.08), which were concluded to be silent mutations.

2.15 Creation of the Opto-Domeless fly line using embryo microinjection
The pUAST-attB-Domeless construct was cloned and sent to BestGene Inc. to be microinjected
into Drosophila embryos. BestGene Inc. uses PhiC31 integrase-mediated transgenesis which
mediates the integration of your transgene at a specific landing site in the genome. The bacterial
attachment site (attB) was used to integrate the UAS-Opto-Domeless construct into a phage
attachment site (attP) on the second chromosome of the embryo. The injected embryos were
allowed to develop into adult flies and then backcrossed with a control yw fly line. The progeny
from the backcross were screened for the red eye phenotype of the mini-white gene, which
indicated that the UAS-Opto-Domeless construct was successfully integrated into the genome. The
successful transformants were then crossed with a balancer fly line in order to balance the OptoDomeless transgene on the second chromosome. Once completed, the Opto-Domeless fly line was
shipped back to our facility.
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2.16 Embryo hatching assay
Approximately 10 virgin females and 10 males were placed in a fly cage to begin laying embryos.
Embryos were freshly laid on an apple juice agar plate for 1 day and then the plate was removed,
and the lid was put back on the plate to prevent the agar from drying out. The first plate that was
collected from the fly cross was discarded to minimize the chance of counting unfertilized eggs.
The total number of embryos were counted upon removal of the plate and the hatched embryos
were counted as they developed into larvae. The percentage hatched was calculated by taking the
total number of embryos and diving that by the number of embryos that hatched. The hatching
assay was conducted under three conditions; dark, room light and LED light.

2.17 LED light condition
The Brock Electronics Shop created a Cool White 6000K LED Light Panel. AC Power In;
120VAC 60Hz, 325mA. A cool white LED light was chosen as it emits a high amount of blue
light, which is needed to activate our optogenetic proteins in vivo. The fly cages and fly vials were
placed 15cm (5.9 inches) away from the LED panel and the light was set to 50%, which is the
second setting. The light intensity and exposure time were maintained constant throughout each
experiment, which is stated in the description for each specific experiment.

2.18 Immunohistochemistry of the embryos
Female and male flies were placed in a fly cage, and embryos were collected on an apple juice
agar plate for a period of 24 hours. The apple juice agar plate was removed and sprayed with a
layer of PBT, and the embryos were loosened from plate using a nylon paintbrush. The PBT and
suspended embryos were filtered through a sieve to collect the embryos. The embryos were rinsed
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with tap water for one minute to remove any residual yeast paste collected from the agar plates.
The sieve was placed in a dechorionation basket and submerged with 50% (v/v) bleach for 2
minutes to dechorionate from the embryos. The embryos were washed with room temperature tap
water for 1 minute to remove all traces of bleach from the embryos. The embryos were then
transferred to a scintillation vial containing 5 mL of heptane and 5 mL of PBS containing 4% (v/v)
formaldehyde to fix the embryos. The vial was placed on a Heidolph Rotamax 120 rotary shaker
for 20 minutes and shaken at 300 RPM. The embryos were removed from the solution while
simultaneously extracting 500 µL of heptane and placed in an Eppendorf tube. 500 µL of methanol
was added to the Eppendorf tube, and the embryos were vortexed for 1 minute using a SciLogex
MX-S vortex. The heptane/methanol solution was removed from the tube, and the embryos were
washed and vortexed three times with 1 mL of methanol. The fixed embryos were then stored in
methanol at -20°C until the staining procedure was performed.
The fixed embryos were rinsed once with a 50/50 methanol and PBT solution. The embryos were
then washed three times with PBT on a Lab-Line Maxi Rotator nutator, for five-minute intervals.
The PBT solution was removed, and a 5% milk powder-PBT blocking solution was added and
incubated for 30 minutes. The blocking solution was removed and the primary antibody in 1%
skim milk-PBT was added to the sample and incubated overnight at 4°C. The following day, the
primary antibody solution was removed, and the embryos were washed three times with 1% skim
milk-PBT on a nutator for 15-minute intervals. The PBT solution was removed, and the secondary
antibody in 1% skim milk-PBT was added to the sample. The secondary antibody stain was
incubated for 2 hours at room temperature on the nutator. Afterwards, the secondary antibody was
removed, and the embryos were washed three times with 1% skim milk-PBT on the nutator for
15-minute intervals. After the final wash, the embryos were rinsed three times in PBS. The PBS
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was removed and a 1:100 DAPI:PBS solution was added to the embryos and incubated for 10
minutes at room temperature on the nutator. At this point, tinfoil was used to cover the sample
because DAPI is light-sensitive. The embryos were subsequently washed with PBS three times for
two-minute intervals. The PBS was removed and mounting media (50% glycerol in PBS) was
added to the sample. The embryos were then transferred to a microscope slide and then imaged.
The primary antibodies that were used in these experiments are mouse anti-22C10 (1:100) and
rabbit anti-GFP (1:100) and the secondary antibodies that were used are goat Alexa Fluor 647 antimouse (1:500) and goat Alexa Fluor 488 anti-rabbit (1:500). Information regarding the source and
product number of the antibodies can be found in Appendix Table 2.2.
Materials, reagents and stocks used throughout these methods are listed in Appendix Table 2.6.
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Chapter 3.0 - Results
3.1 Notch and JAK/STAT signaling regulate progenitor cell fate.
3.1.1 Notch blockade prevents intestinal stem cell differentiation.
Notch signaling is essential for the development and maintenance of the midgut in Drosophila
(Ohlstein & Spradling, 2007). The expression of the Delta ligand in progenitor cells in a spatially
and temporally defined manner ensures the proper proliferation and differentiation of progenitors
throughout the lifespan of the fly (Ohlstein & Spradling, 2007). Many studies have shown that the
expression of Notch in the adult intestine is responsible for the differentiation of an intestinal stem
cell (ISC) into a specialized cell such as an enteroendocrine cell (ee) or an enterocyte (EC)(Hung
et al., 2020). In order to confirm this finding, and to familiarize ourselves with this powerful stem
cell model system, I first generated Notch mutant ISC clones using the temperature-sensitive allele
Esgts (Korzelius et al., 2014) in the midgut to express Notch-RNAi. The Esgts allele was chosen in
order to activate transgene expression specifically in ISCs using the temperature sensitive
GAL4/GAL80 system (Zeidler et al., 2004).
Flies where shifted to 29°C for five days and dissected on day 5. Midguts from these flies were
fixed and processed for fluorescence immunohistochemistry using an antibody against the Delta
protein which marks progenitor cells only (Figure 3.01)(Ohlstein & Spradling, 2007). Midguts
were subsequently mounted for confocal fluorescence imaging, imaged, and analyzed (see
methods section for all methodological details). In wild-type midguts, Delta-positive progenitor
cells were identified as either a single cell or two cells in physical contact with one another (Figure
3.02A and 3.04). However, Notch mutant ISCs expressing Notch-RNAi showed progenitor cell
clusters, consisting of multiple cells expressing the Delta ligand in contact with one another
(Figure 3.02B and 3.04B). The midguts of the Notch-RNAi mutants also displayed acellular
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patches in the epithelium that were lacking nuclei (Figure 3.02B), indicating the epithelium’s
inability to replenish cells that have been lost due to basal turnover. Altogether, these findings
reinforce that Notch is essential for both ISC differentiation, and maintenance in the intestinal
epithelium.

Figure 3.01: Intestinal stem cells divide asymmetrically or symmetrically with respect to
Delta expression and Notch pathway activation. (G) Notch signaling (green) is up-regulated in
EBs after asymmetric division of a Delta-positive ISC (arrow). (H) Two Delta-positive ISCs
asymmetrically dividing (arrow). (Modified from Ohlstein & Spradling, 2007).

Figure 3.02: Intestinal stem cell clusters form in response to Notch-RNAi expression. Flies
were shifted to 29°C for 5 days to allow expression of Notch-RNAi. The intestinal epithelium
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comprised of acellular regions (dotted line), whereas other areas had clusters of Delta-positive
cells (dashed line). DAPI shown in blue and Delta shown in green. The white box indicates a panel
enlargement in Figure 3.04B. Scale bar is 30 µm.
3.1.2 Cytokine expression increases intestinal stem cell proliferation.
Cytokine signaling has been implicated as a central regulator of stem cell proliferation in
multiple contexts, including tissue regeneration and homeostasis in the Drosophila midgut (Jiang
et al., 2009). In Drosophila, JAK/STAT signaling involves three leptin-like cytokines called
Unpaireds (Upd, Upd2, Upd3) (Jiang et al., 2009). Amongst the three ligands, Upd3 has proven to
be the most versatile cytokine in the midgut, demonstrating its role in damage-induced
regeneration, proliferation and differentiation of ISCs (Herrera & Bach, 2019). Unlike Upd and
Upd2, Upd3 is expressed by all cell types in the midgut, including visceral muscle cells that
underlie the intestinal epithelium (Herrera & Bach, 2019). For these reasons, I decided to confirm
its role in ISC proliferation. I tested the effect of JAK/STAT activation in the midgut by overexpressing UAS-Upd3 in ISCs using the temperature sensitive Esgts allele. Transgene expression
was activated using the temperature sensitive GAL4/GAL80 system as previously described, for
five days at 29°C and then midguts were analyzed using an antibody against the Delta protein.
Expression of Upd3 increased the number of actively dividing ISCs, demonstrated by the increased
number of Delta-positive cells undergoing division (Figure 3.03). The heightened division of stem
cells in Upd3 midguts is apparent when looking closely at the number of Delta-positive cells
dividing in any given region and comparing that to wild type (Figure 3.04C). There were no large
clusters of cells observed in the Upd3 midguts, signifying that the dividing cells were able to
subsequently differentiate. These experiments show that Upd3/JAK/STAT signaling increases the
number of actively dividing ISCs but does not interfere with the ability of ISCs to differentiate.
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Figure 3.03: Intestinal stem cells divide in response to Upd3 expression. Flies were shifted to
29°C for 5 days to allow for expression of Unpaired 3. DAPI shown in blue and Delta shown in
green. The white box indicates a panel enlargement in Figure 3.04C. Scale bar is 30 µm.

Figure 3.04: Intestinal stem cells in response to Notch-RNAi, and Upd3 expression. Flies were
shifted to 29°C for 5 days to allow for transgene expression of either Notch RNAi or Unpaired 3.
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Intestinal stem cells are undergoing standard divisions in both wild type and Unpaired 3 conditions
(arrow). A cluster of Delta-positive cells shown in panels B’ and B’’. DAPI shown in blue and
Delta shown in green. Scale bar is 9 µm.

3.1.3 Cytokine expression paired with Notch blockade results in stem cell overproliferation.
The roles of JAK/STAT and Notch signaling in the intestinal epithelium have both been
extensively studied independently in Drosophila (Jiang & Edgar, 2011; Jiang et al., 2009; Ohlstein
& Spradling, 2007). Notch signaling is responsible for cell fate determination in ISCs (Ohlstein &
Spradling, 2007), while JAK/STAT signaling is required for ISC regeneration (Jiang et al., 2009).
It is evident that both of these signaling pathways must be tightly regulated to maintain proper ISC
maintenance, however, there is no evidence that demonstrates whether Notch and JAK/STAT
signaling work cooperatively to regulate and maintain stem cell pools. In order to elucidate the
functional interaction of JAK/STAT and Notch signaling in ISCs, I combined JAK/STAT
activation and Notch inhibition in the midgut by ectopically expressing UAS-Upd3 and NotchRNAi simultaneously for five days using the temperature-sensitive Esgts allele. Increased cytokine
expression paired with Notch blockage resulted in extensive ISC overproliferation (Figure 3.05).
The inability of the stem cells to differentiate and replace the enterocytes that are lost due to basal
cell turnover contributed to large acellular areas in various regions of the midgut (Figure 3.05 and
Figure 3.06A). Furthermore, the increase in JAK/STAT signaling, mediated by Upd3 expression,
increased the number of stem cells that were dividing. Collectively, the ISCs inability to terminally
differentiate paired with heightened proliferation lead to the formation of enormous ISC tumors
(Figure 3.05 and Figure 3.06B). These results are validated through quantification in section 3.1.4.
It is also worth noting that during the dissection of these flies, the integrity of the epithelium was
extremely compromised, and the tissue was falling apart while collecting the midguts (data not
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shown). Only three midguts stayed intact during the dissection and staining process, which resulted
in a low sample size (n=3) compared to the other three conditions (Wild Type, Upd3 and NotchRNAi n=7, 7, 6 respectively).

Figure 3.05: Increased cytokine expression paired with Notch blockade results in intestinal
stem cell overproliferation. Flies were shifted to 29°C for 5 days to allow for simultaneous
expression of Unpaired 3 and Notch-RNAi. Multiple areas of the intestinal epithelium lack nuclei
(dotted line) demonstrating the absence of cells. The white box indicates a panel enlargement in
Figure 3.06C. Scale bar is 26 µm.

Figure 3.06: Notch blockade in conjunction with increased JAK/STAT signaling drastically
increases intestinal stem cell numbers in the midgut. Flies were shifted to 29°C for 5 days to
allow for simultaneous expression of Unpaired 3 and Notch-RNAi. An acellular region shown in
the DAPI channel indicates a lack of cells present in the epithelium (dotted line), while large a
cluster of stem cells are shown in the Delta channel (dashed line). Scale bar is 13 µm.
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3.1.4 Quantification of stem cells pools in the Drosophila midgut
I next sought to assess the impact of each treatment by evaluating the stem cell pools in each
midgut. I did so by quantifying the percentage of stem cells per midgut in the following groups;
wild type, Upd3, Notch-RNAi and Upd3 + Notch-RNAi. In wild type flies, Delta positive stem
cells make up 18.17 ±1.47% (n=7) of the total number of cells in the intestinal epithelium, whereas
Upd3 and Notch-RNAi resulted in percentages of 35.05 ± 2.98% (n=7) and 27.12 ± 2.59% (n=6),
respectively (Figure 3.07). The combination of Upd3 and Notch-RNAi expression resulted in the
highest percentage of stem cells per midgut (56.16 ± 1.71%, n=3), further solidifying the
detrimental impact of combining both treatments.
An additional analysis was performed in an effort to reveal how the ISCs behave under each
treatment. I was searching for changes in cell behaviour such as increased cell division and stem
cell cluster formation. The midguts had undergone transgene expression for 5 days prior to being
analysed which provided sufficient time according to previous studies (Micchelli & Perrimon,
2006; Ohlstein & Spradling, 2007) to quantify the contribution of each treatment without
saturating the midguts with ISC clusters. The posterior portion of the midguts were analyzed and
the relative percentage of stem cells per group was calculated by dividing the number of stem cells
in a specific group (i.e. single cells, pairs of cells, clusters of three cells and clusters of ≥ four cells)
over the total number of stem cells in the midgut. The wild type midguts were comprised mostly
of single cells (76.15 ± 3.06%, n=7) and a smaller portion of cells in pairs (19.44 ± 3.01, n=7)
whereas the Upd3 treatment midguts had roughly equal percentages of single cells and cells in
pairs of two (47.81 ± 7.29% and 46.66 ± 4.13%, respectively, n=7)(Figure 3.08). This establishes
a significant increase in Upd3-expressing stem cells undergoing mitosis. In the Notch-RNAi
treatment group, only 42.72 ± 5.18% (n=6) of stem cells where in singles, showing a significant
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decrease compared to the wild type cohort. Moreover, 25.69 ± 2.71% of stem cells were in pairs,
11.86 ± 2.76% were in clusters of three and 19.72 ± 2.76% of stem cells where in clusters of ≥4
cells. The Notch-RNAi treatment group showed a noticeable shift towards stem cell clusters in
the midguts, indicative of successful Notch blockade. Lastly, the combination of Upd3 and NotchRNAi expression gave rise to 88.99 ± 2.14% (n=3) of stem cells being in clusters of ≥4 cells,
signifying that most of the stem cells present in these midguts have undergone many divisions over
the 5-day time span, but were unable to further differentiate into enterocytes. Taken together, these
results demonstrate that a combination of Notch blockade and JAK/STAT hyperactivation leads
to the formation of large delta-positive tumours. These data also demonstrate that perturbing Notch
and JAK/STAT simultaneously produces a combined effect on stem cells greater than the sum of
each independent treatment, which supports my first hypothesis stating that these pathways work
together synergistically.

Figure 3.07: Mean percentage of stem cells per midgut. Percentage calculated by dividing the
number of Delta-positive cells over total number of DAPI detected nuclei in the midgut. n= 7, 7,
6 and 3 midguts for wild type, Upd3, Notch RNAi and Upd3+Notch RNAi, respectively. A paired
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t-test (two-sided) was applied to each group to determine statistical significance against the wild
type cohort. The statistical significance level is indicated as “*” for P ≤ 0.05 and “**” for P ≤ 0.01.

Figure 3.08: Relative percentage of stem cells per group. Percentage calculated by dividing
number of stem cells in specific group (i.e. single cells, two cells dividing, cluster of three cells
and ≥ four cells) over total number of stem cells in the midgut. n= 7, 7, 6 and 3 midguts for wild
type, Upd3, Notch RNAi and Upd3+Notch RNAi, respectively. The Welch's test (two-sided) was
applied to determine statistical significance of each group of cells against their respective wild
type cohorts. The significance level is indicated as “*” for P ≤ 0.05, “**” for P ≤ 0.01, “***” for
P ≤ 0.001 and “****” for P ≤ 0.0001.
3.2 The use of Optogenetic tools to control signaling events in Drosophila.
3.2.1 Opto-Delta clusters in response to blue light illumination
A common criticism that is mentioned while using traditional genetic approaches to investigate
cell signaling is the inability to regulate signaling events in a spatial and temporal manner. For
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example, Notch-RNAi was expressed in ISCs in our previous experiments using the
Gal4/Gal80ts/UAS system. While the Gal4/Gal80ts/UAS system provides a means to target the
RNAi in a specific subset of cells, it is difficult to know the exact point at which Notch inhibition
occurs once the flies are shifted to the non-permissive temperature. In order to overcome this lack
of control, we engineered a light-gated, optogenetic Delta allele that allows for precise Notch
inhibition using light. The Opto-Delta allele was tagged with a fluorescent protein and a lightsensitive CRY2 on the intracellular domain, allowing clustering at the plasma membrane upon
blue light illumination (Figure 3.09). Oligomerization of the Delta ligand inhibits it from binding
to the Notch receptor on neighbouring cells, thus inhibiting Notch signaling with the use of light.
Opto-Delta was first tested in the embryo over a time-course in order to visualize Opto-Delta
functionality. Upon exposure to blue light, Opto-Delta can be seen clustering within minutes in
the live embryo (Figure 3.10).

Figure 3.09: Schematic of Opto-Delta clustering upon blue light illumination at the plasma
membrane. The Opto-Delta allele is comprised of a fluorescent protein and optogenetic tag on the
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intracellular domain of the Delta ligand. When blue light is added to the system, the optogenetic
tags cluster which results in Delta ligand clustering and a concominant blockade of Notch signaling
in signal-receiving cells.

Figure 3.10: Opto-Delta rapidly clusters in response to blue light illumination. Time course
of 180 seconds in 60-second intervals of an embryo being illuminated with blue light (Viswanathan
et al., 2019).

3.2.2 Opto-Delta inhibits Notch signaling and produces intestinal stem cell clusters.
Having already established that Opto-Delta was light-sensitive, I decided to examine OptoDelta’s functionality in the Drosophila midgut. The flies were exposed to a light or dark treatment
for five days and afterwards, an antibody stain against the Delta protein was performed. In both
conditions, the Opto-Delta miguts displayed large groups of Delta-positive progenitor cells
(Figure 3.11). The clustering of Opto-Delta is evident by the formation of punctae in the stem
cells (Figure 3.12). The analogous results between the Opto-Delta midguts with and without light
suggests that Notch signaling is being inhibited even in the absence of light.
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Figure 3.11: Intestinal stem cell clusters present in presence and absence of blue light in the
Opto-Delta intestinal epithelium. Flies were exposed to a light or dark condition for 5
consecutive days. Areas of the intestinal epithelium contain clusters of Delta-positive progenitor
cells (dashed line). DAPI shown in blue and Delta shown in green. The white box indicates a panel
enlargement in the subsequent image. Scale bar is 26 µm.

Figure 3.12: Opto-Delta clusters in the intestinal epithelium in response to LED light. OptoDelta clusters in the intestinal epithelium, visible as punctae in the ISCs (arrowheads). Scale bar
is 13 µm.
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3.2.3 The creation of an Opto-Domeless allele.
After having established that Opto-Delta is functional in the midgut and that light application
can influence signaling in the ISCs, I decided to create a light-gated Domeless receptor protein.
The Domeless protein is the transmembrane receptor responsible for JAK/STAT signaling in
Drosophila (Rawlings et al., 2004). Opto-Domeless was created by tagging the intracellular
domain with VfAU-LOV (Grusch et al., 2014), a photosensitive protein that homodimerizes upon
blue light illumination (Figure 3.13). Light-dependent homodimerization of the Opto-Domeless
receptor initiates JAK/STAT signaling by recruiting and activating Stat92E transcription factors,
making light an “ON” switch for signal transduction. A red fluorescent mScarlet protein was also
added in place of the extracellular cytokine binding domain to allow for protein localization, as
well as to prevent endogenous cytokine binding.

Figure 3.13: Schematic of Opto-Domeless clustering upon blue light illumination at the
plasma membrane. The Opto-Domeless allele comprises of a fluorescent protein on the
extracellular domain and an optogenetic tag on the intracellular domain of the Domeless receptor.
The addition of blue light to the system should theoretically result in the homodimerization of the
optogenetic tags, which results in a concomitant dimerization and activation of the Domeless
receptor.
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3.2.4 Opto-Domeless verification in S2 cells.
In order to verify that Opto-Domeless was being translated into a functional protein, the OptoDomeless construct was transfected into S2 cells and visualized 12-hours post-transfection. The
extracellular domain of Opto-Domeless is tagged with mScarlet to facilitate localization. Upon
visualization, red punctae were seen throughout most of the cytoplasm of the cell, indicating the
presence of the Opto-Domeless protein (Figure 3.14). While Opto-Domeless is supposed to
localize specifically to the plasma membrane, the cytoplasmic tail of the protein (where the
Stat92E docking sites reside) can still be active at the endoplasmic reticulum and the Golgi
apparatus. Nevertheless, I did not confirm which organelles Opto-Domeless is localizing to. These
results provided us with the confidence that Opto-Domeless was being properly translated, which
lead us to move forward with Opto-Domeless studies in the fly.

Figure 3.14: Opto-Domeless expression in S2 cells. The Opto-Domeless (red) construct was
transfected into S2 cells and allotted 12 hours for expression. Red punctae are present throughout
most of the cytoplasm of the cell, indicating the presence of the Opto-Domeless protein. Scale bar
is 6 µm.

3.2.5 Opto-Domeless expression in Drosophila embryos.
To asses the light-responsiveness of this tool, I used embryonic viability as a proxy for lightgated JAK/STAT activation. A UAS-Opto-Domeless fly line was created which enabled us to
58

express Opto-Domeless under the UAS-GAL4 expression system (Duffy, 2002). Two GAL4
promoter fly lines were chosen to induce the expression of Opto-Domeless in a specific subset of
cells of Drosophila embryos. I used the 67.15 maternal-alpha-Tubulin promoter line that drives
high levels of transgene expression in the early embryo, as well as the ElaV promoter for directing
expression to the nervous system. A Stat92E-GFP allele was also incorporated in the fly cross as
a JAK/STAT reporter system; all cells that have active JAK/STAT signaling can be identified
through visualization of GFP. The maternal embryos expressing Opto-Domeless are denoted as
Mat-Dome-Stat92E(GFP) while the ElaV embryos are denoted as ElaV-Dome-Stat92E(GFP).
Once the embryos were laid, they were subjected to one of three conditions (dark, room light and
LED light) and observed until they hatched and developed into a larva. The hatching percentages
were subsequently calculated and used as a proxy for viability.
Once the hatching percentages were calculated for each fly line, a one-way ANOVA was
performed between each group in the dark condition to determine if the genetic background of
each fly line had a significant effect on the hatching percentage. There was statistically significant
differences between the group means as determined by the one-way ANOVA (F(7,40) = 2.25, p =
2.24E-12.) A two-way ANOVA was also performed to determine whether room light or LED
light had a significant impact on the hatching percentage. Room light groups presented no
significant difference in hatching percentage compared to their dark condition cohorts (F(7, 80) =
3.96, p = 0.58), whereas LED light did reveal a significant impact on hatching percentage
compared to those in the dark (F(7,80) = 3.96, p = 5.56E-19.) I also observed a significant decrease
in viability within most groups when comparing hatching rates between the dark condition and the
LED light condition (Figure 3.15).
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Figure 3.15: Embryo hatching assay. Embryos were freshly laid on apple juice agar plates and observed until they hatched. The
percentage hatched was calculated by taking the total number of embryos and diving that by the number of embryos that hatched. The
hatching assay was conducted under three conditions; dark, ambient room light and LED light. A paired t-test (two-sided) was applied
to determine statistical significance against the wild type cohort. The significance level is indicated as “*” for P ≤ 0.05, “**” for P ≤
0.01 and “***” for P ≤ 0.001.
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In order to asses the impact that LED light had on hatching percentage within each group, the
fold change was calculated by dividing the average hatching percentage of the dark condition over
the LED light condition (Figure 3.16). Upon observation, it was clear that the LED light had the
most impact on the ElaV-Dome-Stat92E(GFP) embryos, with a fold change of 7.72 while the other
seven groups showed fold changes below 2. This suggests that Opto-Domeless is showing lightresponsiveness when expressed through the ElaV promoter.

Figure 3.16: Percent hatched measurement of embryos that were exposed to the LED light
condition. Embryos were freshly laid on apple juice agar plates and observed until they hatched.
wild type was used for normalization. A paired t-test (two-sided) was applied to each group
determine statistical significance against the wild type cohort. The significance level is indicated
as “*” for P ≤ 0.01 and “**” for P ≤ 0.001.
In order to confirm that Opto-Domeless was being expressed in the nervous system by the ElaV
promoter, I performed immunohistochemistry using the nervous system marker 22C10 and
assessed for colocalization. The 22C10 antibody recognizes the microtubule binding protein
futsch, expressed in neurons in the peripheral and central nervous system (Hummel et al., 2000).
Furthermore, the 22C10 stain also allowed us to identify any developmental defects in the nervous
system during embryogenesis. Opto-Domeless was visualized without antibody staining by virtue
of its mScarlet tag and was successfully expressed in the nervous system (Figure 3.17). The
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nervous system seemed to have developed without any defects. It was also observed that
JAK/STAT activity, based upon GFP expression, was primarily localized to a subset of cells that
appear to be associated with the embryonic tracheal system, similarly to the Stat92E-GFP control
embryo (Figure 3.18). After merging the red and green channels together, it was clear Stat92EGFP activity does not colocalize with the neurons expressing Opto-Domeless (Figure 3.18). This
suggests that there is no JAK/STAT activity present in those neurons.

Figure 3.17: Expression of Opto-Domeless in the embryonic nervous system. Opto-Domeless
was expressed in the nervous system of the developing embryo through the ElaV promoter and
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Stat92E-GFP was used to report JAK/STAT activity. The embryo developed to stage 16 and was
subsequently fixed and stained using GFP and 22C10 antibodies. GFP expression is localized to
the presumptive tracheal cells (arrowheads). Scale bar is 130 µm.

Figure 3.18: JAK/STAT activity and Opto-Domeless expression do not colocalize in the
embryonic nervous system. Opto-Domeless was expressed in the nervous system of the
developing embryo through the ElaV promoter and Stat92E-GFP was used to report JAK/STAT
activity. The embryo developed to stage 16 and was subsequently fixed and stained using a GFP
antibody. The green and red channels were merged to demonstrate GFP and Opto-Domeless
colocalization. In the panel enlargement, GFP expression is localized to the tracheal pit
(arrowhead). Scale bar is 16 µm.
3.2.6 Expressing Opto-Domeless in the Drosophila midgut.
After having tested Opto-Domeless expression in embryos, I examined whether Opto-Domeless
could be expressed in Drosophila intestinal stem cells. I generated Opto-Domeless ISC clones
using the temperature-sensitive allele Esgts in combination with Stat92E-GFP JAK/STAT reporter.
The flies underwent induced transgene expression for five days in complete darkness. In the
midgut of Opto-Domeless flies, red punctae were visualized in the intestinal stem cells (Figure
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3.19), indicative of transgene expression (mScarlet-tagged Opto-Domeless). The Opto-Domeless
punctae appeared to be localizing in the cytoplasm and at the cell junctions of neighbouring cells
(Figure 3.20). Unfortunately, I realized that JAK/STAT activity could not be properly assessed in
this context using the Stat92E-GFP reporter due to the fly line already having a background
genomic UAS-GFP reporter. The UAS-GFP reporter allows users to identify the presence of
transgene expression in the ISCs by visualizing the presence of GFP. Given that GFP is being
expressed as a transgene reporter and as a Stat92E reporter simultaneously, I cannot disentangle
the level of GFP expression coming from each individual source.

Figure 3.19: Opto-Domeless expressed in the intestinal stem cells with Stat92E-GFP
reporting JAK/STAT activity. Fly was shifted to 29°C to allow for transgene expression and no
light was administered to this sample. DAPI in blue, Opto-Domeless in red and GFP in green. The
white box indicates a panel enlargement in the subsequent image. Scale bar 20 µm.
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Figure 3.20: Panel enlargement of Opto-Domeless expressed in intestinal stem cells. OptoDomeless expressed in the intestinal stem cells with Stat92E-GFP reporting JAK/STAT activity.
Fly was shifted to 29°C to allow for transgene expression and no light was administered to this
sample. Opto-Domeless appears to form punctae in the cytoplasm and cell junctions of the cell
(white arrowheads). DAPI in blue, Opto-Domeless in red and GFP in green. Scale bar 10 µm.
Having inconclusive results on JAK/STAT activity in the previous experiment, I decided to
express Opto-Domeless in ISCs using a different Esgts expression fly line that lacks the UAS-GFP
reporter. This was done with the intent of confirming the presence of JAK/STAT signal activation.
The flies were shifted to 29°C for five days to allow for Opto-Domeless expression. Only the dark
treatment was completed for this experiment due to time constraints. The midguts where then fixed
and an antibody stain against Delta and GFP was performed. In the Opto-Domeless; Stat92E(GFP)
flies, GFP was observed in many clusters of cells in the intestinal epithelium (Figure 3.21). Upon
closer observation, it appeared that GFP activity was present in both progenitor cells and fully
differentiated enterocytes (Figure 3.22). The two cells types are distinguishable by the presence
of Delta in the progenitor cells and the absence of Delta in the enterocytes. Due to GFPs very long
half life (approximately 26 hours)(Corish & Tyler-Smith, 1999), it is possible that the GFP activity
persisted long after the stem cell specialized into an enterocyte. Therefore, it is difficult to say
whether all cells that have GFP are reporting ongoing JAK/STAT signal activation. Additional
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controls will have to be performed in order to determine whether JAK/STAT signal activation is
occurring in the absence of light. These additional controls are further elaborated in the discussion.

Figure 3.21: Stat92E-GFP activity persists in the enterocytes after differentiation. OptoDomeless; Stat92E(GFP) fly was shifted to 29°C for five days to allow for transgene expression
and no light was administered to this sample. DAPI in blue, Delta in red and GFP in green. The
white box indicates a panel enlargement in the subsequent image. Scale bar is 26 µm.

Figure 3.22: Panel enlargement of the Opto-Domeless; Stat92E-GFP intestinal epithelium.
Stat92E-GFP activity persists in the enterocytes after differentiation. Enterocyte with polypoid
nuclei expressing GFP (arrowhead) and actively dividing intestinal stem cells is expressing both
GFP and Delta (arrow). DAPI in blue, Delta in red and GFP in green. Scale bar is 10 µm.
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Chapter 4.0 - Discussion
4.1 Notch inhibition in the intestinal epithelium
The adult Drosophila midgut contains a pool of multipotent intestinal stem cells (ISCs) that have
the ability to generate both enterocytes and enteroendocrine cells (Ohlstein & Spradling, 2006).
ISCs expressing high levels of Delta have been shown to activate the canonical Notch pathway,
which results in the daughter cell becoming an enterocyte (Ohlstein & Spradling, 2007). In the
absence of Notch signaling in the midgut, stem cells are unable to terminally differentiate, and the
consequence of Notch deficiency is the formation of large Delta-positive cell clusters (Micchelli
& Perrimon, 2006; Ohlstein & Spradling, 2007). I was able to replicate this work by expressing
Notch-RNAi in the midgut, specifically in the ISCs. Notch mutant ISC clones were created using
the temperature-sensitive allele Esgts, which enabled Notch-RNAi expression in stem cells. Upon
observation, Notch mutant midguts contained multiple clusters of progenitor cells positive for the
Delta marker (Figure 3.02B). Notch mutant midguts also displayed acellular patches indicative of
areas that were lacking nuclei (Figure 3.02B).
I next sought to quantitatively assess the impact of expressing Notch-RNAi, and Upd3 in the
intestinal epithelium by evaluating the stem cell pools in each midgut. I quantified the mean
percentage of stem cells in the following groups; wild type, Upd3, Notch-RNAi and Upd3 + NotchRNAi. The Notch mutant midguts are made up of 9% more ISCs compared to the wild type cohort
(Figure 3.07). Further analysis of the Notch mutants revealed that approximately 31% of total
stem cells were in clusters ranging from 3-7 cells in size (Figure 3.08). The size of the stem cell
clusters in our experiments are in line with previous literature that states the basal turnover of ISCs
in the posterior midgut is roughly one division every 24 hours at room temperature (Marianes &
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Spradling, 2013), provided that Notch-RNAi was expressed in the ISCs for 5 days. Altogether,
these data confirm that Notch signaling regulates stem cell differentiation.
4.2 JAK/STAT activation in the intestinal epithelium
An additional facet that distinguishes adult stem cells from somatic cells is their ability for
continuous self-renewal (Pazhanisamy, 2009). In order to maintain tissue integrity, coordinated
control of stem cell proliferation is indispensable to ensure a steady output of cells capable of
replenishing those that have died (Pazhanisamy, 2009). The JAK/STAT signaling pathway is a
central regulator involved in stem cell turnover in the intestinal epithelium and is mediated through
the binding of extracellular cytokines (Jiang et al., 2009). In the adult Drosophila midgut, the
cytokine Upd3 has been shown to be expressed in all cell types, particularly after the midgut has
sustained injury (Herrera & Bach, 2019). While there have been many reports on the endogenous
expression profiles of Upd, Upd2 and Upd3 in the midgut (Jiang et al., 2009), the ectopic
expression of Upd3 has not yet been investigated. For these reasons, I decided to investigate its
role in ISC proliferation. I tested the effect of JAK/STAT activation in the midgut by overexpressing Upd3 in ISCs using the temperature sensitive Esgts allele. Expression of Upd3 appeared
to induce mitosis, observed by the increased number of stem cells undergoing division (Figure
3.03). Our analysis revealed that in midguts where I ectopically expressed Upd3 in ISCs, there was
a concomitant increase of 17% in the mean percentage of stem cells compared to the wild type
cohort (Figure 3.07). When comparing the groups of stem cells between wild type and ectopic
Upd3 expression, there was a decrease in single cells (76.15 ± 3.06% versus 47.81 ± 7.29%) and
an increase in actively dividing cells (19.44 ± 3.01% versus 46.66 ± 4.13%) in the Upd3 midguts
(Figure 3.08). Similar results were observed in a study completed by Beebe et al (2010), through
which the JAK/STAT pathway was upregulated in ISCs by expressing components of the signaling
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pathway such as the Domeless receptor and the cytokine Upd. Stem cells were subsequently
quantified, and they observed a significant increase in the percentage of stem cells per midgut as
well of those undergoing division (Beebe et al., 2010). Collectively, I suggest that JAK/STAT
signaling is a potent regulator of ISC proliferation.
4.3 Notch inhibition and JAK/STAT activation results in stem cell overproliferation
After having established the individual contributions of Notch inhibition and JAK/STAT
activation on the Drosophila midgut, I decided to further investigate how these two signaling
pathways work in concert in ISCs. Simultaneous JAK/STAT activation and Notch inhibition was
accomplished by expressing Upd3 and Notch-RNAi for five days using the temperature-sensitive
Esgts allele. Increased cytokine expression paired with Notch blockade resulted in substantial ISC
overproliferation, leading to the formation of large ISC tumors spanning the entire midgut (Figure
3.05). These midguts also displayed large acellular patches indicative of areas that were lacking
nuclei (Figure 3.06). The lack of cells throughout the midgut severely compromised the integrity
of the intestinal tissue, making it difficult to dissect a fully intact midgut (data not shown).
The combination of Upd3 and Notch-RNAi expression resulted in the highest percentage of stem
cells per midgut (56.16 ± 1.71%)(Figure 3.07), yielding a 38% increase from the control group
and further solidifying the detrimental impact of combining both treatments. Moreover, the
combination of Upd3 and Notch-RNAi expression gave rise to 88.99 ± 2.14% of stem cells being
in clusters of ≥4 cells (Figure 3.08). These data are the first to show how Notch blockade and
ectopic expression of the cytokine Unpaired 3 causes large intestinal stem cell tumours to manifest
in the intestinal epithelium. A similar study has previously demonstrated that inhibition of Notch
signaling in addition to stress-induced divisions causes ISC tumor formation in >95% of flies
(Patel et al., 2015). They also observed an increase in the expression of JAK/STAT cytokine
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ligands, particularly Upd2 and Upd3 (Patel et al., 2015). In both circumstances, it appears as
though cytokine signals that are commonly used within the stem cell niche to stimulate
regeneration, propel tumour growth in conjunction with Notch inhibition.
The aim of this thesis was to better understand the interplay between Notch and JAK/STAT
signaling pathways. I asked whether these two signaling pathways would act in an additive or
synergistic manner and if so, how are they intersecting within the cells to result in such dramatic
overproduction in the midgut? By quantifying the number of stem cells in the intestinal epithelium
of each condition (i.e. Notch-RNAi, Upd3, Notch-RNAi+Upd3), the numbers provided us with an
idea of how much each pathway contributes to the stem cell increase. When subjecting the midguts
to both Notch knockdown and JAK/STAT hyperactivation, it was apparent that both pathways are
acting synergistically on the ISCs. The vast difference in stem cell numbers in the midguts with
the combined perturbations (38% more than wild type) show greater consequence than if the
effects were to be additive from each independent condition (26% more than wild type)(Figure
3.07).
These data confirm that combining Notch inhibition with JAK/STAT activation exacerbates
stem cell pile-up, which begs the question of whether overproliferation of ISCs is caused by cellautonomous JAK/STAT signaling or paracrine JAK/STAT signaling (Figure 4.1)?

With

traditional genetic approaches, is if difficult to decipher the series of events leading to the
formation of stem cell tumours. Yes, we can upregulate cytokine expression in a specific subset of
cells, however the threshold needed to drive stem cells towards ectopic growth cannot be precisely
monitored using the Gal4/UAS expression system. In order to overcome these limitations, I
decided to exploit novel optogenetic tools to further investigate Notch and JAK/STAT signaling
in the intestinal epithelium.
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Figure 4.1: Two competing models predicting how intestinal stem cells (ISCs) receive signals
in a proliferative state. (Left) A cell-autonomous JAK/STAT signaling model. Black arrows
indicate cytokines (orange) are being secreted by the ISCs (green) and acting upon themselves.
(Right) A surrounding cytokine signaling model. Black arrows indicate cytokines are being
secreted by the enterocytes (purple) and acting on the ISCs.
4.4 Optogenetic Delta inhibition in the intestinal epithelium
One criticism that is often mentioned while studying cell signaling in a given tissue is the
inability to regulate signaling in a spatial and temporal manner. While Notch-RNAi can be targeted
to the ISCs using the Gal4/Gal80ts/UAS system, it is difficult to determine at which point Notch
inhibition occurs once the flies are shifted to the non-permissive temperature. This expression
system is also binary, meaning that it is either “on” or “off” and there is no means to titrate the
level of transgene expression. In order to circumvent these limitations, I engineered a light-gated,
optogenetic Delta allele that allows for Notch inhibition using light. Opto-Delta’s functionality has
been extensively studied in the embryo, wing, notum, cuticle and eye (Viswanathan et al., 2019),
however there have been no reports on the use of Opto-Delta to block Notch signaling in the
midgut. For that reason, I decided to examine Opto-Delta’s functionality in the intestinal
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epithelium. One-day-old Opto-Delta flies were placed in a light or dark condition for five days and
afterwards, an antibody stain against the Delta protein was performed as previously in order to
label stem cells and quantify their numbers. In both conditions, the Opto-Delta miguts displayed
multiple clusters of progenitor cells positive for the Delta marker (Figure 3.11), similar to the
Notch mutant midguts (Figure 3.02B). The homo-oligomeric clustering of Opto-Delta was also
observable by the presence of punctae in the stem cells (Figure 3.12) indicating the efficacy of
light-based activation.
The comparable results between the Opto-Delta midguts in the presence and absence of light
suggests that Delta is clustering in the dark condition. Due to Opto-Delta’s sensitive lightresponsiveness, it is possible that the dark condition did not effectively block blue light from
entering the tissue and there was light input that I was unable to filter out. Roscolux red filter
paper (R2001 Storaro Red) was used in our laboratory to make a dark room for the light-sensitive
flies. This filter paper is supposed to filter out light between 440-560nm in wavelength (blue light),
however the specification for this filter paper does indicate 12% light transmission. Another
possible explanation for the comparable results between Opto-Delta light versus dark could be due
to the fact that the Opto-Delta allele is slightly less functional than the wild type allele
(Viswanathan et al., 2019). A reduction in the function of Delta may also lead to a reduction in
Notch signaling. If the midgut tissue is sensitive to a reduction in Notch signaling, this could
explain why we are seing clusters of stem cells in the absence of light, in the Opto-Delta midguts.
4.5 Generation and Validation of Opto-Domeless
An additional optogenetic tool that was created in our laboratory is the Opto-Domeless allele.
The Domeless protein is a transmembrane receptor responsible for JAK/STAT signaling in
Drosophila (Rawlings et al., 2004). The Domeless protein was tagged with VfAU-LOV, a
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photosensitive protein that homodimerizes upon blue light illumination (Grusch et al., 2014),
making light an “ON” switch for JAK/STAT signal activation. VfAU-LOV has been used to tag a
variety of receptor tyrosine kinases (RTKs) in mammalian cell culture, a few examples being the
epidermal growth factor receptor (EGFR), fibroblast growth factor receptor 1 (FGFR1), and
rearranged during transfection (RET)(Grusch et al., 2014). For these reasons, I thought it was a
suitable candidate to use during the creation of our light-gated Domeless allele.
Opto-Domeless was first tested in S2 cells in order to verify that it was being translated into a
functional protein. The transfection revealed that Opto-Domeless was being expressed and red
punctae were enriched throughout the cytoplasm of the cell (Figure 3.14). While Opto-Domeless
was engineered to localize to the plasma membrane, the cytoplasmic domain of the protein (where
the Stat92E docking sites reside) can still be active at the endoplasmic reticulum and the Golgi
apparatus. It would be of interest to confirm where Opto-Domeless is localizing to in the cell, by
using organelle-specific markers.
The UAS-Opto-Domeless construct was subsequently inserted into the Drosophila genome
using PhiC31 integrase-mediated transgenesis, which creates a stable fly line that allows this
transgene to be expressed via the Gal4/UAS expression system. The efficacy of the OptoDomeless allele was tested in embryos by expressing the construct in the early stages of
embryogenesis and in the nervous system, using the 67.15 maternal-alpha-Tubulin promoter and
the ElaV promoter, respectively. The rationale was that ectopic activation of JAK/STAT signaling
during embryogenesis would compromise development, as previously described during the
epithelial organization and patterning of the embryo, as well as during imaginal disc formation
(Harrison et al., 1998; Xi et al., 2003). Embryos expressing Opto-Domeless in the early embryo
did not show a decrease in viability (Figure 3.15). In the developing Drosophila embryo, Stat92E
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mRNAs have maternal and zygotic origin (Saadin & Starz-Gaiano, 2016). A study completed in
2013 revealed that maternally loaded Gal4 proteins are not always effective at generating
phenotypes for early zygotic genes (Staller et al., 2013). Additionally, during the maternal–zygotic
transition, maternal products are quickly degraded and gene expression from maternal mRNAs
comes to a halt (Staller et al., 2013). Insufficient Opto-Domeless expression in the early embryo
could explain why I did not observe any phenotypic changes.
The embryos expressing Opto-Domeless in the nervous system exhibited a significant decrease
in viability when subjected to the light condition, suggesting that Opto-Domeless is lightresponsive (Figure 3.15). The embryos appeared to have proper nervous system development and
no noticeable phenotypic changes (Figure 3.17). A study performed by (J. Li et al., 2003) revealed
that ectopic JAK/STAT signal activation in the nervous system does not generate a compromised
neuronal phenotype. However, the study did indicate that increased JAK/STAT signaling induced
peripheral neuronal clusters to have prematurely extended their axons (J. Li et al., 2003). This
study also demonstrated that endogenous Stat92E activity can be found in the CNS and the tracheal
pits at stage 14 (Li et. al., 2003). In our experiment, JAK/STAT activity appeared to be localizing
to the tracheal pits, however a tissue-specific antibody stain will have to be conducted in order to
confirm this observation. I did not observe any JAK/STAT activity in the CNS of our stage 16
embryos, which suggests that Stat92E activity may be transient in the nervous system during
development. In order to properly validate the expression profile of Stat92E, the embryo should
be imaged at every stage during embryogenesis.
4.6 Optogenetic JAK/STAT activation in the intestinal epithelium
The last experiment involved testing Opto-Domeless in the ISCs. I generated Opto-Domeless
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ISC clones using the temperature-sensitive allele Esgts and a Stat92E-GFP reporter to monitor
JAK/STAT activity in the midgut. 1-day-old Opto-Domeless flies were placed in a dark condition
for five days at non-permissive temperature to allow for transgene expression. Opto-Domeless was
successfully expressed in the ISCs which was evident by the formation of punctae in the mScarlet
channel (Figure 3.19). The Opto-Domeless punctae appeared to be localizing in the cytoplasm
and at the cell junctions of neighbouring cells (Figure 3.20).
GFP was observed in many clusters of cells in the intestinal epithelium (Figure 3.21). Upon
closer observation, it appeared that GFP activity was present in both stem cells and enteroblasts
that were undergoing differentiation into enterocytes (Figure 3.22). Due to its very long half-life
(approximately 26 hours)(Corish & Tyler-Smith, 1999), it is possible that GFP activity persisted
after the cell lost its stemness. Consequently, it is difficult to say whether all cells that have GFP
were reporting instantaneous JAK/STAT signal activation. A means to alleviate this issue is to use
a Stat92E-DGFP reporter, whereby a destabilized GFP (DGFP) fluorophore is used to monitor
JAK/STAT activity. DGFP has a half-life of approximately 2 hours, making it a more suitable
fluorophore for monitoring real-time signal transduction (Li et al., 1998).
4.7 Future uses of the Opto-Domeless allele
These experiments have demonstrated the potential use of light-gated proteins in the adult
midgut of Drosophila. The Opto-Domeless and Opto-Delta alleles have a broad range of
applications that will allow us to better understand how JAK/STAT and Notch signaling synergizes
to maintain intestinal epithelium homeostasis. One advantage of having a light-controllable protein
is the ability to pair it with a binary expression system, enabling the control of two signaling
pathways at once. For example, if our lab wanted to control Notch signaling and JAK/STAT
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signaling simultaneously, Notch RNAi could be temporally expressed in the ISCs using the
temperature sensitive Esgts while Opto-Domeless is simultaneously activated in a pulsatile fashion
in the ISCs using light (Figure 4.2). While Notch RNAi would steadily increase over time to reach
a maximum effectiveness, JAK/STAT activity can be precisely activated in time and space (Figure
4.3). These optogenetic alleles could also be used in tandem with other advanced methods such as
extended live imaging in order to investigate real-time dynamic cell signaling.

Figure 4.2: Schematic demonstrating the simultaneous use of the Gal4-UAS system and the
Optogenetic system to control two independent cell signaling events. The Gal4-UAS
expression system remains “on” while the Optogenetic activation is administered in a pulsatile
fashion.
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Figure 4.3: Schematic that parallels Figure 4.2 demonstrating the independent activation
levels of the Gal4-UAS expression system and the Optogenetic system over time.
Interestingly, Dr. Lucy O’Brien’s laboratory at Stanford University studies cell and tissue
dynamics in the adult Drosophila midgut using extended live imaging. In their model, a window
is cut in the abdomen of the fly which allows the midgut to be imaged while fully intact and
functioning (Martin et al., 2018). In a recent study, they investigated Notch signaling kinetics in
enteroblasts and how different thresholds of Notch activity specifies stem cell fate (Martin et al.,
2018). Notch signaling was monitored by using a Notch-GFP reporter that provided real-time
fluorescent expression patterns (Martin et al., 2018). While this system is greatly suited to
investigate endogenous levels of gene activity, it would be very difficult to temporally inhibit or
activate a signaling pathway in a specific subset of cells. These limitations can be overcome
through the use of light-gated variants of the Notch protein, making it possible to stimulate or
inhibit Notch activity on a fast or slow timescale. This can be accomplished by selecting an
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optogenetic tag that best suits the application (Krueger et al., 2019; Mansouri et al., 2019). This
extra level of control not only provides a better understanding of cell-autonomous behaviour, but
also reveals how a group of cells interpret signals originating from their neighbouring cells.
A great example that demonstrated the advantages of optogenetics was shown in the Drosophila
melanogaster egg chamber, through which a photoactivatable Rac protein was created to elucidate
how border cells migrate up a chemical gradient to a maturing oocyte during oogenesis (Wang et
al., 2010). The optogenetic Rac variant was used to override normal chemotactic cues and initiate
the movement of a subset of stationary border cells, causing the normally leading cells to stop
migrating (Wang et al., 2010). This observation confirmed that border cells utilize lateral inhibition
to ensure that only one or two leading cells are active at any given time (Wang et al., 2010).
Without the extra level of cell-specific control, these experiments would have not been possible.
An additional avenue of application is pairing optogenetic tools with current techniques studying
gene expression profiles of individual cell types. Over the past decade, there have been multiple
research groups trying to characterize the molecular signature of each cell type in the Drosophila
midgut (Dutta et al., 2015; Hung et al., 2020; Pinto et al., 2018). Recently, a study was published
revealing the gene expression profiles of individual cells in the intestinal epithelium, providing a
more in depth understanding of gene functions in varying cell types and homeostatic conditions
(Hung et.al. 2020). This study also demonstrated the difference in transcription factor expression
during the maturation of progenitor cells to mature cell types, such as enterocytes and
enteroendocrine cells (Hung et al., 2020). For example, an ISC will express transcription factors
such as secB, awd, hoip and Nazo at very high levels while continuing to symmetrically divide
and self-renew (Hung et.al. 2020). However, when an ISC takes the first step towards
differentiation and becomes an enteroblast, it will begin expressing genes such as MRE16, RpL26,
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RpS26 and bun, while the previous four genes mentioned will decrease significantly in expression
(Hung et.al. 2020). The change in transcription factor expression continues as the enteroblast
becomes either and enterocyte or an enteroendocrine cell.
Now that gene profiles have been identified in each cell type in the midgut, the two logical next
steps in pursuing this system would be to understand; 1) which transcription factors are being
activated by what pathways, and 2) the levels of signaling that are needed to promote change within
the cell. In Drosophila, the Notch, JAK/STAT, Hippo and Wnt signaling pathways are a few of
many signaling pathways that regulate stem cell decision making in the intestinal epithelium (Fevr
et al., 2007; Herrera & Bach, 2019; Hung et al., 2020; Kriz & Korinek, 2018; Zhai et al., 2017).
Our optogenetic alleles can be used to activate a specific signaling pathway at a particular time
during the cell’s development. This would enable us to understand the levels of signaling that are
necessary for the maturation of these cells, otherwise known as the transition phase a progenitor
cell needs to take to become a terminally differentiated cell. Not only can we titrate the level of
signal activation within the cell, but we can further characterize the cells afterwards using RNA
sequencing. By using our optogenetic Delta and Domeless alleles, we can further investigate how
Notch and JAK/STAT signaling influence ISC development and differentiation.
It is worth noting that the use of Opto-Delta and Opto-Domeless constructs are not strictly limited
to Drosophila melanogaster. While these light-gated constructs were specifically engineered to be
functional in the fly, the same optogenetic tags could be applied to the mammalian variants of
these proteins. For example, JAK/STAT signaling in humans in also activated through the
homodimerization of the JAK receptor (Rawlings et al., 2004), making the VfAU-LOV domain
just as suitable for JAK/STAT activation in human cell culture. Light-gated proteins have been
abundantly used in mammalian cell culture to drive gene expression and to activate a myriad of
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different signalling pathways such as MAPK/ERK, PI3K/AKT, RhoA and the Wnt/β-catenin
pathway (Mansouri et al., 2019). The advantage of using light-sensitive proteins in cell culture is
the ability to quickly validate the functionality of the construct and monitor the result in real-time.
Overall, it is evident that optogenetics has been successfully used to improve our understanding
on a variety of different biological processes and will continue to be used to expand our knowledge
on cell signaling events.
Overall conclusions
Altogether, my experiments demonstrate that Notch knockdown through Notch-RNAi results in
ISC pile-up as a consequence of the stem cells not being able to differentiate. Secondly, the
hyperactivation of JAK/STAT signaling through the increased expression of Upd3, resulted in an
increase in actively dividing stem cells. Lastly, the combination of Notch blockade and JAK/STAT
hyperactivation gives rise to large intestinal stem cell tumours. Quantitative assessment of ISC
pools in each condition demonstrated that the simultaneous perturbation of both signaling
pathways resulted in a greater percentage of stem cells per midgut compared to the sum of their
individual contributions. Collectively, these data imply that Notch and JAK/STAT pathways work
together synergistically, as was discussed previously.
The second portion of this thesis was to use optogenetic tools to refine my studies and to help
better understand the interplay between Notch and JAK/STAT during stem cell proliferation and
differentiation. Opto-Delta and Opto-Domeless are two light-responsive alleles that were tested in
the Drosophila midgut, in order to control Notch and JAK/STAT signalling, respectively. OptoDelta was being used to recapitulate Notch blockade in the midgut, whereas Opto-Domeless was
engineered to precisely activate JAK/STAT signaling. While it appeared as though both alleles
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were not 100% light-responsive in the intestinal epithelium, more experiments will have to be
completed in order to validate the functionality and assess their light-responsiveness. Nonetheless,
optogenetic tools such as Opto-Delta and Opto-Domeless can be used in unison with binary
expression systems and other advanced technologies, allowing us to disentangle intricate signaling
events in Drosophila, as well as in other species. Once further refined, these tools will enable us
to answer complex biological questions that have been unattainable with the use of traditional
genetic techniques.
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Appendix - Methodology
Appendix Table 2.1: List of fly stocks used with the associated gene it pertains to, the
chromosome of interest, expression information and the genotype.
Name

Assoc. Gene

Chr

Expression Info

Genotype

W[1118]

White

N/A

Wild Type

w[*]; +/+; +/+

UASNotchRNAi

Notch

3

Expresses
NotchRNAi under
UAS control.

y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS00001}attP2

Cyo;
TM3(Sb)

Cyo, TM3, Sb

2;3

Double balancer
line.

y[1] w[*]; wg[Sp-1]/CyO;
Dr[1]/TM3, Sb[1]

2

Expresses GAL4
in the esg
expression
pattern.

w[*];
P{w[+mW.hs]=GawB}NP5130
P{w[+*]=UAS-GFP.U}2;
P{w[+mC]=UAS3xFLAG.dCas9.VPR}attP2,
P{w[+mC]=tubP-GAL80[ts]}2

1

Expresses GAL4
in the Elav
expression
pattern.

P{w[+mW.hs]=GawB}elav[C155]

2;3

Expresses GAL4
in the
alphaTub67C
expression
pattern.

y[1] w[*]; P{matalpha4-GALVP16}67; P{matalpha4-GALVP16}15

w[1118]; P{w[+mC]=10XStat92EGFP}2

Esgts

ElaV-GAL4

67.15 MatGAL4

Escargot

Elav

AlphaTub67C

Stat92E10XGFP

Stat92E

3

Expresses GFP
under the control
of ten Stat92E
binding sites.

UAS-Upd3

Unpaired 3

2

Expresses Upd3
under UAS
control.

w[*]; UAS-Upd3/Cyo; +/+

3

Cry2-tagged
Delta in
endogenous
locus.

w[*]; +/+; Delta-Cry2/Delta-Cry2

2

LOV-tagged
Domeless under
UAS control

w[*]; Domeless-LOV/Cyo; +/+

Delta-Cry2

OptoDomeless

Delta

Domeless
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Appendix Table 2.2: List of fly crosses that were used during each experiment. Results section
for each fly cross is listed.
Fly Line

Results Section

Genotypes
w*; Esg -GAL4, UAS-GFP/Cyo; UAS-Notch RNAi/TM3,
ts

UAS-Notch RNAi

3.1.1

UAS-Upd3

3.1.2

sb
w*; UAS-Upd3/ Esgts-GAL4, UAS-GFP; Dr/TM3, sb
w*; UAS-Upd3/ Esgts-GAL4, UAS-GFP; UAS-Notch

UAS-Notch RNAi
+ Upd3

3.1.3

Opto-Delta
(midgut)

3.2.1
3.2.2

RNAi/TM3, sb
w*; Esgts-GAL4, UAS-GFP/Cyo; Delta-CRY2/TM3, sb
w*; UAS-Opto-Domeless/Cyo; STAT92E-GFP/TM3, sb

Opto-Domeless
(embryo)

Opto-Domeless
(midgut)

3.2.5

w*; UAS-Opto-Domeless/Mat-GAL4; STAT92E-GFP/MatGAL4

3.2.6

w*/ElaV-GAL4; UAS-Opto-Domeless/ElaV-GAL4;
STAT92E-GFP/ElaV-GAL4
w*; Esgts-GAL4, UAS-GFP/UAS-Opto-Domeless;
STAT92E-GFP/TM3, sb
w*; Esgts /UAS-Opto-Domeless; STAT92E-GFP/TM3, sb

Appendix Table 2.3: List of antibodies used during the immunohistochemistry protocols. The
Developmental Studies Hybridoma Bank at the University of Iowa is referred to as DSHB.
Antibody Name

Primary/Secondary
Antibody

Rabbit anti-GFP

Primary

Goat Alexa Fluor 488 antiRabbit
Mouse anti-Extracellular Delta
Goat Alexa Fluor 568 antiMouse
Mouse anti-Futsch
Goat Alexa Fluor 647 antiMouse

Source and Product
number
Torrey Pines Biolabs Inc.;
TP401

Secondary

Abcam; ab150077

Primary

DSHB; C594.9B
ThermoFisher Scientific;
A11031
DSHB; 22C10
ThermoFisher Scientific;
A28181

Secondary
Primary
Secondary
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Appendix Figure 2.01: Image analysis of a wild type Drosophila midgut. An image analysis
was completed on a 5-day-old wild type midgut using the Fiji image processing software. A-B)
The original images of the DAPI and Delta channel. C-D) The DAPI and Delta image after
applying a Gaussian blur. E) The local maxima of each nuclei. F) A binary image of Delta after
having completed a threshold. Scale bar corresponds to 60 µm.
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Appendix Table 2.4: DNA Sequence of the Opto-Domeless construct. The different colour
fonts in the DNA sequence column correspond to different portions of the protein construct.
Protein Construct
Kozak-signalling
peptide-mScarletDomeless-VfAULOV

DNA Sequence
CACCATGGTGGCCCAGGAGCAGCTCGTCCTGCTGCTCATGCTG
CTTGCCGGCTGCCGGGGTGGCGCCAACGCCATCTTGGATCCTG
GCTGGGTGATTATGGTGAGCAAGGGCGAGGCAGTGATCAAGG
AGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACG
GCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCT
ACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGT
GGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTCAGTTCA
TGTACGGCTCCAGGGCCTTCACCAAGCACCCCGCCGACATCC
CCGACTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGG
AGCGCGTGATGAACTTCGAGGACGGCGGCGCCGTGACCGTGA
CCCAGGACACCTCCCTGGAGGACGGCACCCTGATCTACAAGG
TGAAGCTCCGCGGCACCAACTTCCCTCCTGACGGCCCCGTAAT
GCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGAGCGGT
TGTACCCCGAGGACGGCGTGCTGAAGGGCGACATTAAGATGG
CCCTGCGCCTGAAGGACGGCGGCCGCTACCTGGCGGACTTCA
AGACCACCTACAAGGCCAAGAAGCCCGTGCAGATGCCCGGCG
CCTACAACGTCGACCGCAAGTTGGACATCACCTCCCACAACG
AGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGGGCC
GCCACTCCACCGGCGGCATGGACGAGCTGTACAAGACACCGG
ACACGCACAGCGTGAAGGCCATGTACCAGACCATTGAGGTGA
CCGTGGCGATTCTCGTGCTGGGCGTCATCTTCTACCTCGTGTA
CAAGAAATACCGCAAGATGTCCGATATCGGTCTAGTGCTGCC
GCAGGGAATCATGGAGACCATGAAGAAGCCCATAGACATGG
GTGGCCTGGGATTGGGCCTGGGTCCAGACTCGTCCGTCAGCG
GAGGCATCGTGTGCACACGGGTGGACGACTCGCCGCCATACA
CGCCGCAGGATCTGCCGCACGACTTCAGTAGCTGCGGCAGTG
AGAGCTCGAAACTGCTGCTGCGCACAGCGTCCTCCTCTGGTG
GCGGCGGCTGCGTGGATCGCGATGGATACGATGACAATCACG
AGACAGGGCCAATTAGCGCAGTTGGTCCGCCCACCAGCTACC
TGGCCATGCGGCATGGCCTTCTCGTCCAGAACGACAGGGAGC
GCGAGAGGGAGAGGGATCGTGAGCAGGAGAGGGAGCGGGAG
CAGCAGCAACAGCAGCGCGAGAGCGAAATGGATCGGGAGCA
GAGTTGCACCAATGGTTACATCAAGCCCACACAGATGAAGAG
CTGGGGCGGCAACGGTCCCTCGGATAATGATCACACGTTCTC
AGTTCCTTCGACTGCAATGACCGCTCCGATGTCCCAGCCGCTG
TCCCAGATTCCGCTCAGCGGCTACGTGCCCGTTCCCATTCCAC
AATCTCGGTTCAATCCGGCTCCAGTTCAACCGTTTGGGTCGCC
92

AGCAGTACCTTCCGCCGCCACCGCAGCCGCTGCGTCGACCTTT
TTCCCACCGGCCCACTTGCTCAACATGGACAACTACGTGCAG
GCCTCGGATCTGCACAAGCTGAAGCCGCTCGTCGCAGCTCCG
TTGTCGCAAACCGGAGGACCAGCCTTTGCGGGATCTTCGCCA
GCAACTTCGCCACCGCTACAGCTACCGCCGGTTCACGCCGCA
AGTCCAGCTGCCGCCACGCCCAAAATGGCTGACATCGGCTAT
ACCACCATGGAGCAGTTGCAGCTCACTGGGCTGATAAAGCCA
CCTCTGGCCGCCACCGTGGGATCGCCGACGCACGCCGCTGGT
GGGGCGCCGGGAGGCGGCAACCAGCACTCTCGCCTCCAGCCG
CAAATCAATGGCTACGTAACGCCGCAGGATCTGAACGCCATG
GCCCACAATCGGCACGTCCTCCCTGACTACAGTCTCGTGAAG
GCTCTGCAAATGGCACAACAGAATTTTGTCATTACAGACGCCT
CCCTCCCAGACAACCCTATCGTCTACGCCAGTAGAGGGTTTCT
GACACTGACAGGCTATTCTCTCGACCAGATCCTGGGCAGGAA
CTGCAGGTTTCTGCAAGGGCCAGAAACAGACCCAAGAGCTGT
GGATAAGATCAGGAATGCCATCACCAAAGGCGTTGATACCAG
TGTCTGTCTGCTGAATTATAGACAGGATGGCACAACCTTCTGG
AATCTCTTCTTCGTGGCTGGACTCAGAGATTCTAAGGGCAATA
TTGTCAACTACGTCGGAGTGCAGTCAAAGGTGAGCGAAGATT
ATGCCAAGCTGCTGGTCAACGAGCAGAACATTGAGTACAAAG
GTGTGCGCACCAGTAACATGCTGCGCAGAAAGTAA
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Appendix Table 2.5: List of PCR Primer Sequences. The DNA sequences of all primers used to
amplify DNA fragments, as well as those used in diagnostic PCRs. Primers with additional
homology have the homology region denoted in red. All annealing temperatures and extension
times were tailored for Q5 polymerase.
Primer Name

Primer Sequence

cDNA Domeless
FWD

ACACCGGACACGCACAG

cDNA Domeless REV

TTAGAGGACGTGCCGATTGTG

mScarlet Pt 1 FWD
(signaling peptide
homology)
mScarlet Pt 2 FWD
(signaling peptide
homology)
mScarlet Pt 3 FWD
(Kozak homology)
mScarlet Pt 4 FWD
(pAc5.1 homology)
mScarlet REV
(Pt 1-3 amplification)
mScarlet REV
(Domeless homology)
Domeless FWD
(mScarlet homology)
Domeless REV
(VfAU-LOV homology)

VfAU-LOV FWD
(Domeless homology)
VfAU-LOV REV
(pAc5.1 homology)
Domeless with EcoRI
FWD
Domeless with KpnI
REV

Annealing
Temp (°C)

Extension
Time (s)

68

25

67

25

70

40

65

15

67

60

CCAACGCCATCTTGGATCCTGGCTGGG
TGATTATGGTGAGCAAGGGCGAG
TCATGCTGCTTGCCGGCTGCCGG
GGTGGCGCCAACGCCATCTTGGATCCTG

CACCATGGTGGCCCAGGAGCAGCTCG
TCCTGCTGCTCATGCTGCTTGCCGGC
AGACCCCGGATCGGGGTACC
CACCATGGTGGCCCAGGAG
CTTGTACAGCTCGTCCATGC
ACGCTGTGCGTGTCCGGTGTCTTGTAC
AGCTCGTCCATGC
TCCACCGGCGGCATGGACGAGCTGTA
CAAGACACCGGACACGCACAG
TTCACGAGACTGTAGTCAGGGAGGAC
GTGCCGATTGTGG
AACGCCATGGCCCACAATCGGCACGTC
CTCCCTGACTACAGTCTCGTGAAG

ATCTTATCATGTCTGGATCC
TTACTTTCTGCGCAGCATGTTAC
GAATTCCACCATGGTGGCC
GGTACCTTACTTTCTGCGCAG
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Appendix Figure 2.02: PCR Amplification of mScarlet part 1. mScarlet was amplified using
Q5 polymerase. The sample was run on a 1% agarose gel to confirm the size of the amplified
product. mScarlet part 1 had a band at the appropriate size of approximately 700 bps.

Appendix Figure 2.03: PCR Amplification of VfAU-LOV and mScarlet part 2. VfAU-LOV
and mScarlet were amplified using Q5 polymerase. The samples were run on a 1% agarose gel to
confirm the size of the amplified products. VfAU-LOV and mScarlet part 2 had bands at the
appropriate size of approximately 450 and 700 bps, respectively.
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Appendix Figure 2.04: PCR Amplification of mScarlet part 3 and Domeless. mScarlet and
Domeless were amplified using Q5 polymerase. The samples were run on a 1% agarose gel to
confirm the size of the amplified products. mScarlet part 3 and Domeless had bands at the
appropriate size of approximately 750 and 1,200 bps, respectively.

Appendix Figure 2.05: PCR Amplification of mScarlet part 4. mScarlet was amplified using
Q5 polymerase. The sample was run on a 1% agarose gel to confirm the size of the amplified
product. mScarlet part 4 had a band at the appropriate size of approximately 800 bps.
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Appendix Figure 2.06: Double digest of pAc5.1A-V5-His using KpnI and BamHI. pAc5.1AV5-His plasmid was cut with KpnI and BamHI to linearize pAc5.1 and remove the V5 epitope and
His-tag from the multiple cloning site. The sample was run on a 1% agarose gel to confirm the
size of the digested plasmid. The linearized pAc5.1 vector was observed at the appropriate size of
approximately 5.5 Kb.

Appendix Table 2.6: List of fragments used for Gibson assembly of the pAc5.1-Opto-Domeless
construct. The mass for each fragment was calculated using the size and 3:1 insert to vector molar
ratio.
Fragments
pAc5.1 vector
Insert 1 (Kozak-signaling
peptide-mScarlet)
Insert 2 (Domeless)
Insert 3 (VfAU-LOV)

Size (bp)
5160

Mass (ng)
100 ng

Moles (pmol)
0.03

793

45 ng

0.09

1206
438

67 ng
24 ng

0.09
0.09
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Appendix Figure 2.07: Diagnostic double digest of pAc5.1-Opto-Domeless using KpnI and
BamHI. pAc5.1-Opto-Domeless plasmid was cut with KpnI and BamHI to confirm the presence
of the Opto-Domeless construct. The sample was run on a 1% agarose gel to confirm correct the
size of the digested plasmid and insert. The linearized pAc5.1 vector was observed at
approximately 5.5 Kb (red arrow) and the Opto-Domeless insert was observed at approximately
2.5 Kb (yellow arrow).
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Appendix Figure 2.08: Multiple Sequence Alignment of the Opto-Domeless Construct. The
Opto-Domeless insert in the pAc5.1 plasmid was sent for sequencing at The Centre for Applied
99

Genomics at the Hospital for Sick Children in Toronto, Ontario. The resulting sequence was
aligned to the original sequence via multiple sequence alignment using ClustalX. The alignment
showed 99.84% sequence identity with four mutations in the Domeless portion of the construct,
indicated by the lack of a star above the nucleotide and a decrease in the grey identity bar below
the nucleotide.

Appendix Figure 2.09: Amino Acid Sequence Alignment of the Opto-Domeless Construct.
NCBI Blast was used to compare the translated sequences of the cloned Opto-Domeless construct
and the original sequence. The alignment showed 100% sequence identity (red box).

100

Appendix Figure 2.10: Amplification of the Opto-Domeless insert. Opto-Domeless was
amplified from the pAc5.1-Opto-Domeless vector using a two-step PCR. The sample was loaded
in a 1% agarose gel and gel electrophoresis was performed to confirm the proper size of the
product. Opto-Domeless was observed at the appropriate size of approximately 2.4 Kb.

Appendix Figure 2.11: Double digest of pUAST-attB using EcoRI and KpnI. pUAST-attB
plasmid was cut with EcoRI and KpnI. The sample was run on a 1% agarose gel to confirm the
size of the digested plasmid. The linearized pUAST-attB vector was observed at the appropriate
size of approximately 8.4 Kb.
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Appendix Table 2.7: List of Materials and Reagents. The materials and reagents used
throughout the methods are listed below with their respective supplier and product number.
Material/Reagent/Stock

Supplier

Product Number

OneTaq® One-Step RT-PCR

New England Biolabs Inc.

E5310S

New England Biolabs Inc.

T1020S

New England Biolabs Inc.

T1030S

New England Biolabs Inc.

T1010S

New England Biolabs Inc.

E2621L

New England Biolabs Inc.

M0492S

DH5α E. coli cells

New England Biolabs Inc.

C2987I

T4 Ligase

New England Biolabs Inc.

M0202S

KpnI

New England Biolabs Inc.

R3142S

BamHI

New England Biolabs Inc.

R0136S

EcoRI

New England Biolabs Inc.

R0101S

TRIzol™ Reagent

ThermoFisher

15596026

Schneider’s Insect Medium

Sigma-Aldrich Co.LLC

S0146

75 cm2 T-flask

Sigma-Aldrich Co.LLC

CLS430641U-100EA

35mm MatTek Dish

MatTeck Corp

P34COL-1.5-14-C

Lipofectamine 300

Invitrogen

L3000-015

pAc5.1/V5-His A

Invitrogen

V4110-20

Schneider 2 cells

DGRC

181

pUAST-attB

DGRC

1419

pmScarlet_C1

Addgene

85042

mV-VfAU1-LOV_226

Addgene

58686

Kit
Monarch DNA Gel
Extraction Kit
Monarch PCR and DNA
Cleanup Kit
Monarch Plasmid Miniprep
Kit
NEBuilder Hifi DNA
Assembly Master Mix
Q5® High-Fidelity DNA
Polymerase
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Stem Cell Quantification Fiji Macro
This Macro was created by Andrew Valente
// Hide pop ups
setBatchMode("true")
// Set your title as a variable
title = getTitle();
// 1.0 Z Project the image and split the channels
run("Z Project...", "projection=[Max Intensity]");
run("Split Channels");
// 1.1 Close original image
selectWindow(title);
close();
// 2.0 Rename windows
// 2.1 Dapi.
selectWindow("C2-MAX_" + title);
rename("DAPI");
// 2.2 Alexa fluor.
selectWindow("C1-MAX_" + title);
rename("Alexa Fluor 568");
// 3.0 Apply auto contrast
// 3.1 Dapi.
selectWindow("DAPI");
run("Enhance Contrast", "saturated=0.0");
// 3.2 Alexa fluor
selectWindow("Alexa Fluor 568");
run("Enhance Contrast", "saturated=0.0");
// Exit silent mode
setBatchMode("show")
// 4.0 Perform Gaussian Blur for Nuclei detection
selectWindow("DAPI");
run("Gaussian Blur...", "sigma=1");
selectWindow("Alexa Fluor 568");
run("Gaussian Blur...", "sigma=1");
// 5.0 Find maxima for the Nuclei
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selectWindow("DAPI");
run("Find Maxima...", "prominence=150 exclude output=[Single Points]");
// 6.0 Diving Nuclei by pixel value to get proper nuclei count
selectWindow("DAPI Maxima");
run("Divide...", "value=255.000");
// 7.0 Making Stem cells binary using Otdy dark function
selectWindow("Alexa Fluor 568");
setAutoThreshold("Yen dark");
run("Convert to Mask");
// 8.0 Analyze particle tool for cell count
selectWindow("DAPI Maxima");
run("Set Measurements...", "integrated display redirect=[DAPI Maxima] decimal=3");
selectWindow("Alexa Fluor 568");
run("Analyze Particles...", "display");
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