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Abstract

Studying developmental disorders sheds light on how signalling networks
regulate development. Our research focuses on the Dishevelled 1 (DVL1) variant
DVL17519AT 'found in Autosomal Dominant Robinow Syndrome (RS) patients. RS
is a rare disorder linked to mutations in genes involved in the
noncanonical/Planar Cell Polarity pathway of Wnt signalling, essential for tissue
homeostasis and development. DVL1 acts in both canonical and noncanonical
Whnt pathways. The variant DVL17579AT has a frameshift mutation replacing the C-
terminus with a novel peptide. We used the Gal4-UAS system to study its effects
in fruit flies, comparing wildtype and variant DVL1. Our results show that the
variant alters tissue morphology, induces apoptosis, and disrupts wing
development. RNA-seq revealed differential gene expression related to
developmental processes. Our investigation with C-terminal truncated DVL1
constructs found that the novel peptide, rather than the loss of the C-terminus,
drives these changes. This research advances our understanding of RS and
DVL1 function.

Keywords: Robinow Syndrome; Dishevelled; Wnt signalling; Drosophila
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Chapter 1. Introduction

1.1. Cell signalling pathways

Complex organisms such as children use their sensory system to adapt to their
environment, overcome obstacles, establish their own nature and grow in harmony.
These all happen for everyone in the society quite intricately and the harmony is
established thanks to our ability to sense and response. We all receive information about
our surroundings through our sensory organs, transmit the information neuron by neuron
up to the brain where it is processed in order to produce a unique response. A similar

system applies to all kinds of living beings for their survival.

As the most basic unit of life, cells use signalling pathways similarly to our
sensory system to communicate, process information and respond to their environment
(Cooper, 2000). In this context, an external ligand molecule or the internal stimulus
within a cell is the sensory information, which is received by the cell’s sensory organs
called receptors on the membrane or other effector molecules inside the cell, the relay
molecules act like the neuronal transport for carrying the message from the reception to
the cell’s brain, the nucleus and finally the nucleus produces a biochemical response.
Proper operation and regulation of these signalling pathways are crucial for the regular
growth and survival of the cell itself, the cells surrounding it, hence the tissue, the organ
and the systems they form and ultimately the whole organism. It should be noted that not

all signalling pathways have the same workflow.

Cell signalling simply involves three steps: Signal reception, signal transduction
and cellular response generation. First the cell detects the external signal via its ligand-
specific receptors embedded in the cell surface. This leads to the activation of chemical
messengers present in the cytoplasm, commonly in the form of enzyme activation or
phosphorylation that amplifies the signal and paves the way for a more specific cellular
response. Some of these responses can occur fast within the cytoplasm as enzyme
activation in the metabolic level or the signal can reach to the nucleus and cause

differential gene expression (Lodish, 2000) (Fig. 1.1.).
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Figure 1.1. Cell signalling pathway steps

Schematic of the basic of a signalling pathway. Reception occurs when the ligand binds to its
receptor. After the signal is received, messengers within the cell transduce it to other proteins
e.g. enzymes. As a result of this information transfer, the cell produces a response in the form of
gene transcription, altered metabolic activity or shape.

1.1.1. Cell signalling defects and diseases

For all cellular signalling events to work correctly, the harmony within and
between the signalling pathways is fundamental. The wide and complex network
between signalling pathways involves crosstalk and sharing of proteins to transduce
similar or different messages. This provides a fine-tuned management for the regulation,
but it also makes the whole system prone to malfunction through mutations. For
example, a mutation in one protein that has functions in multiple pathways might disrupt
all those pathways. In other situations, the mutations in different proteins that cause the
responses through different pathways might lead to similar altered consequences. Due
to this intricate nature of the cell signalling network, such dysregulations in components
of cell signalling pathways can cause a multitude of diseases (Gautam, 1999; van de
Stolpe et al., 2019).

Understanding the molecular mechanisms underlying diseases is important to
develop precise medical solutions, hence, the study of signalling pathways is of high

interest (Sebastian-Leon et al., 2014; Dugger et al., 2018). Through research that targets



identifying the genes or signalling pathways that underlie the disease progression,
researchers can provide specific therapeutic approaches for a wide range of diseases,
from rare conditions to the most common ones such as cancer (Tabor & Goldenberg,
2018; Might & Crouse, 2022). Thanks to an array of genomic studies, we have access to
tools for the characterization and analysis of signalling molecules associated with
disease causing mutations and disease phenotypes (Mirnezami et al., 2012; Nussinov et
al., 2021). Science can also benefit from such studies by focusing on rare diseases and
the molecular mechanisms causing the disease phenotypes on the cellular and
organismal level since it provides a deeper understanding of basic molecular biology
(Dugger et al., 2018). A great example of this is the 1984 study by Dr. Michael S. Brown,
and Dr. Joseph L. Goldstein, in which they discovered the regulation of cholesterol
metabolism and LDL receptors via their research on familial hypercholesterolemia, a rare
disease, that also brought them the Nobel Prize in Physiology or Medicine in 1985. This
study also increased the possibilities to prevent and treat thickening of arteries and heart
attacks. (Brown & Goldstein, 1984; The Nobel Prize in Physiology or Medicine 1985,
n.d.).

To understand the alterations in the activity of a signalling pathway caused by
mutations in one of its components, the activity of the pathway can be measured. One
common method to study signalling pathway activity has been the use of transcriptional
reporters. These reporters are genes whose expression is directly tied to the activation
of a particular signalling pathway. These reporter genes can be engineered to produce
detectable signals, such as the green fluorescent protein (GFP), which emits
fluorescence, or the lacZ gene, which encodes the enzyme [-galactosidase that can be
easily identified through colorimetric assays (Honeyman et al., 2002). When the
signalling pathway is activated, the transcriptional reporter gene is expressed, producing
the detectable signal. By quantifying the intensity of this signal, we can determine the
degree of pathway activation. This quantification provides a measurable readout of the
pathway's activity, allowing scientists to dissect the dynamics and regulatory
mechanisms of the pathway under various experimental conditions (Fig 1.2.). This
approach offers valuable insights into how specific signalling pathways operate and
respond to different stimuli, thereby enhancing our understanding of cellular

communication and function.
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Figure 1.2. Measuring signalling pathway activity with reporters

Basic schematic of how to visualise and measure signalling pathway radouts and reporters.
Above, the activity of a simple signalling pathway that leads to the transcription of a gene is
depicted. This transcript and the protein product can be used as a readout of the signalling
pathway activity. Below, a transcriptional reporter, in this case a GFP tag inserted under the
promoter that the signalling pathway controls. The fluorescence from the GFP tag can be
visualised and measured in order to observe the signalling pathway’s activity.

1.2. Drosophila melanogaster as a model organism

Cell signalling is the basis of cellular behaviours which would ultimately lead to
changes at the organismal level (van de Stolpe et al., 2019). Considering how
convoluted the network of signalling pathways intra and intercellularly, studying the
human diseases caused by signalling altering mutations can be extremely time
consuming and challenging. Model organisms are our best helpers in order to overcome

most of these challenges. Given all these factors, the fruit fly Drosophila melanogaster is



a highly attractive model organism with its whole genome being available (Adams et al.,
2000), short lifespan, ease and low cost of husbandry and the wide selection of available
genetic tools (Bier, 2005; Venken & Bellen, 2007; Ugur et al., 2016; Tolwinski, 2017).

Drosophila have been one of the most common model organisms for over a
hundred years since Thomas Hunt Morgan’s genetic studies (Bellen et al., 2010;
Morgan, 1910). It has been established as a great model for studying many biological
processes such as genetics, inheritance, developmental patterning and embryogenesis
(Tolwinski, 2017; Yamamoto et al., 2014, 2024)

1.2.1. Developmental genetic disease modelling in Drosophila

By the look of it, a fly does not appear similar to a human. However, genomic
studies in the last two decades have proved that 60% of the Drosophila genome is
homologous to that of humans and almost 75% of the disease causing genes have
homologs in the fly genome (Chien et al., 2002; Ugur et al., 2016; Mirzoyan et al., 2019).
This high conservation and the genetic redundancy together with all the advances in the
genetic tools make fruit flies an inexpensive and optimal model for studying genetic
diseases and mutations (Yamamoto et al., 2014) (Fig. 1.3). The identification and
characterization of possible pathogenic variants for rare diseases is also possible thanks

to this genetic resemblance (Yamamoto et al., 2024) (Fig. 1.3).

One other important quality of the fruit fly is that many fundamental genetic
pathways involved in human development and disease are also conserved in
Drosophila. Key signalling pathways, such as Notch, Wnt, Hedgehog, and JAK/STAT,
are well-characterized in fruit flies and play crucial roles in development. Mutations in
these pathways can lead to developmental disorders in both Drosophila and humans,
making the fruit fly an excellent model for the in-depth mechanical and translational
study of developmental diseases (Pandey & Nichols, 2011) (Fig 1.3.). Since the Wnt and
PCP signalling pathways were deciphered in large part in flies and very well established
in wing tissue development, there are many available pathway reporters and robust
assays together with the available genetic tools, which all make Drosophila a great tool
for my study that aims to investigate the mechanistic of a rare genetic developmental
disease (Wodarz & Nusse, 1998; Simons & Mlodzik, 2008) (Fig 1.3.).
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Figure 1.3. Drosophila as a rare genetic disease model

Individuals with rare diseases often have unique genetic variants not previously associated with
disease phenotypes. Diagnosing these conditions involves clinical phenotyping, DNA sequencing,
and identifying rare variants. By connecting individuals with similar genetic profiles, researchers
can find common links. Studies using model organisms like fruit flies (Drosophila melanogaster)
can help discover new disease-causing genes and enhance the understanding of known genes,
aiding in mechanistic studies.

1.3. Robinow Syndrome

The disease we model in this study, Robinow Syndrome (RS), is a rare genetic
disorder characterized by distinctive facial features, short stature, and skeletal
abnormalities. First described by Dr. Meinhard Robinow in 1969, the syndrome
manifests in two forms: autosomal dominant and autosomal recessive, each associated

with different genetic mutations and varying severity of symptoms (Robinow et al., 1969;



Orphanet: Robinow Syndrome, n.d.). The first described case was an autosomal
dominant RS case in a family from Ohio and a few years later autosomal recessive
cases were reported in Tennessee and Kansas (Robinow et al., 1969; Wadlington et al.,
1973). Since the description of the syndrome, there have been less than 250 cases
reported all around the world with variable frequency of clinical symptoms in both

females and males equally (Orphanet: Robinow Syndrome, n.d.; Schwartz et al., 2021).

Robinow Syndrome is linked to mutations in seven genes associated with the
Whnt signalling pathway which is explained in section 1.4 below (Table 1). Two of those,
receptor tyrosine kinase-like orphan receptor 2 (ROR2) and nucleoredoxin (NXN) are
linked to the autosomal recessive RS ( White et al., 2018; C. Zhang et al., 2022) while
the other five, Dishevelled genes DVL1, DVL2, DVL3, along with WNT5A and Frizzled2
(FZD2) were found to be causative variants in autosomal dominant cases (Nagasaki et
al., 2018; Person et al., 2010; Saal et al., 2015; White et al., 2015; White et al., 2016,
2018; Zhang et al., 2022). The recessive and dominant types of RS can be distinguished
with the inheritance patterns or severity of the phenotypes since the recessive form
shows more severe clinical phenotypes, however, the clinical presentations of patients
are quite similar (Mazzeu et al., 2007). The primary RS phenotypes are facial
abnormalities called “fetal facies” such as wide-spaced eyes, broad forehead and flat
nasal bridge shortened distal limbs and underdeveloped genital parts (Beiraghi et al.,
2011; Kaissi et al., 2020; Conlon et al., 2021; Sakamoto et al., 2021; Zhang et al., 2022;
Abu-Ghname et al., 2021). It should be noted that autosomal recessive RS patients
show average neurocognitive function while some autosomal dominant RS patients,
especially the ones carrying pathogenic DVL1 variants, showed learning disabilities and
problems with peers (Schwartz et al., 2021). The treatments and therapies for RS
patients available are limited to corrective surgeries, braces and hormone therapy

(Orphanet: Robinow Syndrome, n.d.).



Table 1.1. Robinow Syndrome-associated genes in Wnt signalling pathway

D Gene/OMIM Function Inheritance  Mutation Type OMIM Entry
WNT5A . Autosomal .
164975 Wnt Ligand dominant Missense 180700
DVL1 Wnt - Autosomal
601365 Cytoplasmic : -1 frameshift 616331
: dominant
adaptor protein
DVL2 Wnt - Autosomal
602151 Cytoplasmic \ +1 frameshift 602151
: dominant
adaptor protein
DVL3 Cytoplasmic Autosomal .
601368 adaptor protein dominant -1 frameshift 616894
FzZD2 Autosomal Missense,
600667 Wnt - receptor dominant nonsense 618529
ROR?2 PCP Wnt Autosomal Missense,
; 268310
602337 co-receoptor recessive nonsense
NXN Stabilizerof pyL  Autosomal - Deletion, 618529
612895 recessive missense




The similar phenotypes of the different types of the syndrome suggest that the
genes associated with RS might share a common, indirect, downstream Wnt mediator
that would be affected by the mutations. The human genetics studies predict that the
autosomal dominant cases with the mutations in WNT5A, FZD2 and the Dishevelled
genes are not due to a loss-of-function (White et al., 2018). The mouse models with
heterozygous null mutations of these genes were shown to be normal and viable
(Wynshaw-Boris, 2012; Yamaguchi et al., 1999; H. Yu et al., 2010) supporting the
findings in the previously mentioned genetic studies. It was also shown that the mice
lacking these genes did not have skeletal abnormalities, suggesting that the phenotypes
are not caused by haploinsufficiency (Lijam et al., 1997; Etheridge et al., 2008;
Wynshaw-Boris, 2012).

Four of the pathogenic mutations in genes linked to RS are genes involved in
both canonical and non-canonical/PCP Wnt signalling: FZD2, DVL1, DVL2 and DVL3.
Since the effects of these mutations on a major signalling pathway cannot only be
predicted by genetic studies and cell culture studies, in vivo studies were a necessity.
Studies from our lab and our collaborators modelling DVL1 associated autosomal
dominant RS in model organisms, fruit flies and chick embryos respectively, have shown
that the RS DVL1 variants causes a loss of canonical and gain of non-canonical/PCP
Whnt signalling with several readouts and reporters used in our assays. While dominant-
negative effects were shown in canonical Wnt signalling, an induction in the non-
canonical pathway were reported via multiple readouts. Further neomorphic phenotypes
were also reported in both models (Gignac, et al., 2023). Details of the assays and
reporters used in this study are described in section 1.9 below. A later study from our
collaborators aiming to model FZD2 associated RS in chick embryos showed that
different variants induced RS phenotypes through different mechanisms one that is
similar to the DVL1 variants and the other by causing dominant-negative effects on
canonical Wnt signalling by also causing a loss-of-function in non-canonical/PCP
pathway (Tophkhane, Fu, et al., 2024).

The neomorphic phenotypes in DVL1 associated RS model in fruit flies still
requires further investigation in terms of in vivo tissue morphology and development.
This thesis aims to decipher how the DVL1 variants affect the signalling network and

cellular mechanisms transcriptionally and on the protein level in fruit flies.



1.4. Wnt Signalling Pathways

Whnt signalling is an evolutionarily conserved set of cell coordination and
communication pathways that play a vital role in numerous physiological processes,
such as stem cell regeneration, proliferation, division, migration, cell polarity, cell fate
determination, and neural crest specification, as well as neural symmetry and
morphogenesis (Komiya & Habas, 2008; Simons & Mlodzik, 2008; Swarup & Verheyen,
2012; Hayat et al., 2022). This signalling pathway is divided into two main categories: the
B-catenin-dependent pathway, also known as the canonical or Wnt/B-catenin pathway,
and the B-catenin-independent pathway, referred to as the non-canonical (planar cell
polarity, PCP) pathway. The Wnt/B-catenin-dependent signalling primarily regulates cell
proliferation, while the B-catenin-independent pathway governs cell polarity and motility
(Komiya & Habas, 2008; Grumolato et al., 2010; Amin & Vincan, 2012; Gajos-
Michniewicz & Czyz, 2020). Drosophila genetic screens and functional studies were
highly influential in the identification of a lot of the components of these signalling
pathways and their signalling hierarchies (Baker, 1987; Chae et al., 1999; Eaton et al.,
1996; Feiguin et al., 2001; Jenny et al., 2003, 2005; Jursnich et al., 1990; Nusslein-
Volhard et al., 1984; Nisslein-Volhard & Wieschaus, 1980; Peifer et al., 1994; Peifer &
Wieschaus, 1990; Perrimon et al., 1989; R. P. Sharma & Chopra, 1976; Siegfried et al.,
1990; Taylor et al., 1998; Tree et al., 2002; Treisman et al., 1997; Usui et al., 1999;
Vinson & Adler, 1987; Wolff & Rubin, 1998; Yanagawa et al., 2002; Zilian et al., 1999)
(Fig. 1.4).
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Figure 1.4. Schematic of canonical and Non-canonical Wnt signalling

A) Canonical/B-catenin dependent Wnt signalling. With the activation of Wnt, Dishevelled is
recruited to the membrane and interacts with components of the destruction complex and
inactivates it. This allows 3-catenin to be stabilized in the cytoplasm which can enter the nucleus
and help activate the expression of Wnt target genes. B) Noncanonical/Planar Cell Polarity Wnt
signalling. Dishevelled interacts with downstream effector molecules such as Rac and RhoA to
activate PCP-JNK signalling to induce target gene expression, cell polarity, cell mobility and
cytoskeletal remodelling.

1.4.1. Canonical Wnt Signalling

The canonical or 3-catenin-dependent Wnt signalling pathway plays a crucial role
in regulating patterning, cell proliferation, cell differentiation, and stem cell maintenance
(Swarup & Verheyen, 2012). Dysregulation of this pathway has long been linked to
carcinogenesis in humans (Cadigan & Nusse, 1997; Clevers & Nusse, 2012; Komiya &
Habas, 2008) and, more recently, to bone development defects (Monroe et al., 2012).
The pathway is activated when a Wnt ligand binds to the Low-density lipoprotein
receptor-related protein (LRP)-Frizzled co-receptor complex, which then recruits
Dishevelled to the membrane (MacDonald & He, 2012). Once at the membrane, DVL
acts as a platform for Axin and GSK3g to bind and phosphorylate LRP, which prevents

the continuous degradation of B-catenin in the cytoplasm. By inhibiting the degradation



of B-catenin, DVL allows B-catenin to accumulate in the nucleus where it works as a
coactivator for TCF (T cell factor) to activate Wnt-responsive genes (Behrens et al.,
1996; Huber et al., 1996; van de Wetering et al., 1997; Bienz, 2014) (Fig. 1.4).

1.4.2. Noncanonical/Planar Cell Polarity Pathway

The Noncanonical/Planar Cell Polarity (PCP) pathway was discovered when
mutations in Frizzled and dishevelled caused randomization of the polarity of cuticle
actin hairs and sensory bristles on fly wings (Fahmy & Fahmy, 1959a; Gubb & Garcia-
Bellido, 1982). PCP is mainly known for orienting the actin-rich hair structures and
sensory bristles on the abdomen, thorax, and wings of adult flies (Adler, 2002). In
vertebrates, PCP signalling regulates cell intercalation, convergent extension,
gastrulation, neural tube closure, inner ear sensory hairs, and ciliogenesis (Komiya &
Habas, 2008; Seifert & Mlodzik, 2007; Y. Wang & Nathans, 2007). Disrupted PCP
signalling has been linked to disorders like open neural tubes, cystic kidneys, and severe

developmental defects (Maung & Jenny, 2011).

In Drosophila, activation of the Frizzled-Ror2 heterodimers recruits Dishevelled to
the membrane (Teufel & Hartmann, 2019). Dishevelled activates PCP signalling via its
DEP domain, affecting various cellular responses such as cell death, shape changes,
mobility, adhesion, and migration (Axelrod et al., 1998; Boutros et al., 1998; Seifert &
Mlodzik, 2007; Nishita et al., 2010) (Fig. 1.4).

1.5. Dishevelled protein structure and function

The Dishevelled gene was first discovered in Drosophila mutants displaying
disoriented hair and bristle polarity (Fahmy & Fahmy, 1959a, 1959b; Wallingford &
Habas, 2005). Known as Dsh in Drosophila and Dvl in vertebrates, the gene gained
prominence for its crucial role in segment polarity during early embryonic development in
Drosophila (Perrimon & Mahowald, 1987). Other homologs of the Dishevelled gene were
later identified in C. elegans (Dsh-1, Dsh-2, Mig-5), Xenopus (Xdsh), mice (Dvi1, Dvi2,
Dvi3), and humans (DVL1, DVL2, DVL3) (Sussman et al., 1994; Sokol et al., 1995;
Klingensmith et al., 1996; Pizzuti et al., 1996; Seménov & Snyder, 1997; Lee et al.,
2006; Tsang et al., 1996).
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DVL genes and the protein structure is highly conserved across orthologs within
each species as well as across different species. Ranging from Drosophila to humans,
all DVL proteins are 600-750 amino acids long and possess three highly conserved
domains. Dishevelled-Axin (DIX), PSD-95, DLG, ZO1 (PDZ) and Dishevelled-EgL10-
Plekstrin (DEP) as well as a few other highly conserved sequences such as a basic
region and a PDZ-binding motif (PBM) found in the highly conserved C-terminus (Fig
1.5) (Wallingford & Habas, 2005; Qi et al., 2017).
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Figure 1.5. Schematic of Dishevelled protein structure and predicted model
(A) Cartoon depiction of the protein structure of Dishevelled showing the 3 functional domains,
important motifs and regions. (B) 3D predicted model of human DVL1 isoform 2, used in our
studies. Model generated by ColabFold2. Mirdita, M., Schiitze, K., Moriwaki, Y., Heo, L.,
Ovchinnikov, S., & Steinegger, M. (2022). ColabFold: making protein folding accessible to

all. Nature methods, 19(6), 679-682. https://doi.org/10.1038/s41592-022-01488-1
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The DIX (Dishevelled-Axin) domain, located in the N-terminus, contains ~82—85
amino acids. It is also present in other proteins such as Axin, as its name suggests
(Shiomi et al., 2003). The DIX domain enables DVL proteins to polymerize and form
cytoplasmic puncta at both normal and overexpressed levels (Gao & Chen, 2010). It
facilitates the DVL dependent activation of the Wnt/B-catenin pathway by forming these
puncta (Schwarz-Romond et al., 2007). It also assists in assembling signalosomes, sites
of active Wnt signalling, near the plasma membrane and mediates interactions between
proteins. DVL interacts with Axin through the DIX domain, preventing Axin from forming
the destruction complex which targets B-catenin for proteasomal degradation, thus
stabilizing p-catenin and promoting Wnt target gene activation (Kishida et al., 1999).
Mutations in key residues within the DIX domain can block Wnt pathway activity
(Capelluto et al., 2002; Capelluto & Overduin, 2005; Schwarz-Romond et al., 2007;
Ehebauer & Arias, 2009).

The second domain which is about 73 amino acids long in humans is the PDZ
domain, named after the proteins Post synaptic density-95/Discs large/Zonula-
occludens-1 where it was first discovered (Kennedy, 1995). The PDZ domain facilitates
essential protein-protein interactions and regulates various biological processes. It
interacts directly with a conserved region of Frizzled which is crucial for activating Wnt
signalling and localizing DVL proteins to the membrane (H.-C. Wong et al., 2003). The
PDZ domain is shown to be important in both canonical and non-canonical Wnt
pathways (Moon & Shah, 2002), and it is thought to help differentiate between the two
pathways (Boutros & Mlodzik, 1999; Weston & Davis, 2001). This domain has gained
significant attention, and using NMR spectroscopy, various compounds and peptides
have been developed to selectively inhibit PDZ-domain interactions which led to a down-
regulation in the Wnt signalling pathway activity (Gao & Chen, 2010; Grandy et al., 2009;
Mahindroo et al., 2008; Tran & Zheng, 2017; Zhang et al., 2009). The crystal structure of
the PDZ domain revealed a dynamic binding pocket which becomes rigid when bound
by a peptide (Lee et al., 2017).

The Dishevelled, Egl-10, Pleckstrin (DEP) domain, located at the C-terminal of
DVL proteins, consists of ~75 amino acids. This domain allows DVL to interact with
several proteins and facilitates activating the non-canonical/PCP Wnt signalling pathway.
Studies show that the DEP domain targets DVL proteins to the membrane when the Wnt

signal is received (Pan et al., 2004). It is crucial for assembling functional signalosomes
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and transmitting Wnt signals to the nucleus (Gammons et al., 2016). During planar
epithelial polarization, DVL is located to the membrane by some basic residues within
the DEP domain (Wong et al., 2000). Mutations in these residues were shown to prevent
DVL’s targeting to the membrane and disrupt crucial developmental processes (H. C.
Wong et al., 2000; Park et al., 2005).

Other than these three conserved domains, DVL has a nuclear localization signal
(NLS) and a nuclear export signal (NES) that control its movement in and out of the
nucleus. The NLS, with the consensus sequence IXLT (where x is any amino acid), is
located between the PDZ and DEP domains. The NES, with the consensus sequence
M/LxxLxL, is found between the DEP domain and the C-terminus of the DVL protein.
Recent studies indicate that DVL's nuclear localization is crucial for its role in the
canonical Wnt pathway (Gan et al., 2008; Itoh et al., 2005).

The terminal seven amino acids in the C-terminus of vertebrate DVL proteins are
called the PDZ-binding motif (PBM) and this motif was shown to bind competitively to
the PDZ domain (Lee et al., 2015; Harnos$ et al., 2019). Binding of PBM to the PDZ
domain causes the autoinhibition of DVL (Fig. 1.6). Forced binding of PBM to the PDZ
domain was shown to reduce noncanonical Wnt signalling while blocking the interaction
freed the DVL autoinhibition, disrupting its functional interaction with LRP6 in canonical
Whnt signalling and increasing the specificity towards noncanonical Wnt signalling. This
showed that the PBM binding to the PDZ domain is crucial to keep the balance between
the canonical and noncanonical Wnt signalling since it keeps DVL in an autoinhibited
form which helps the protein to be regulated by other interaction partners (Qi et al.,
2017).
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Figure 1.6. 3D predicted model and the schematic of the interaction between
PDZ domain and the PDZ-binding motif (PBM)

(A) 3D predicted model of human DVL1 isoform 2, used in our studies. (B) Cartoon depiction of

the protein structure of Dishevelled showing the 3 functional domains, important motifs and

regions. (C) The table showing the conservation of the C-terminus in vertebrate DVL proteins.

Model generated by ColabFold2. Mirdita, M., Schiitze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S.,

& Steinegger, M. (2022). ColabFold: making protein folding accessible to all. Nature

methods, 19(6), 679-682. https://doi.org/10.1038/s41592-022-01488-1

1.5.1. Dishevelled in Wnt signalling

Early genetic studies revealed that DVL proteins are involved in both canonical
and non-canonical/PCP Wnt signalling pathways. Initially, it was unclear how DVL could

participate in both pathways simultaneously. Later, it was discovered that DVL serves as
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a switch and is essential for the proper activity of both types of Wnt signalling
(Wallingford & Habas, 2005). DVL is also linked to other Wnt-related signalling
pathways, such as Wnt-GSK@-microtubule, Wnt-calcium, Wnt-RYK (related to tyrosine
kinase), Wnt-aPKC (atypical protein kinase C), and Wnt-mTOR (mammalian target of
rapamycin) pathways (Gao & Chen, 2010). Only the canonical (3-catenin-dependent)
and noncanonical PCP pathways are of interest for this study (Fig. 1.4). Both pathways
were well identified in Drosophila, especially in the processes of segment polarity and
development (Wallingford & Habas, 2005; Sharma et al., 2018), hence there are many

assays, reporters and well-established phenotypes we could utilize in our studies.

1.5.1.1. Canonical Wnt Signalling

After being recruited to the membrane with the activation of the signalling
cascade, DVL proteins act as a platform for Axin and the rest of the degradation
complex; GSK3[3, Adenomatous polyposis coli (APC), Casein kinase 1 (Ck1). This helps
inhibit B-catenin degradation in the cytoplasm. DVL proteins can also shuttle between
the cytoplasm and the nucleus (Habas & Dawid, 2005; Itoh et al., 2005; Gan et al.,
2008). Recent research has revealed that DVL proteins contain both a nuclear export
sequence (NES) and a nuclear localization sequence (NLS) (Fig. 1.5), which are crucial
for their function in the canonical Wnt signalling pathway (ltoh et al., 2005). Another
study demonstrated that DVL-2 interacts with c-Jun and -catenin to form a stable DVL-
2/c-Jun/B-catenin/TCF complex that activates Wnt target genes in the nucleus (Gan et
al., 2008) (Fig. 1.4). DVL also modulates Wnt signalling by interacting with various
nuclear proteins, such as HIPK1 (Homeodomain-interacting Protein Kinase 1), xNET1
(Xenopus Nucleotide Exchange Factor 1), and FOXKs (Forkhead Box Transcription
Factors) (Louie et al., 2009; Miyakoshi et al., 2004; W. Wang et al., 2015). Therefore, it
appears that there are two DVL populations in a cell: one in the nucleus and another in

the cytoplasm, both of which regulate the canonical Wnt pathway (Sharma et al., 2018).

1.5.1.2. Noncanonical/Planar Cell Polarity Wnt Signalling

In the non-canonical Wnt signalling pathway, also known as the Wnt/PCP (Planar
Cell Polarity) pathway, DVL plays a crucial role in controlling planar cell polarity and
cytoskeletal rearrangements. In vertebrates, the Wnt signal is first received by the
Frizzled receptor, which then relays the signal to DVL and its associated proteins, Diego

and Strabismus (Vangl in vertebrates)-Prickle (Pk). These interactions help define the

17



polarity of epithelial cells within a sheet or plane of cells (Wallingford et al., 2002;
Veeman et al., 2003; Klein & Mlodzik, 2005; Gao & Chen, 2010). In Drosophila, Wnt
ligands are not essential for this signal transduction to occur, yet other global cues must
exist for tissue polarity to be established (Yu et al., 2020). It should be noted that the

noncanonical/PCP pathway is distinct from the apico-basal polarity of epithelial cells.

For this pathway, DVL again acts as a switch for two distinct signalling cascades
that lead to the activation of small GTPases Rho and Rac. For the Rho signalling branch,
the Wnt signal causes DVL to form a complex with Daam1 (Dishevelled Associated
Activator of Morphogenesis 1). This complex then interacts with the Rho guanine
nucleotide exchange factor WGEF, which activates downstream effectors like Rho
GTPase and Rho-associated kinase (ROCK) (Habas et al., 2001; Tanegashima et al.,
2008). Activated Rho/ROCK signalling alters the actin cytoskeleton, affecting cell
structure (Habas et al., 2003). In the other branch, DVL also activates the Rac GTPase
independently of Daam1. Activated Rac stimulates the downstream effector c-Jun N-
terminal kinase (JNK), which regulates cell polarity and movement during Xenopus
gastrulation (Habas et al., 2003). In both Drosophila and higher organisms, JNK exerts
pleiotropic effects in processes such as apoptosis, proliferation, differentiation, cell
migration, tumorigenesis, and cell competition (Igaki, 2009; Pinal et al., 2019; La Marca
& Richardson, 2020). Moreover, JNK pathway activation is essential for epithelial

regeneration in flies (Hariharan & Serras, 2017) (Fig. 1.4).

As mentioned earlier, many genes implicated in Robinow Syndrome are
components or regulators of the Wnt/PCP pathway (Zhang et al., 2022). However,
several of these genes, like Dishevelled and Frizzled, are also active in the canonical

Wnt pathway.

1.5.1.3. DVL in other signalling pathways

DVL interacts with proteins from other signalling pathways to regulate key cell
processes. For example, DVL helps remodel the cell’s cytoskeleton by inhibiting GSK3(3
and stabilizing microtubule-associated proteins MAP1B and MAP2 (Goold et al., 1999;
Lucas et al., 1998). DVL also partners with a Ring finger protein called XRNF185 to
support cell migration during Xenopus gastrulation (lioka et al., 2007). In the Wnt/Ca?*
pathway, DVL increases intracellular calcium levels, which activates calcium-sensitive

enzymes such as protein kinase C (PKC) and calcium-calmodulin-dependent kinase

18



(CamKlIl) (Sheldahl et al., 2003). This increase in Ca2+ ions regulates tissue separation
and cell movements during early embryonic development (Slusarski & Pelegri, 2007).
Additionally, DVL interacts with the RYK (Related to Tyrosine Kinase) receptor to
mediate axonal repulsion and cell migration in neuronal cells (Lu et al., 2004). DVL also
binds to and stabilizes atypical PKC (aPKC), which promotes microtubule assembly and
axon formation. Studies in hippocampal neurons show that reducing DVL leads to fewer

axons, while increasing DVL causes the formation of multiple axons (Zhang et al., 2007).

Overall, DVL is central to distribute the Wnt signal which will influence various
fundamental developmental processes in cells. Due to its involvement in multiple

pathways, DVL can be considered a master router of complex signals.

1.6. Robinow Syndrome-associated Dishevelled1 variants

The majority of dominant Robinow Syndrome (RS) cases involve de novo
frameshift mutations in the genes encoding cytoplasmic adaptor proteins (DVL) (Bunn et
al., 2015; Hu et al., 2022; White et al., 2015; White et al., 2016; Zhang et al., 2022).
These mutations result in an abnormal long peptide replacing portions of the C-terminus.
Recently, DVL2 has also been proposed as a candidate gene, with a mutation identified
in one RS patient (Zhang et al., 2022). Among the three DVL genes, DVL1 is the most
frequently mutated in RS and is accountable for roughly one third of the cases (Bunn et
al., 2015; Hu et al., 2022; White et al., 2015; White et al., 2016; Zhang et al., 2022). The
functional link between skeletal phenotypes and frameshift mutations in DVL genes has
not been extensively studied, except by our lab together with the Richman lab using

chicken embryo and Drosophila models (Gignac et al., 2023).

Each DVL1 variant associated with RS has a unique single nucleotide deletion in
the second to the last exon, exon 14, causing a -1 frameshift that replaces the highly
conserved C-terminal region with a novel peptide sequence and introduces a translation-
termination codon at a different location (Fig. 1.7. It should be noted that 109 amino
acids of this novel sequence are identical across each variant (Bunn et al., 2015; Hu et
al., 2022; Mansour et al., 2018; White et al., 2015; White et al., 2016, 2018). This
fframeshift also slightly truncates the protein compared to the wild-type full-length DVL1.
These heterozygous mutations do not affect key functional domains in the protein, such

as the DIX, PDZ, or DEP domains, and are compatible with life, as patients survive into
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adulthood. While some researchers have suggested that the abnormal C-terminus is
responsible for the phenotypes (Bunn et al., 2015), it is also possible that abnormalities
in protein folding might affect the interactions of the three conserved domains of DVL
(Fig. 1.7) (Hu et al., 2022).
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Figure 1.7. Schematic of RS-associated DVL1 mutations and frameshifts

A) Diagram depicting the exon-intron structure of the human DVL1 gene and the deletions of
nucletide 1519, 1529 and 1615 in Exon 14 that causes the frameshift mutations creating a
different termination codon in Exon 15. B) Cartoon depiction of Dishevelled protein showing the
parts corresponding to the transcripts of exon 14 and 15. C) Alignment of human wild type DVL1
C-terminal amino acid sequence with the variants, showing the homology of the novel peptide
sequence at the C-termini of the variants.

Given that all DVL1-associated RS cases are autosomal dominant, with each
patient carrying one mutant and one wildtype DVL1 allele, we can express the human
genes on top of the Drosophila genome during development to mimic the nature of
autosomal dominant disorders. The current literature on RS primarily focuses on
identifying new mutations and characterizing patient clinical phenotypes, resulting in a
gap between the identification of RS-associated alleles and understanding their
functional impact on development. The research from our lab and our collaborators aims
to bridge this gap by elucidating how signalling pathways are disrupted by RS-

associated DVL1 proteins and how this disruption corresponds to RS phenotypes.

20



Our earlier study of RS emphasized the significant roles of the DVL1 gene in
morphogenesis, skeletogenesis, and PCP-JNK signalling (Gignac, et al., 2023). This
thesis describes research which has expanded on previous findings which demonstrated
that RS DVL1 variants induce a dominant negative reduction in canonical signalling
while simultaneously increasing JNK-PCP signalling. This imbalance in WNT signalling
may be central to the pathogenesis of all forms of RS, whether caused by DVL genes or
other genes in the WNT pathway. Additionally, we provided evidence of the neomorphic
activity of these DVL1 variants in vivo within a developmental context (Gignac et al.,
2023).

1.7. Gal4-UAS Expression System

Humanized model organisms have been a powerful tool for the study of human
diseases. These models are a powerful tool for our understanding of how a mutated
gene can cause pathologies. They also provide insights into fundamental human biology
(Oparin, 1957; Mukherjee et al., 2022). In this project, in order to model a rare genetic
disease, Robinow Syndrome, we expressed human genes in fruit flies, thus making
humanized fly models. For the expression of the wildtype and the variant DVL1 genes,
we used the Gal4-Upstream activating sequence (UAS) system (Brand & Perrimon,
1993). Inspired by baker’s yeast, this binary expression tool was generated for controlled
gene expression in eukaryotes. As the name suggests, there are two components in this
tool: a Gal4 transcription factor that is under a native promoter and UAS-transgene
construct. For a gene of interest that is cloned after the UAS site to be expressed, the
Gal4 protein needs to bind the UAS site and activate the expression (Fig. 1.8). A large
number of Gal4 insertion strains have been generated that drive expression in various
patterns ranging from ubiquitous to very small subsets of cells. These lines are publicly
available and allow us to design experiments to express transgenes in subsets of cells
within a tissue, providing an internal control of normal tissue neighboring Gal4-
expressing cells. To drive gene expression, the Gal4 protein and the UAS site must be
present in a cell at the same time. However, the UAS and Gal4 components are carried
in separate fly lines. This way, we can target the expression of our gene of interest to
stages of development, specific tissues or sub-tissue cell types by just crossing together
different fly lines (Brand & Perrimon, 1993) (Fig. 1.8).
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Figure 1.8. Gal4-UAS expression system
The parent flies that carry the Gal4 or the UAS lines are crossed together to induce the
expression of the target gene in the tissue of interest of the progeny.
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Many improvements and modifications were done on the basic model of Gal4-
UAS system after its nature was better understood and use for the benefit of
researchers. One such finding was the temperature sensitivity of Gal4 in fruit flies.
Minimal Gal4 activity was found to be at 16°C while 29°C brought the maximal activity
while not affecting the fly’s overall health and fertility dramatically. So simply by changing
the temperature the flies were grown in, we can achieve a range of expression levels
(Duffy, 2002). With this logic, we’ve grown our flies in 22°C, 25°C and 29°C incubators
for different experiments. We benefited from this temperature sensitivity in order to

compare the levels of severity that could be observed phenotypically.

1.8. Drosophila wing development

In this project, we characterized wing development in fruit flies for the
investigation of the functions of human wildtype and pathogenic DVL1 variants. We did
experiments on all three stages of Drosophila wing development: late L3 wing imaginal
discs, pre-expansion pupal wings, and adult wings (Fig. 1.9). The majority of my work

has focused on the alterations in wing imaginal disc morphology.
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Figure 1.9. Stages of Drosophila wing development

The basic schematic of how the wing tissue changes during three stages of metamorphosis. The
wing precursor tissue in the larval stage is called the wing imaginal disc which folds and expands
to form the pupal wing structure that will become the adult wings after the flies eclosed from their
pupal cases.

The wing precursor tissue forms during mid embryogenesis from a cluster of
about 30 cells. This group of cells later invaginate to form a sac-like structure called an
imaginal disc (Bate & Arias, 1991; Cohen et al., 1993; Requena et al., 2017). These cells
then proliferate extensively during the larval stages and form the mature larval wing disc
which consists of around 35,000 cells (Weigmann et al., 1997). Each larva possesses 2
wing discs. In the larval stages, the wing imaginal disc morphology becomes more
complex and different regions of the wing imaginal discs are assigned different cell fates
(Butler et al., 2003). After pupation, the wing disc goes through largescale
morphogenetic changes by folding and expanding ultimately forming the adult wing
structure (Waddington, 1940).

Wing imaginal discs are initially formed as a flat tiny bag of epithelial cells in the
embryo. The morphology of these epithelial cells and the shape of the tiny bag changes
as the wing disc grows through oriented cell divisions during the larval stages. On one
side, cells form a flat squamous epithelium that is called the peripodial membrane
(McClure & Schubiger, 2005). The cells on the other side lay in an apico-basal direction

forming a columnar epithelium called the disc proper (Fig. 1.10). The peripodial
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membrane is not considered a part of the disc proper in most studies, hence the wing
imaginal disc is taken as an epithelial monolayer (McClure & Schubiger, 2005; Aldaz &
Escudero, 2010). In this study, we are also referring to the disc proper only when we

mention the wing imaginal disc.

The cells of the monolayer keep growing and form a tall epithelial layer especially
around the center of the wing imaginal disc, which is called the pouch. Because of the
dense packing of the tall columnar cells, the tension between the cells makes them
narrower than the width of the nuclei hence their nuclei do not locate on the same plane,
forming a pseudostratified appearance. In order for this tissue to grow, the tall columnar
cells around this part of the imaginal disc relocate their nuclei before division and adapt
their shape accordingly to maintain the epithelial monolayer (Meyer et al., 2011; Chanet
et al., 2017) (Fig. 1.10).
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Figure 1.10. Wing imaginal disc morphology

A simple schematic of the wing imaginal disc morphology during the larval stage. The wing
imaginal disc composed of columnar epithelial cells (shown on the right) obtains a 3D structure
with a well conserved folding pattern. The cells that form the epithelial monolayer of the wing
imaginal discs follow the folds of the wing imaginal disc in the 3D structure. The tension in the
tissue stretches the cells and creates pseudostratified tall columnar cell morphology.

As the wing imaginal disc grows, the embryonic sac structure becomes a lot

more complex and forms the highly controlled 3D structure of the late larval wing
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imaginal disc. This 3D structure is formed by the folds that occur at precise locations
(Fig. 1.10). Several morphogens and signalling pathways like IroC, Omb, Jak-Stat and
Wg play important roles in the structuring of the wing imaginal disc while forming the
folds between notum, hinge and the wing pouch (Villa-Cuesta et al., 2007; Johnstone et
al., 2013; D. Wang et al., 2016; Sui & Dahmann, 2020).

The fold formation is associated with several cellular mechanisms. The
conserved 3-fold pattern is governed by the local degradation of the basal membrane,
apical-basal shortening of the cells and the rearrangement of cytoskeleton by mainly the
redistribution of microtubules (Sui et al., 2012, 2018; Wang et al., 2016). Computational
and experimental studies also showed that the differential growth of different regions
governed by the intricate morphogen activity and the tension between the disc proper
and ECM membranes also contribute to the fold formation and the morphology of the

wing imaginal discs (Tozluoglu et al., 2019; Kumar et al., 2024).
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Figure 1.11. Simple schematic of Drosophila pupal wing development

During Drosophila metamorphosis, the dorsal and ventral surfaces of the wing imaginal disc
undergo a complex process of eversion, adhesion, separation, and reapposition. This paradoxical
process involves cell-matrix adhesion, matrix production and degradation, as well as the
formation of long cellular projections. Figure inspired by: Gui, J., Huang, Y., Montanari, M.,
Toddie-Moore, D., Kikushima, K., Nix, S., Ishimoto, Y., & Shimmi, O. (2019). Coupling between
dynamic 3D tissue architecture and BMP morphogen signaling during Drosophila wing
morphogenesis. Proceedings of the National Academy of Sciences of the United States of
America, 116(10), 4352—-4361. https://doi.org/10.1073/pnas.1815427116

During the pupal stage, the wing imaginal disc everts to form a two-layered
structure composed of epithelial cells. These wings are flat appendages formed by the
mutual adhesion of intervein regions on their dorsal and ventral surfaces (Pastor-Pareja
et al., 2004; Blair, 2007; Aldaz et al., 2010; Matamoro-Vidal et al., 2015). Previous
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research suggests that pupal wing development is divided into three phases during the
first 24 hours of pupal development (Waddington, 1940; Fristrom et al., 1993; Blair,
2007; Gui et al., 2019) (Fig. 1.11). In the first phase, known as first apposition (0-10
hours after puparium formation, APF), a single-layered wing epithelium everts and forms
the dorsal and ventral epithelia, creating a rudimentary two-layered wing. During this
phase, around 4-8 hours APF, matrix metalloproteinases (Mmps) degrade the dorsal
and ventral basement membranes (BMs), enabling adhesion (De Las Heras et al., 2018;
Diaz-de-la-Loza et al., 2018; Thompson, 2021) (Fig 1.11). In the next phase, called
inflation (10—-20 hours APF), the two epithelia physically separate and form a cavity
between the two layers of epithelial cells, before fusing in the third phase, second
apposition or reapposition, at around 20 hours APF. After BM degradation that brings the
two surfaces together, adhesion is mediated by laminin spots that do not contain other

main BM components (Sun et al., 2021).

Pre-expansion pupal wings (28h — 32h after pupal formation) were of interest for
my study. At this stage, the wings are still composed of living epithelial cells along with
the vein structures formed to make them look like a mini adult wing that is ideal for
visualizing the morphogenetic and physical abnormalities occurring in the wing
development (Blair, 2007; Diaz de la Loza & Thompson, 2017). We can also visualize
the hexagonal packing of the epithelial cells, the established proximal-distal polarity and
early growth of the actin hairs controlled by Wnt/PCP signalling pathway activity
(Classen et al., 2005). A short time after this stage of pupal development (around 40h
after pupal formation), the pupal wing goes through a fast and complex expansion and
folding that is induced by the contraction of the hinge region within the cuticle secreted
in the pupal case, which makes it harder to visualize clearly (Diaz de la Loza &
Thompson, 2017).

The final form of the adult wing is formed after eclosion and it is composed of
non-living cells and cuticle (Sobala & Adler, 2016; Diaz de la Loza & Thompson, 2017).
This stage is a robust readout for visualizing the PCP defects and abnormalities in the

vein patterning of the wing blade.
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1.9. Autosomal Dominant Robinow Syndrome-DVL1 Animal
Models

In this project, we aim to investigate the mechanistic and phenotypic alterations
induced by RS-associated Robinow Syndrome by modelling the disease in fruit flies. The
results presented in this thesis are the continuation of the master’s project of Katja
MacCharles, a former graduate student in our lab. The RS project started as a
collaboration with Dr. Joy Richman'’s laboratory at University of British Columbia, who is
modelling the disease in chicken embryos (Gallus gallus) to study bone morphology and
skeletogenesis. A paper was published in 2023 from this study, by co-first authors Sarah
Gignac and Katja MacCharles, with the title “Mechanistic studies in Drosophila and
chicken give new insights into functions of DVL1 in dominant Robinow Syndrome”, which
| also had the opportunity to work on (Gignac et al., 2023). More about this paper will be

explained in this section.

As mentioned earlier, genetics studies based on clinical reports have been the
main focus of RS studies which helped identify the DVL1 variants. However, functional
studies of these variants are required in order to decipher the role of these mutations in
disease development. After the identification of some DVL1 variants, researchers carried
out cell culture studies and showed that the gene product of the variants were translated
into proteins (White et al., 2015). Another study showed an increase in canonical Wnt
signalling when the variants were co-transfected with wild type DVL1 in vitro (Bunn et al.,
2015).

In terms of animal models that had defects in DVL1, a homozygous null DvI1”
mouse model is present in the literature. These mice do not show any alterations in the
development of their skeleton while having some behavioural and social abnormalities
(Lijam et al., 1997; Wynshaw-Boris, 2012). The results from these mouse model studies
support the idea of RS-associated DVL variants not causing a strict loss-of-function or
haploinsufficiency. Hence, to model DVL1-RS, a system where the variants of DVL1 are
expressed is necessary. So far, no mouse models were generated where the RS-DVLA1
variants have been knocked into the equivalent loci of the mouse genome. Until the
beginning of our work on RS modelling together with our collaborators, no RS-DVL1

animal models were generated.
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This project succeeded in establishing two complementary model systems in
which the gene function is investigated. Both models were generated by expressing
human genes in addition to the endogenous genes in the chicken and Drosophila
genomes, which is an advantageous methodology for studying autosomal-dominant
mutations that are thought to interfere with the wild type protein’s function. The DVL1
variants used in this study carry frameshift mutations caused by a deletion as described
in section 1.6. The specific variants investigated are called DVL 17" DV 175246 gnd
DVL 1797924 which have the nucleotide 1519, 1529 and 1615 deleted, respectively, which
were identified in separate clinical studies (Fig. 1.7) (White et al., 2015).

The investigation of the molecular activities of these variants in chicken embryos
showed that the injection of DVL1 variants caused disorganized hypertrophic
chondrocytes in chicken skeleton. It also caused shortening in forelimb bones and
dysplastic cartilage morphology. Since the transgene expression in chicken limbs are
done by using viruses, the chicken embryo is not a genetic model. In order to carry out
experiments in which we can control the level of variant expression, tissue location and
developmental stage, a genetic model such as Drosophila melanogaster was necessary.
The complementary experiments carried out in our lab in fruit flies found wing hair
misalignment and abnormal wing morphology with abnormal veins and ectopic bristles
induced by the expression of DVL1 variants. /n vivo readouts used in fruit fly tissues
showed an increase in noncanonical/PCP-JNK Wnt signalling and a decrease in
canonical Wnt signalling induced by the expression of DVL1 variants. These results were
supported by the in vitro luciferase reporter assays in HEK293 cells (Gignac et al.,
2023).

In conclusion this work showed that the expression of DVL1 variants in two
different model systems caused an imbalance between canonical and noncanonical Wnt
signalling and induced neomorphic phenotypes that were not observed with the
expression of wild type human DVL1 gene (Gignac et al., 2023). In fruit flies,
overexpression of the DVL 1 ortholog dsh induces ectopic Arm stabilization, which can be
used as a readout of Dsh activity (Yanagawa et al., 1997). In our study, we showed that
the overexpression of wild type human DVL1 together with the overexpression of dsh
does not affect the ectopic Arm levels induced by dsh while in contrast the expression of
variants does interfere with the activity of elevated Dsh. It should be noted that while

being at different severities, possibly due to the location of the frameshift, all variants
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induced the same phenotypes in tissues and in the signalling activity (Fig. 1.12). These
data together suggested that the variants have dominant-negative activity (Gignac et al.,
2023).
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Figure 1.12. Animal models of autosomal dominant Robinow Syndrome
associated with mutations in DVL1 showed an imbalance in Wnt
signalling and alters development of the skeleton.

Basic schematic of the phenotypes and the Wnt imbalance induced by DVL1 variants in chicken

and fruit fly animal models. Adapted from: Gignac, S. J., MacCharles, K. R., Fu, K., Bonaparte,

K., Akarsu, G., Barrett, T. W., Verheyen, E. M., & Richman, J. M. (2023). Mechanistic studies in

Drosophila and chicken give new insights into functions of DVL1 in dominant Robinow

syndrome. Disease models & mechanisms, 16(4), dmm049844.

https://doi.org/10.1242/dmm.049844

This study was significant in the study of RS since it introduced two animal
models for studying autosomal dominant RS caused by the mutations in DVL1. The
study of RS also highlighted the roles of DVL1 in skeletogenesis and Wnt signalling
pathway, especially PCP-JNK signalling activity (Gignac et al., 2023).

1.10. C-terminal truncated proteins generated to investigate
DVL1 function

Our investigation on the effects of RS DVL1 variants in model organisms raised
more questions in terms of the change of protein structure in DVL1 variants compared to
its wildtype form. As mentioned earlier, the frameshift mutations that these DVL1
variants have, introduces an early stop codon and also creates an abnormal C-terminus.
The novel peptide sequence that replaces the highly conserved C-terminus is mostly the
same among all three variants (Bunn et al., 2015; Hu et al., 2022; Mansour et al., 2018;
White et al., 2015; White et al., 2016, 2018).
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Model organism studies with fruit flies, chicks and mice showed that the protein
products of these variants are not affected by nonsense mediated decay, which is
conserved mechanism to recognize and get rid of abnormal transcripts containing early
termination codons, hence the transcripts are translated into functional proteins (Lykke-
Andersen & Jensen, 2015; Bunn et al., 2015; Gignac et al., 2023). Our studies have
shown that the expression of all RS DVL1 variants shows similar effects: they all had
dominant negative effects in Wnt signalling while also creating phenotypes in the both
chick and fly tissues that the expression of wildtype DVL1 did not cause (Gignac et al.,
2023).

In the light of all these data, we questioned whether this dominant negative effect
and the neomorphic phenotypes are caused by the lack of the highly conserved C-
terminus or the novel peptide sequence that replaces it. We also wanted to understand
how important the role of the C-terminus of DVL1 is to the protein’s cellular function. To
investigate these, our collaborators designed two constructs to isolate the role of the
novel C-terminal peptide sequence: DVL1"°" and DVL1'3" (Fig. 1.13).

DVL1 N DIX Pro-rich PDZ  basic  DEP C 670 aa
DVL 1751947 DIX Pro-rich PDZ  basic  DEP 657 aa
DVL1™>" DIX Pro-rich PDZ  basic  DEP 506 aa
DVL143" DIX Pro-rich PDZ  basic DEP 477 aa

Created with BioRender.com

Figure 1.13. Schematic of all DVL1 proteins used in this study, showing the
difference between the C-terminal truncated proteins, DVL1 variant
and the wild type protein

1.10.1. DVL1151%"

This construct contains the sequence that is common among all the variants and
also the wildtype DVLA1. For this construct, a stop codon is inserted right after the
position of the earliest deletion (c. 1519AT) among the RS DVL1 variants that causes the

-1 frameshift. DVL17%"®" contains all three domains and also the first 29 amino acids of
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the C-terminus. This construct is specifically designed to help us understand if the
neomorphic phenotypes we have shown with the variants (Gignac et al., 2023) are
caused by the lack of original C-terminus or the novel 109 amino acid long peptide

sequence that replaces it.

1.10.2. DVL11431

This second construct contains only the three domains of DVL1, and a stop
codon is inserted right after the sequence coding the DEP domain. It lacks the whole C-
terminus; hence it is 29 amino acids shorter than DVL17%'%". With this product, we are
able to compare a DVL1 protein without its C-terminus to the normal DVL1 to further

investigate the role of the highly conserved C-terminus in DVL1’s cellular function.

1.11. Objectives

There are two main aims to this project. Firstly, we would like to understand how
the DVL1 variants affect the development and morphology of fly tissues. We hope that
this will provide insights for us understand the underlying mechanisms that causes
Robinow Syndrome and also the cellular function of DVL1. Second, by using the C-
terminal truncated products, we want to investigate which alteration in the structure of

DVL1 protein is causing the previously shown neomorphic phenotypes.

1.11.1. Investigating the morphological alterations caused by
DVLA1 variants

The fruit fly system was validated by former lab members (Thalia W. Barret, Katja
R. MacCharles) for the study of RS DVL1 variants. The mode of dominance of the DVL1
variants was previously shown to be neomorphic, meaning that the mutant proteins have
novel functions that the wildtype protein does not display. After establishing these, the
studies have shown that the expression of RS DVL1 variants resulted in altered tissue
morphology in larval, pupal and adult tissues (Gignac et al., 2023). Based on novel wing
imaginal disc, wing, bristle and thorax phenotypes induced by the variants and
comparisons to the literature, we hypothesized that the variants are altering overall
development and growth of fly tissues. Hence, we aimed to further investigate how the

tissue structure is changed upon expressing the RS DVL1 variants.
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1.11.2. Investigating the signalling network affected by DVL1
variants

Based on the morphological alterations and the neomorphic phenotypes induced
by the variants, we hypothesized that multiple signalling pathways beyond Wnt signalling
are being altered in the presence of RS DVL1 variants. We addressed this hypothesis by
conducting RNA sequencing and transcriptional readouts of other signalling pathways

that are involved in development and growth.

1.11.3. Identifying the mode of dominance of the truncated DVL1
proteins

The C-terminal truncated DVL1 constructs designed for investigating the role of
C-terminus in DVL1 are synthetic, hence needs to be validated on the organism level.
We hypothesize that the activity of these constructs will be more similar to the wild-type
DVL1 rather than the variants, since they contain 3 of the functional domains of the
wildtype protein while lacking the C-terminus hence the PDZ-binding motif (PBM).
Because the fly C-terminus and the PBM are quite different than the vertebrate protein,
the interactions between the human DVL1 C-terminus and the fly proteins are expected

to be not effective in a disruptive way.

1.11.4. Investigating how the truncated DVL1 proteins function
relative to wtDVL1 in Wnt signalling

The C-terminus of DVL1 is highly conserved among vertebrates and it contains
functional sites and binding motifs. The lack of C-terminus in DVL1 was shown the
reduce canonical Wnt signalling in the literature in a different animal model (Bunn et al.,
2015). We also want to investigate the effect of the C-terminus and to distinguish
whether the reduced canonical and induced noncanonical Wnt signalling pathway
activity phenotypes are caused by the loss of the C-terminus or the addition of the novel
peptide or a combination of the two. We will be able to shed light to our questions by
using the C-terminal truncated DVL1 constructs DVL1"°"% and DVL 147",
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Chapter 2. Results: DVL1 variant alters Drosophila
tissue morphology

The initial goal of this project was to introduce wild-type DVL1 into the fly via
transgenesis and compare its effects to those of the variant forms and wild-type controls.
By conducting these studies in a wild-type background with endogenous Dishevelled
(Dsh) present, we were able to model the interaction between wild-type and mutant
proteins, a crucial aspect of the human autosomal dominant RS genetics. The studies
conducted by Katja MacCharles have shown that the variants displayed dominant
interference by disrupting the normal function of endogenous fly Dsh and introducing
novel functions in Wnt signalling and neomorphic phenotypes during fly development
which are not seen by the expression of wtDVL1 (Gignac et al., 2023). To continue, we
aim to further investigate the alterations in the role of DVL1 in cell signalling and the

mechanisms involved in the altered morphology of fly tissues by using the same system.

Part of the data presented here was collected by the generous and much
appreciated help of Dr. Kenneth Kin Lam Wong during the experimental process. Some
of the initial experiments were also carried out by Katja MacCharles (Katja MacCharles
author, 2022) and repeated by me in the thesis project. Unless stated otherwise, all the

images shown in this thesis are produced by me.

2.1. Re-validation of transgenic RS-DVLA1 fly lines

As previously mentioned, we utilized the Gal4-UAS binary expression system to
induce transgene expression in our fruit fly model. To generate the UAS-transgenic lines,
all DVL1 transgenes were inserted into the same attp40 chromosomal site on
Chromosome Il. Transgene generation was caried out by the Richman Lab at UBC, and
injections were performed by BestGene Inc., as detailed in the Materials and Methods

chapter of this thesis.

In summary, three autosomal dominant RS DVL 1 patient mutations were
selected, and site-directed mutagenesis was used to introduce these specific mutations
(c.1519delT, ¢.1529delG, c.1615delA) into wild-type DVL1 (wtDVL1) cDNA. This
resulted in the creation of four transgenes: wtDVL 1 and three variants, respectively

DVL1"5"9T DV 17%2%4C and DVL1'%"%4. These specific mutations were chosen due to
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their association with severe clinical phenotypes. N-terminal FLAG tags were also added
to the constructs. Following the successful incorporation of the patient mutations and
tags into the wild-type cDNA, the alleles were cloned into destination vectors suitable for
transfection into Drosophila embryos or chicken embryos, where complementary
experiments were conducted. All chicken-related experiments were performed by our

collaborators in the Richman Lab and will not be discussed in this thesis.

Transgene expression was initially driven using the decapentaplegic-Gal4 (dpp-
Gal4) driver, which is expressed along the border between anterior and posterior
compartments, reaching from the tip of the notum to the bottom of the wing pouch of the
larval imaginal discs. qRT-PCR analyses confirmed that all transgenes were expressed

at comparable mRNA levels (Fig. 2.1A).

Next, we aimed to determine whether the full-length human proteins were
expressed in the fly using western blotting. Antibody staining against the FLAG tag
present in the DVL1 transgenes was used to visualize DVL1 proteins on the membrane.
The western blots showed that both the wild-type and variant DVL1 proteins were
expressed at the expected size of 85 kD. However, analysis of the signal intensity on the
western blots showed that the expression of the protein at DVL1'%'%24 poth 25 and 29°C
was consistently lower than that of the other transgenes, suggesting decreased stability,

as mRNA levels were comparable (Fig. 2.1B).

34



A mRNA expression levels

= _ns p=0.1221 1 nsp=0.8673
o o .
S o d L.
c g I wove 1
o 9aT
2 2 o
g g oV 15
Q‘ 14 a_ -DVL1'M5‘A
w L
0
25°C 29°C
ns
B l ns I
80
4 o *kkk ’
o ‘?gb \6\9’&

-MDVU

BlovLi e
-DVL1 1529AG
o issw

L e e S— a— — — 3-tubulin

29°C 25°C 29°C

Relative Protein Expression Level

25°C 29°C

Figure 2.1. mRNA and protein expression levels of human DVL1 transgenes in
salivary glands
(A) mRNA expression of DVL1 variants expressed with dpp-Gal4 relative to control discs that
expresses WtDVL 1. The results for the crosses performed at 25°C are shown on the left and 29°C
on the right. All experiments were performed in triplicates. n=3-5 independent experiments,
indicated on the graph by circles with samples comprising 5 salivary glands per genotype. Error
bars show mean with SD. Statistics were performed with a one-way ANOVA test. (B) Western
blot analysis of DVL1 protein levels from salivary gland extracts. Dpp>DVL 1 crosses were
performed at 25°C or 29°C as indicated. Salivary glands were dissected from 2-10 larva per
genotype and the equivalent of 2 salivary glands was loaded onto the gel. B-tubulin was used as
a loading control. On the right, plot of DVL1 protein levels in variant DVL1-expressing tissue
relative to control (dpp>wtDVL1) tissue. Crosses were performed at 25°C or 29°C as indicated.
n=3-5 independent experiments as indicated. Error bars show mean with SD. Statistics were
performed with a one-way ANOVA test. This figure corresponds to Fig. S8 in Gignac et al., 2023.

These results also suggested DVL1"°"47 as a suitable candidate for studying the
phenotypic alterations caused by RS-associated DVL1 variants since the gene products
are stable at both temperatures.

For the following experimental results presented in this chapter, we used

DVL1"°"AT as the only variant. Considering these expression levels and the earlier study

35



from our lab that showed all three RS-DVL1 variants to be inducing the same
phenotypes in different frequencies, we chose to continue our investigation with the

strongest variant.

2.2. DVLA variant induce abnormal morphology in adult fly
tissues

Earlier work has shown that when DVL1 variant expression was driven by dpp-
Gal4, the adult wings displayed additional neomorphic phenotypes such as longitudinal
vein thickening, abnormalities in tanterior cross vein, ectopic bristles on the wing margin
of L3 longitudinal vein and a crease between L3-L4 veins. These phenotypes were
exclusive to the variants only (Gignac et al., 2023). Since the dpp-Gal4 expression
domain corresponding to the adult tissue is quite narrow, we wanted to drive the variant
expression by using drivers with larger expression domains, such as apterous (ap)-Gal4
and hedgehog (hh)-Gal4 (Fig. 2.2).
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Figure 2.2. Cartoon depiction of the Gal4 drivers used in the following
experimental results

The green coloured parts show the regions where ap-Gal4 (A), hh-Gal4 (B) and dpp-Gal4 (C) is

expressed in wing imaginal discs and what part it corresponds to in adult wings ap-Gal4 is

expressed in the dorsal compartment, hh-Gal4 in the posterior domain and dpp-Gal4 along the

anterior-posterior boundary.

Expectedly, we observed more dramatic phenotypes when expressing the variant
in larger parts of several tissues with both drivers. PCP disruptions in the form of
misaligned hairs and bristles were observed in wiDVL 1 expressing tissues however the
neomorphic phenotypes were not induced. We performed our crosses both at 25°C and
29°C. When expressed with the ap-Gal4 driver, the DVL1"%"%7 variant restricted the
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growth of the wings and wing expansion did not occur properly after eclosion, hence the
wings appeared shrivelled and blistered (Fig. 2.3C). Together with this wing phenotype,
the thorax of the flies was also abnormally developed. The flies had missing or
malformed scutellum and some of the thorax bristles were missing. No leg malformations

were observed, the flies were able to eclose and survive after eclosion (Fig. 2.3).

ap-Gal4

control

wtDVL1

1519AT

Figure 2.3. Expression of DVL1 variant with the ap-Gal4 driver disrupts adult
structures
(A-A’") 25°C control adult phenotypes. (A’’-A’’*’) 29°C control adult phenotypes. (B-B”””””’") The
representative images from female and male adult phenotypes from ap>wtDVL 1 crosses
performed at 25 and 29°C. (B-B’"”’”’) The representative images from female and male adult
phenotypes from ap>DVL 1751947 crosses performed at 25 and 29°C. (A”-C’’) The adult wing
phenotypes from 25°C, representative pictures for all genotypes. (A’”’”’-C’’”’) Zoomed in images
of the thorax phenotypes from crosses grown at 29°C. Arrowheads in C-C’”’”’ points to reduced
thoraxes with missing bristles and reduced scutellums. n=25 minimum for both sexes at both
temperatures.
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When expressed with the hh-Gal4 driver at 25°C, the DVL17°"4" variant led to
development of smaller, blistered wings that had abnormally enlarged veins (Figs. 2.4C,
2.5C). In addition to these wing phenotypes, the flies had difficulties eclosing from the
pupal case. They could not walk after eclosing which led them to die after falling on the
food. This eclosion problem was due to their abnormal leg morphology. All 3 pairs of legs
(L1-3) were observed to be malformed (Figs. 2.4C, 2.5C). The most distal part of the
Drosophila leg, tarsus contains 5 tarsal segments. In flies that expresses the DVL 1757947
variant in the hh-Gal4 domain, the tarsi of all legs formed a curved structure that appears
like a hook. Especially In the L1 legs, the tarsi were compressed, and the tarsal
segments were indistinguishable. For ease of visualization, the pictures of female (Fig.

2.4) and male (Fig. 2.5) fly parts are presented in separate figures below.
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25°C hh-Gal4

Figure 2.4. Expression of DVL1 variant with the hh-Gal4 driver at 25°C disrupts
adult structures in females
(A-A’"") 25°C control adult phenotypes. (B-C’’’) The representative images from female adult
phenotypes from transgene expressing crosses performed at 25°C. (A”’-C’’) The adult wing
phenotypes, representative pictures for all genotypes. (A’”’-C’”’) The adult L1 leg phenotypes,
representative pictures for all genotypes. Arrowheads in C-C’”’ points to malformed wings and the
leg tarsa in hh>DVL 1757947 flies. Part of the leg pictures were taken by Dr. Kenneth Kin Lam
Wong. n=25.
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25°C hh-Gal4

Figure 2.5. Expression of DVL1 variant with the hh-Gal4 driver at 25°C disrupts
adult structures in males

(A-A’") 25°C control adult phenotypes. (B-C’) The representative images from male adult

phenotypes from transgene expressing crosses performed at 25°C. (A”-C”) The adult wing

phenotypes, representative pictures for all genotypes. (A”’-C’”’) The adult leg phenotypes,

representative pictures for all genotypes. (A””-C””’) Zoomed in pictures of the tarsal segments of

L1 legs. Arrowheads in C-C”” points to malformed wings and the leg tarsa in hh>DVL115194T flies.

Part of the leg pictures were taken by Dr. Kenneth Kin Lam Wong. n=25.
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When we expressed the DVL1"°"AT variant in the hh-Gal4 domain at higher
levels by growing the flies at 29°C, we observed more severe phenotypes compared to
the flies grown at 25°C (Fig. 2.6C). Variant expressing flies failed to eclose from their
pupal case and died inside of it. Since the expansion of wings and legs are completed
after expansion, we were not able to image the tissues separately. None of the wtDVL1
expressing flies had difficulties eclosing at 29°C (Fig. 2.6B). The variant expressing flies

imaged were dissected out of their pupal cases (Fig. 2.6C).

41



29°C hh-Gal4

Figure 2.6. Expression of DVL1 variant with the hh-Gal4 driver at 29°C disrupts
adult structures

(A-A’"") 29°C control adult phenotypes. (B-B”’) The representative images from female and male

adult phenotypes from hh>wtDVL1 crosses performed at 29°C. (C-C’”’) The representative

images from female and male adult phenotypes from hh>DVL 1757947 crosses performed at 29°C.

Arrowheads in C-C’” points to malformed wings and the legs in hh>DVL 1757947 flies. n=15 for

both sexes.
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2.3. DVLA1 variant disrupt morphology in larval wing
imaginal discs

The phenotypes observed in adult flies with the expression of the DVL 1757947
variant led us to investigate the morphology of wing precursor tissues in larvae. Since
dpp-Gal4 has a narrow expression domain along the anterior-posterior border, we
investigated the wing imaginal discs that expresses the variant in larger domains with
ap-Gal4 and hh-Gal4 drivers. We used UAS-GFP in these crosses to mark the domains

in which transgenes were expressed.

When the DVL17°"%47 variant was expressed with the ap-Gal4 at 25°C, we
observed that the expression domain in the wing disc (marked by GFP) was distorted,
and the dorso-ventral border was expanded towards the ventral compartment. We also
observed that the highly regulated folding structure of the wing imaginal disc was
altered, and more layers were formed above the wing pouch especially on the posterior
side of the wing imaginal discs (Fig. 2.7C). The abnormal folding was also present on the
dorsal domain, in the notum. When we looked at the orthogonal view, the discs were
compressed even with the bridged slides hence this abnormal morphology appeared to
be an overgrowth in the wing disc epithelium. However, the morphology of the wing

imaginal discs that expressed wtDVL1 was comparable to the control discs (Fig. 2.7B).
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25°C ap-Gal4, UAS-GFP

Z-stack max projection Single plane with orthogonal view

wtDVL1

DV 115194T

Figure 2.7. Expression of DVL1 variant with the ap-Gal4 driver at 25°C disrupts
wing imaginal disc morphology

Microscopy images showing DNA (blue), ap>GFP expression (green) and FLAG (magenta)

staining in control (A, A’) and DVL1-expressing (B-C’) wing discs mounted on bridged slides. (A-

C) Show maximum projections. (A’-C’) Show single plane images with orthogonal views of the

tissue. Crosses were performed at 25°C and only female wing discs were used. Scale bar = 100

pm. n=10 minimum.
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We also wanted to see the effects of the variant when it's expressed in higher
levels at 29°C since the adults grown at this temperature had more severe thorax and
wing phenotypes. The wing imaginal discs that express the DVL1"°"AT variant at higher
levels showed more severe alteration in the folding motif both in the apical-basal and
anterior-posterior directions (can be seen in the C’ orthogonal view in Fig. 2.8C). The
discs and the folds appeared thicker in the orthogonal view as well. None of these
morphological alterations were displayed when the wtDVL 1 was expressed in higher
levels at 29°C (Fig. 2.8B).
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29°C ap-Gal4, UAS-GFP

Z-stack max projection Single plane with orthogonal view

control

DVL11519AT

Figure 2.8. Expression of DVL1 variant with the ap-Gal4 driver at 29°C disrupts
wing imaginal disc morphology

Microscopy images showing DNA (blue), ap>GFP expression (green) and FLAG (magenta)

staining in control (A, A’) and DVL1-expressing (B-C’) wing discs mounted on bridged slides. (A-

C) Show maximum projections. (A’-C’) Show single plane images with orthogonal views of the

tissue. Crosses were performed at 29°C and only female wing discs were used. Scale bar = 100

pm. n=10.

46



We found that the expression of the DVL1"%"94T with the hh-Gal4 driver caused
severe wing phenotypes in adults at 25°C. We wanted to investigate how the expression
of the DVL1 variant in the same domain affected the development of wing imaginal
discs. The tissue in the notum and hinge above the wing pouch appeared highly
misfolded on the basal surface of the wing imaginal discs (Fig. 2.9C). On the orthogonal
view, the wing disc morphology appeared aberrant but less abnormal compared to the
discs that expresses the variant in the ap-Gal4 domain. The misfolded tissue above the
wing pouch seemed to be pushing the pouch towards the anterior side of the wing
imaginal disc, disrupting the normal shape of the wing disc. The discs did not appear
thicker in the orthogonal view, however the overall tissue seemed to be overgrown.
These morphological alterations were not induced by the expression of wtDVL1, which

appeared very similar to the control discs (Fig. 2.9B).
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25°C hh-Gal4

Z-stack max projection Single plane with orthogonal view
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DVL 11519AT

Figure 2.9. Expression of DVL1 variant with the hh-Gal4 driver at 25°C disrupts
wing imaginal disc morphology

Microscopy images showing DNA (blue), F-actin (red) in control (A, A’) and DVL1-expressing (B-

C’) wing discs mounted on bridged slides. (A-C) Show maximum projections. (A’-C’) Show single

plane images with orthogonal views of the tissue. Crosses were performed at 25°C and only

female wing discs were used. Scale bar = 100 um. n= 10 minimum.
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When the DVL1"°"AT variant expression was driven by the hh-Gal4 driver in
higher levels at 29°, the hh domain itself appeared enlarged (Fig. 2.10C). The activity of
DVL1"%"%4T in the posterior side of the wing imaginal discs induced extra folds in every
direction, making the wing disc appear highly distorted. All parts of the wing disc, notum,
hinge and wing pouch showed abnormal morphology, affecting the overall look of the
wing discs. The orthogonal view from above the wing imaginal discs showed disruption
of the arc-like form of the wing discs. With all the extra folds, the wing discs appeared
highly overgrown. These morphological alterations did not occur with the expression of
wtDVL1 (Fig. 2.10B).
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29°C hh-Gal4

Z-stack max projection Single plane with orthogonal view

wtDVL1 B

DV 11519AT C

Figure 2.10. Expression of DVL1 variant with the hh-Gal4 driver at 29°C disrupts
wing imaginal disc morphology

Microscopy images showing DNA (blue), F-actin (red) in control (A, A’) and DVL1-expressing (B-

C’) wing discs mounted on bridged slides. (A-C) Show maximum projections. (A’-C’) Show single

plane images with orthogonal views of the tissue. Crosses were performed at 29°C and only
female wing discs were used. Scale bar = 100 um. n=10.
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2.4. DVLA1 variant does not induce cell proliferation in wing
imaginal discs

After observing the highly altered morphology in wing imaginal discs that express
the DVL1"°"AT variant in apterous and hedgehog domains, we wanted to investigate
whether cell proliferation was being induced to cause the extra fold formation. To assess
the relative amount of cell proliferation occurring between the wild type DVL1 and variant
expressing wing imaginal discs, we used an antibody against a commonly used specific

mitotic marker, Phospho-Histone 3 (PH3).

Again, we induced the expression of wtDVL1 and DVL1"%"%Tpy using the ap-
Gal4 driver at 25°C. We counted the number of PH3 puncta in the apterous domain of
the control, wtDVL1 and DVL1"°"%AT expressing wing imaginal discs (Fig. 2.11). We
found the PH3 levels in control wing discs to be variable, but the average was similar to
the PH3 levels measured in the wtDVL 1 and DVL1"%"%4" expressing wing imaginal discs.

No significant differences were found between the genotypes.
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Figure 2.11. Expression of DVL1 variant with the ap-Gal4 driver at 25°C does not
alter cell proliferation levels in wing imaginal discs

Confocal microscopy images showing ap>GFP (green), F-actin (red), DNA (DAPI, blue) and PH3
(white) stainings merged together in one image in control (A) and transgene expressing discs
grown at 25°C (B-C). (A’-C’) The apterous domain of the representative wing disc images are
shown with the GFP images. (A”’-C”’) PH3 staining for all genotypes are shown. (D) The number
of PH3 puncta counted within the apterous domain are plotted. Sample size is shown under each
genotype. Statistics were performed with ANOVA. Scale bar = 100 ym.
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We continued by counting the number of PH3 puncta in wing imaginal discs that
expresses the variant in the apterous domain in higher levels at 29°C and comparing the
results to the PH3 levels measured in control and wtDVL1 expressing discs (Fig. 2.12).
We found higher numbers of PH3 puncta compared to the discs grown at 25°C, yet

again there were no significant difference between the genotypes.
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Figure 2.12. Expression of DVL1 variant with the ap-Gal4 driver at 29°C does not
alter cell proliferation levels in wing imaginal discs

Confocal microscopy images showing ap>GFP (green), F-actin (red), DNA (DAPI, blue) and PH3
(white) stainings merged together in one image in control (A) and transgene expressing discs
grown at 29°C (B-C). (A’-C’) The apterous domain of the representative wing disc images are
shown with the GFP images. (A”’-C”’) PH3 staining for all genotypes are shown. (D) The number
of PH3 puncta counted within the apterous domain are plotted. Sample size is shown under each
genotype. Statistics were performed with ANOVA. Scale bar = 100 ym.

We proceeded to investigate the levels of cell proliferation in wing imaginal discs
that expresses either wtDVL1 or DVL1"°"*4Tvariant in the hedgehog domain in
comparison to the control discs at 25°C (Fig. 2.13). The number of PH3 puncta in all
three genotypes were very similar and the variance was very small. Statistical analyses

showed no significant difference between the discs that express the DVL1"°"47 and
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wtDVL 1. The expression of the transgenes did not cause any difference in the number of

PH3 puncta compared to the control either.
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Figure 2.13. Expression of DVL1 variant with the hh-Gal4 driver at 25°C does not
alter cell proliferation levels in wing imaginal discs
Confocal microscopy images showing UAS transgene expression domain (red), DNA (DAPI,
blue) and PH3 (white) stainings merged together in one image in control (A) and transgene
expressing discs grown at 25°C (B-C). (A’-C’) The hedgehog domain of the representative wing
disc images are shown with the RFP or FLAG staining images. (A’’-C’’) PH3 staining for all
genotypes are shown. (D) The number of PH3 puncta counted within the hedgehog domain are
plotted. Sample size is shown under each genotype. Statistics were performed with ANOVA.
Scale bar = 100 ym.

We also counted the PH3 puncta in wing discs that expresses the transgenes in
higher levels in the hedgehog domain at 29°C (Fig. 2.14). We observed increased PH3
puncta numbers in all genotypes compared to the wing discs grown at 25°C. Again, no

significant difference was observed between the different genotypes.
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Figure 2.14. Expression of DVL1 variant with the hh-Gal4 driver at 29°C does not
alter cell proliferation levels in wing imaginal discs
Confocal microscopy images showing UAS transgene expression domain (red), DNA (DAPI,
blue) and PH3 (white) stainings merged together in one image in control (A) and transgene
expressing discs grown at 29°C (B-C). (A’-C’) The hedgehog domain of the representative wing
disc images are shown with the RFP or FLAG staining images. (A”’-C’’) PH3 staining for all
genotypes are shown. (D) The number of PH3 puncta counted within the hedgehog domain are
plotted. Sample size is shown under each genotype. Statistics were performed with ANOVA.
Scale bar = 100 ym.

After these experimental results, we concluded that the abnormal morphology of

1791947 yariant is not due to cell

the wing imaginal discs induced by the expression of DVL
proliferation. One possibility we have considered for the cause of the abnormal
morphology in wing imaginal discs was the tension induced from the part of the disc that
is overgrown while the other part was normal. Since we do not observe over
proliferation, we partly eliminated this possibility, however the tension could be occurring
due to the inverse of this. The less grown DVL1 variant expressing tissue could be pulled
by the normal tissue in the other part of the wing discs, as in the case of the discs

expressing the variant in the hedgehog domain.
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2.5. DVL1 variant induces cell death in wing imaginal discs

To further investigate the reasons underlying the altered morphology in the wing
imaginal discs and the adult tissues induced by the expression DVL1 variant, we
investigated the relative amount of cell death occurring between wild type and variant
forms of DVL1. Our earlier work has found that the DVL 1 variant expression causes an
imbalance in Wnt signalling and increases the activity of noncanonical Wnt signalling,
which mediates cytoskeletal organization and apoptosis. It also showed that when DVL1
variants were expressed, JNK signalling was ectopically induced, which also regulates
apoptosis (Gignac et al., 2023). Considering these alterations in signalling and the
smaller thorax and adult wing phenotypes induced by the expression of DVL 1 variant in
different domains, we stained the adult precursor tissue in the larval wing imaginal discs
against the cleaved death caspase-1 (Dcp1) protein. Dcp1 is an effector caspase,
activated after the cell goes into apoptosis by getting cleaved into two fragments (Song
et al., 1997).

We first induced the expression of wtDVL1 and DVL1°"%Tby using the ap-Gal4
driver at 25°C (Fig. 2.15). We counted the number of Dcp1 puncta in the apterous
domain of the control, wtDVL1 and DVL1"°"9AT expressing wing imaginal discs. We found
no significant difference between the Dcp1 levels in control and wtDVL 1 expressing wing
imaginal discs. The number of Dcp1 puncta in the discs that expresses wtDVL 1 was
found to be more variable compared to the other genotypes, but the average was similar
to the Dcp1 puncta counted in the control discs. We found that the number of Dcp1

11519AT

puncta in wing imaginal discs that expresses DVL in the apterous domain is

significantly higher than both control and wtDVL 1 expressing discs (Fig. 2.15C, D).
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25°C ap-Gal4, UAS-GFP L3 wing discs

* % %k %k
1500 1
* %
ns —l
1000+ <
L J

500 L]
*g%es

0 T T T
control wtDVL1 DVL1'%7947
n=10 n=10 n=10

DVL 115194T

# of Dcp1 puncta in apterous domain ©

Figure 2.15. Expression of DVL1 variant with the ap-Gal4 driver at 25°C does

significantly increases apoptosis levels in wing imaginal discs
Confocal microscopy images showing ap>GFP (green), F-actin (red), DNA (DAPI, blue) and Dcp1
(white) stainings merged together in one image in control (A) and transgene expressing discs
grown at 25°C (B-C). (A’-C’) The apterous domain of the representative wing disc images are
shown with the GFP images. (A”’-C”’) Dcp1 staining for all genotypes are shown. (D) The number
of Dcp1 puncta counted within the apterous domain are plotted. Sample size is shown under
each genotype. Statistics were performed with ANOVA. Scale bar = 100 ym.

We then investigated the number of Dcp1 puncta in wing imaginal discs that
expresses the variant in the apterous domain in higher levels at 29°C (Fig. 2.16). We
found higher numbers of Dcp1 puncta in all genotypes compared to the numbers at
25°C, but the trend was similar to the discs grown at 25°C. We observed a significant
increase in the number of Dcp1 puncta in variant expressing wing discs (Fig. 2.16C). It
should be noted that the difference between the wtDVL 1 and variant expressing discs

was more significant at 29°C (Fig. 2.16D).
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Figure 2.16. Expression of DVL1 variant with the ap-Gal4 driver at 29°C does

significantly increases apoptosis levels in wing imaginal discs
Confocal microscopy images showing ap>GFP (green), F-actin (red), DNA (DAPI, blue) and Dcp1
(white) stainings merged together in one image in control (A) and transgene expressing discs
grown at 29°C (B-C). (A’-C’) The apterous domain of the representative wing disc images are
shown with the GFP images. (A”’-C”’) Dcp1 staining for all genotypes are shown. (D) The number
of Dcp1 puncta counted within the apterous domain are plotted. Sample size is shown under
each genotype. Statistics were performed with ANOVA. Scale bar = 100 ym.

We proceeded to investigate the levels of cell death in wing imaginal discs that
expresses either wtDVL1 or DVL17°"4Tvariant in the hedgehog domain in comparison to
the control discs at 25°C (Fig. 2.17). The number of Dcp1 puncta in all three genotypes
were overall lower than the numbers we counted for the discs expressing the transgenes
in the apterous domain as the hedgehog domain is smaller than the apterous domain.
We found that both wtDVL 1 and DVL1"°"AT expression caused a significant increase in
the Dcp1 puncta numbers compared to the control discs (Fig. 2.17D). DVL1""%4T variant
expressing discs had significantly higher numbers of Dcp1 puncta than the wtDVL1

expressing discs.
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Figure 2.17. Expression of DVL1 variant with the hh-Gal4 driver at 25°C does
significantly increases apoptosis levels in wing imaginal discs

Confocal microscopy images showing UAS transgene expression domain (red), DNA (DAPI,
blue) and Dcp1 (white) stainings merged together in one image in control (A) and transgene
expressing discs grown at 25°C (B-C). (A’-C’) The hedgehog domain of the representative wing
disc images are shown with the RFP or FLAG staining images. (A”’-C’’) Dcp1 staining for all
genotypes are shown. (D) The number of Dcp1 puncta counted within the hedgehog domain are
plotted. Sample size is shown under each genotype. Statistics were performed with ANOVA.
Scale bar = 100 ym.

Again, we also counted the Dcp1 puncta in wing discs that expresses the
transgenes in higher levels in the hedgehog domain at 29°C (Fig. 2.18). We have
observed increased Dcp1 puncta numbers in all genotypes compared to the wing discs
grown at 25°C, however, the trend was the same. DVL1"%"%T variant expression in the
hedgehog domain significantly increased the number of Dcp1 puncta compared to both

control and wtDVL1 expressing wing discs (Fig. 2.18C, D).
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Figure 2.18. Expression of DVL1 variant with the hh-Gal4 driver at 29°C does

significantly increases apoptosis levels in wing imaginal discs
Confocal microscopy images showing UAS transgene expression domain (red), DNA (DAPI,
blue) and Dcp1 (white) stainings merged together in one image in control (A) and transgene
expressing discs grown at 29°C (B-C). (A’-C’) The hedgehog domain of the representative wing
disc images are shown with the RFP or FLAG staining images. (A”’-C’’) Dcp1 staining for all
genotypes are shown. (D) The number of Dcp1 puncta counted within the hedgehog domain are
plotted. Sample size is shown under each genotype. Statistics were performed with One-Way
ANOVA. Scale bar = 100 um.

With these results, we can conclude that the expression of DVL 1 variant leads to
increased levels of apoptosis in wing imaginal disc epithelium. These results support our
finding that the abnormal morphology is not caused due to an increase in cell
proliferation. DVL1 variant expression possibly also disrupts cytoskeletal organization by
altering noncanonical Wnt/PCP-JNK signalling and alters the mechanistic forces that
govern the wing disc morphology and hence induces the altered shape and folding of the

discs.

59



2.6. DVLA1 variant disrupts pupal wing development

When expressed in the hh-Gal4 domain, the DVL1"°"%T variant caused dramatic
phenotypes in adult wings by altering the wing development, creating enlarged veins and
decreasing the overall size of the wing blade. It also resulted in a curved wing blade
rather than the fully expanded flat wings. We also showed that the variant induces
apoptosis in wing imaginal discs. After these results, we wanted to look at the pupal

wings of the flies that expresses the variant in the hh-Gal4 domain at 25°C.

The pupal wing developmental stages are well described for the flies grown at
25°C (Waddington, 1940; Diaz de la Loza & Thompson, 2017). We looked at the wings
of pupae 30-32 hours after puparium formation (APF) since the wings at this stage have
the actin hairs and the veins formed. These wings reflect the “definitive shape” of the

adult wings.

We observed that the pupal wings of the flies that expresses the variant in the
hh-Gal4 domain has the same wing shape as the corresponding adult wings: curved
wing blade and the invagination on the proximal end of the posterior side of the wing
(Fig. 2.19C). The variant altered the vein formation, resulting in thicker veins, especially
the L4 longitudinal vein. The bent shape of the wing also pulled the anterior side of the
wing via the mechanical forces applied during the hinge contraction, which made the L3
vein thicken as well. Wild type DVL1 expressing wings appeared similar to the controls
except for the disorganization of the actin hairs on the posterior side of the wing blade
(Fig. 2.19B). The vein structure of control and wtDVL 1 expressing wings were also

similar.
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30-32h APF pupal wings, 25°C hh-Gal4
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wtDVL1

Figure 2.19 Alteration of pupal wing development induced by the expression of

DVL1 variant with the hh-Gal4 driver
Confocal microscopy images of F-actin (red), FLAG (green), DNA, (DAPI, blue) in control (A-A’),
wtDVL1 (B-B’) and DVL 175794T (C-C’) expressing pupal wings. Scale bar = 100 pym.

2.7. DVLA1 variant disrupts cell adhesion in pupal wings

To further investigate the pupal wing phenotypes in DVL1 variant expressing

flies, we used the driver with the narrower expression domain, dpp-Gal4. When the

61



variant is expressed in this domain, it caused a blistering phenotype in the 30 hr APF
pupal wings (Fig. 2.20B). At this stage of the pupal wing development, the vein
patterning is established. This blister phenotype appears to be enlargement of the L3
longitudinal vein. It seems, in this region of the wing, the dorsal and ventral layers of the
wing were unable to adhere together to form the proper vein and wing blade structures

separately hence they appear merged and non-adhered.

Earlier studies in literature have shown that the overexpression of Matrix-
metalloproteases (Mmp) can induce blister formation in pupal wings (Sun et al., 2021).
Our lab has shown that the variant expression induces ectopic Mmp1 expression in wing
imaginal disc pouches (Gignac, et al., 2023). Hence, we wanted to investigate if the
overexpression of Mmp1 is also present in the pupal wing blisters. We found that the
variant induced blister is filled with the Mmp1 protein in 30hr APF pupal wings (Fig.
2.20B). This phenotype was not observed in wtDVL1 expressing pupal wings (Fig.
2.20A).
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25°C dpp-Gal4

wtDVL1

DVIL 11519AT

Figure 2.20 The expression of DVL1 variant disrupts dorso-ventral adhesion and
induces Mmp1 expression in pupal wings

F-Actin (red) and Mmp1 (white) stainings of 30h APF pupal wings that express wtDVL1 (A) and

DVL115194T (B) in the dpp-Gal4 domain at 25°C. Scale bar = 100 um. n=10 for each genotype.

We proceeded our investigation by looking at the blisters more closely. The
proper adhesion of the dorsal and ventral layers of the wings can occur with the slow
degradation of the basement membrane (Sun et al., 2021). Since we hypothesized that
there was an alteration in the adhesion process, we wanted to look at the basement
membrane. We chose to target Drosophila Collagen IV called Viking (Vkg) as a proxy for

the basement membrane since it is the most abundant component. We used Vkg-GFP
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expressing flies, which expresses the endogenously tagged Vkg-GFP fusion protein to

visualize the basement membrane in pupal wings.

The variant and wtDVL 1 expression were driven by dpp-Gal4 driver (Fig. 2.21).
We found that the Vkg-GFP is not abundant in the control pupal wing, we only observed
a faint GFP signal withing the veins (Fig. 2.21A). We observed a sharper GFP signal in
the veins of the wtDVL 1 expressing pupal wings (Fig. 2.21B). The vein pattern was
mostly comparable to control wings, however, L4 longitudinal vein of wtDVL1 expressing
pupal wings appeared malformed and sometimes bent (Fig. 2.21B). The pupal wings
that express the DVL1"°"A7 variant had the most intense GFP signal (Fig. 2.21C). The
veins and the area around the veins seemed to be filled with Vkg-GFP. The L3
longitudinal vein appeared enlarged, forming a blister-like structure. The region between
the L3 and L4 longitudinal veins appeared much narrow supporting the idea that the

blister is formed by the non-adhered epithelial layers merging with the L3 vein.
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25°C 28 hr APF pupal wings, dpp-Gal4
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Figure 2.21. The expression of DVL1 variant leads to increased Vkg-GFP levels in
pre-expansion pupal wings

28hr APF pupal wings showing F-Actin (red/grey) and Vkg-GFP (green) staining in control (A),

wtDVL 1- expressing (B) or DVL175194T -expressing (C) tissue with single channel F-Actin staining

shown in A’-C’. Crosses were performed at 25°C. Scale bar = 100 ym. n=10 per genotype.

We then took a closer look at the veins and the Vkg-GFP expression in these
pupal wings. We found that the blister in the variant expressing pupal wings is filled with
basement membrane component Vkg protein (Fig. 2.22C). A slight thickening of the L4
longitudinal vein in the wtDVL 1 expressing wings was observed with the orthogonal
view, which also showed the abundance of Vkg-GFP in this region (Fig. 2.22B).
However, the intensity was much lower than the variant expressing pupal wings. Vkg-

GFP signals were also observed around the adhered epithelia closer to the L3 veins in
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the variant expressing pupal wings. This shows that the expression of the variant

reduces the basement membrane degradation during pupal wing development.

25°C 28 hr APF pupal wings, dpp-Gal4

10x zoom

63x zoom

Figure 2.22. The expression of DVL1 variant disrupts basement membrane

degradation
28hr APF pupal wings showing F-Actin (red) and Vkg-GFP (green) staining in control (A),
wtDVL 1- expressing (B) or DVL175194T -expressing (C) tissue at 10x zoom. 63x zoomed in images
of the region marked by the yellow squres in A-C are shown in A’-C’ respectively also with DAPI
staining showing the cell nuclei in blue. Crosses were performed at 25°C. Scale bar = 100 ym.
n=10 per genotype.

2.8. DVLA1 variant expression alters other conserved
signalling pathways and cellular processes

DVL1 is a well-established relay molecule in both canonical and noncanonical
branches of Wnt signalling. Earlier work from our lab showed that DVL1 establishes a
balance between these two branches and the variant expression disrupts this balance
(Gignac et al., 2023). However, not all the phenotypes we have shown in our previous
work and in Chapter 2 of this thesis can be justified by the imbalance in Wnt signalling
branches. Especially the vein defects, ectopic bristles, scutellum and thorax
malformation phenotypes indicate that many cellular processes during development are
being altered by the variant expression. In the light of all these findings, we hypothesized

that the expression of DVL1"°"%T variant alters other conserved signalling pathways and
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cellular processes. To test this hypothesis, we conducted RNA-sequencing by using

Drosophila tissue.

We chose to use late third instar wing imaginal discs as the epithelial cells are
subject to more changes during development compared to pupal wings. Wing imaginal
discs were also the tissue that we have assayed the most. Then we have decided to use
the wing imaginal discs that expresses wtDVL1 and DVL1"°"%T variant in the apterous-
Gal4 driver domain, since it's the largest expression domain and we observed dramatic

alterations in adult tissues.

We used w''"®

UAS-wtDVL1 and UAS- DVL17°"%T fly lines with apterous-Gal4, UAS-GFP fly line. Then

the female larvae with the correct genotype were selected from the progeny. We

as wild type Drosophila for our control. We crossed our control,

dissected wing imaginal discs from larvae and extracted RNA from them. We sent the
first batch to the School of Biomedical Engineering (SBME) Sequencing Core at the
Biomedical Research Center (BRC) at UBC for quality control. This step helped us make
sure if the samples were eligible for RNA sequencing by measuring the RNA integrity for
all types of RNA. RNA integrity shows how much degradation occurred in your sample
and a number from 1 to 10 is assigned after the measurement. This number is called the
RNA integrity number (RIN) (Farrell, 2017). Our samples had a good RIN of ~8. After
this step we proceeded to prepare more samples. We made sure to have 4 samples
from each genotype. The synthesis of cDNA and library preparation followed by the
sequencing was done at the SBME Sequencing Core using lllumina mRNA Next-
generation sequencing systems, recording 10 million reads. The sequencing results
were analysed by Dr. Stephane Flibotte at the Life Sciences Institute Bioinformatics

Facility in UBC. The flowchart of this process can be seen in Figure 2.23 below.
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Figure 2.23. Simple schematic of RNA-Sequencing workflow

We first received the lists of genes that are differentially regulated in the wing
imaginal disc samples that expresses wild type DVL1 or DVL1°"%AT compared to the
control wing disc samples and to each other. Without further looking in the detailed
information regarding these genes, we checked the numbers of genes that are
significantly differentially regulated between the genotypes. For these numbers we only
considered the genes that are differentially regulated with g-values or adjusted p values
lower than 0.05. This adjustment of the p-value is necessary since the data obtained
from sequencing is subject to a multitude of statistical tests. The adjusted value indicates
the number of tests that could produce a false positive result so the adjusted p-value is a
higher number than the p-value and it helps us eliminate the false positive results (Koch
et al., 2018). We found that the number of differentially expressed genes (DEGs) in wing
imaginal discs that express wtDVL1 compared to the control to be the lowest with 151.
The highest number of DEGs were found to be 674 in wing imaginal discs that express
DVL1""94T compared to the control discs. The number of DEGs in DVL 19T discs
compared to wtDVL 1 discs was 223. Even with the high stringency provided by the p-
adjusted value, these numbers suggest that the expression of DVL 14T variant causes
a big change in the transcriptome of the fruit fly wing imaginal discs. It should be noted
that there were DEGs common in both wtDVL1 and DVL17°"A" discs data compared to

the control discs.
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After obtaining these numbers, we wanted to look into the details of the
differentially expressed genes, so we asked Dr. Flibotte to prepare a heatmap of the
significantly differentially expressed genes. Among the DEGs with appropriate p-
adjusted values (<0.05), a heatmap that shows 50 genes was plotted. The data was also
clustered in the making of this map. Clustering of RNA sequencing data is used to
identify patterns of gene expression by grouping the DEGs based on their distance to
the cluster mean (Koch et al., 2018). This method helps us visually assess the results in
the heat map, making it easier to see the trends of gene expression across different
genotypes. The heatmap generated showed clear blocks of genes that are upregulated
and downregulated only in the presence of the variant in wing imaginal disc tissues.
There were also blocks of genes that are regulated in a similar pattern in both wtDVL1
and DVL1"°"94T expressing wing imaginal discs (Fig. 2.24). The gene expression levels
presented on this heatmap are presented in a 2-fold base with p value < 0.05 hence the

data presented has high significance.
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Figure 2.24. Heatmap of DEGs found in the RNA-sequencing results

The DEGs found in DVL175794T —_expressing wing discs (green), wtDVL 1- expressing discs (blue)
in the apterous domain and the control discs (pink) were plotted in the heatmap. The figure
legend shows the colours from dark blue to dark red that shows the differential expression levels
in the log2fold base from -2 to +2 respectively. p-value<0.05 for the significance of differential
expression.

When we looked into the genes mapped on the heatmap, we expectedly found
that the expression of genes involved in the formation of the basement membrane,
morphogenesis of cuticle and epithelial tissues were altered with the expression of the
variant. We also found genes that are associated with glycolysis and carbohydrate
metabolism were differentially regulated in the presence of DVL17%"%4T_Genes involved
in the regulation of sexual reproduction in Drosophila were also found to be affected by
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the expression of the variant (Fig. 2.25). These results suggest that the expression of

DVL1"%"%4T variant alters other metabolic processes and signalling pathways.

Among the DEGs on the heatmap, there were promising candidates we found in
the list of DEGs. One of these were Nidogen (Ndg) (marked blue on the list of DEGs,
Fig. 2.25), a component of the basement membrane together with Collagen 1V ortholog
Vkg (Hynes & Zhao, 2000). In the variant expressing wing discs, Ndg expression levels
were found to be about 10 times (log2fold change = -3.35) lower compared to the control
discs according to our RNA sequencing results. Ndg plays a crucial role in the
maintenance of tissue homeostasis and dynamics by linking ECM components. It was
found that loss of Ndg causes ruptures in the BM of Drosophila fat bodies and
microperforations in the BM of larval visceral muscles (Dai et al., 2018; Wolfstetter et al.,
2019). These findings go along with our finding regarding the disrupted basement

membrane degradation in pupal wings and the dysregulated Vkg levels.

Another gene that was interesting among the DEGs was Outer segment 5
(Osegb) (marked green on the list of DEGs, Fig. 2.25), ortholog of human IFT80
(Intraflagellar transport 80), which is involved in cilium assembly and located in non-
motile cilium (Avidor-Reiss et al., 2004). We found that in the variant expressing wing
discs, Osegb expression levels were almost 20 times lower compared to the control. A
study that aims to decipher cilia-independent functions of IFT components used
Drosophila as their model since all cell types except for sensory neurons and sperm are
non-ciliated. The researchers did a screen by knocking down ciliary genes and staining
for markers of developmental signalling pathways in wing imaginal discs. They found
that knocking down Oseg5b caused loss of canonical Wnt signalling (Balmer et al., 2015)
which is in line with our previous findings of lower Arm stability in the presence of DVL1

variants (Gignac et al., 2023).

Due to time constraints, we were not able to pursue any of the hits we found in

the RNA sequencing results.
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Figure 2.25. The list of DEGs in DVL1"5"9T _expressing wing discs extracted from
the heatmap

The DEGs found to be significantly upregulated (red) and downregulated (blue) in DVL11519AT —

expressing wing discs in the apterous domain in comparison to the wtDVL1-expressing and the

control discs. The gene lists were extracted from the heatmap in Fig. 2.24.

We then wanted to be able to see the biological processes the DEGs induced by

the expression of DVL 1797947

are involved in. For this purpose, we requested a bar plot
that shows the Gene Ontology (GO) Enrichment clustering of the DEGs by comparing all
three genotypes. The GO Resource knowledgebase is the world’s largest source of
information on gene function. The GO Consortium assigns statements called GO terms
about the function of genes by associating a gene or gene product a term on their vast
database. These terms allow researchers to see a snapshot of the current biological
knowledge regarding their gene/genes of interest (Ashburner et al., 2000; The Gene
Ontology Consortium et al., 2023). A clustering based on the biological process GO
terms assigned for the DEGs that showed up in our RNA sequencing data was done and
this data was plotted (Thomas et al., 2022). A high stringency was ensured by keeping
adjusted p-values low in this clustering (adjusted p < 0.0006). The list of biological terms
showed up in the plot below expectedly included wing disc development, wing disc,

appendage and wing morphogenesis as we showed with our experiments (Fig. 2.26).
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The other biological process annotations on this plot also showed that the DEGs in the

presence of DVL 1757947

were involved in the morphogenesis of other organs and
neurons (Fig. 2.26). These results also supported our hypothesis that the expression of

DVL1""4T alters other biological processes during fruit fly development.
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Figure 2.26. Barplot of the differentially regulated biological processes detected
by GO Enrichment clustering in variant expressing wing discs in
comparison to wtDVL 1 expressing discs

Barplot showing the Gene Ontology Enrichment clustering of DEGs according to the biological

processes they are involved in on the GO Resource database. The y-axis shows the GO terms of

the biological processes, y-axis shows the number of significantly differentially expressed genes.

The figure legend on the right indicates the adjusted p-value selected for the genes plotted varies

between 0.0001 and 0.0001, which indicated a very low possibility of false positives.



Chapter 3. Results: DVL1 variant C-terminus novel
peptide sequence causes neomorphic phenotypes

Earlier work by Katja MacCharles has shown that that abnormal DVL1 variants
cause an imbalance in two Wnt pathways without showing significant differences
between the variants and displaying similar trends (Gignac et al., 2023). Hence, we
questioned whether this consistent dominant negative effect and the neomorphic
phenotypes caused by expression of the variants are because of the lack of the highly
conserved C-terminus or due to the novel peptide sequence that replaces it. We also
wanted to understand how important the role of the C-terminus of DVL1 is to the
protein’s cellular function. In order to address these further, our collaborators designed
two constructs to isolate the role of the novel C-terminal peptide sequence: DVL1'%'¥"
and DVL1'" in which the nucleotide position indicated is followed by a stop codon to

terminate the protein.

The experimental results presented in this chapter were obtained with the

generous help of Dr. Kenneth Kin Lam Wong in the dissections.

3.1. Generation and validation of C-terminal truncated RS-
DVLA1 fly lines

Again, we utilized the Gal4-UAS system to express the C-terminal truncated
proteins in fruit fly tissues. Generation of the UAS-transgenic lines was carried out by the
Richman Lab at UBC, as detailed in the Materials and Methods chapter of this thesis.
The coding sequences of the truncated protein constructs were inserted into the same
attp40 chromosomal site on Chromosome Il as the original variants. N-terminal FLAG

tags were also added to the constructs.

To be able to compare to expression levels directly to the variants, the
expression of these transgenes was driven using the decapentaplegic-Gal4 (dpp-Gal4)

driver.

We initially wanted to determine whether the proteins were expressed in the fly
using western blotting. Antibody staining against the N-terminal FLAG tag present in the

truncated DVL1 constructs was used to visualize DVL1 proteins on the membrane. The
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western blots showed that both the DVL1"*""and DVL1'5'%proteins were expressed at
the expected sizes of ~60 and ~55 kDa respectively (Fig. 3.1) The analysis of the
western blots showed high expression levels of DVL1'%'®" at both temperatures,
suggesting that the specific truncation made the protein more stable in this model
system. The expression levels of DVL1'3"" protein was lower than the expression levels
of wtDVL1 at 25°C, however, increasing the expression levels by growing the flies at

29°C increased the levels above physiological levels.
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Figure 3.1. Protein expression levels of human DVL1 transgenes in larval heads
Western blot analysis of wildtype, variant and C-terminal truncated DVL1 protein levels from
larval head protein extracts. Dpp>DVL1 crosses were performed at 25°C or 29°C as indicated.
Larval heads were dissected from 5 female larvae per genotype and the equivalent of 2 larval
heads was loaded onto the gel. B-tubulin was used as a loading control. On the right, plot of
DVL1 protein levels in variant DVL1-expressing tissue relative to control (dpp>wtDVL1) tissue.
Each dot on the bars represents one blot. Error bars show mean with SD. Statistics were
performed with a one-way ANOVA test.

3.2. All DVL1 proteins induce planar cell polarity defects

In adult Drosophila wings the wing blade is covered with actin hairs called
trichomes, which are parallel to each other and pointing distally. This orientation is
governed by the PCP pathway (Simons & Mlodzik, 2008; L. L. Wong & Adler, 1993).
Detection of wing hair polarity defects has been a well-established method for identifying
disruptions in the larval and pupal PCP pathway. In our earlier studies, it was shown that
all transgenes encoding wildtype and RS-associated DVL1 variants in the dpp domain

induced defects in planar cell polarity (Gignac et al., 2023).
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Here, we wanted to investigate whether the C-terminal truncated DVL1 proteins
would also cause PCP defects manifested as misaligned trichomes in the adult wings.
We again employed the dpp-Gal4 driver to induce expression in the wing imaginal disc
along the anterior/posterior boundary, which corresponds to the middle region of the
adult wing between the L3 and L4 longitudinal veins (Fig. 3.2A, Fig. 3.3A). Wing hair
alignment in this middle region can be compared to the neighbouring compartments
where the transgenes are not expressed. We grew our crosses at 25°C and 29°C
separately in order to see if any other alterations are induced by higher expression of the
transgenes. Our results showed that all transgenes caused PCP defects, in all the wings
scored (n=25 for all). To make it easier to visualize the phenotypes, the images taken

from flies grown at 25°C and 29°C will be shown in separate figures (Fig. 3.2, Fig. 3.3)
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Figure 3.2. Adult wing phenotypes induced by the expression of DVL1
transgenes in the dpp-Gal4 domain at 25°C
(A) Control wild-type wing with shaded dpp-Gal4 expression domain (green) and black boxes that
corresponds to zoomed in views presented in panels (A’-E’”’). (B-E) Representative dpp>DVL1-
expressing adult female wings at 25°C. (A’-E’) Zoomed in views of PCP defects within a fixed
region above the posterior cross vein for control (A’) and DVL 7-expressing (B’-E’) adult female
wings from 25°C crosses. (A”-E”’) Zoomed in views of anterior cross vein (ACV) in control (A”)
and DVL 1-expressing (B’-E”’) adult female wings. Arrowhead in C”’ points to reduction of ACV.
(A”-E”’) Zoomed in view of adult wing between the L3 and L4 veins in control (A’’) and DVL1-
expressing (B’’-E’”’) female wings from 25°C crosses where extra bristles and creases are
indicated with arrowheads in C’”’. Phenotypic frequencies are quantified in (F). 25 wings were
scored per genotype across n=2 independent experiments. Scale bar = 500 um (A-E), 20 um (A’-
E’), 50 ym (A”’-E’’), 100 um (A’’-E’”).
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Figure 3.3. Adult wing phenotypes induced by the expression of DVL1
transgenes in the dpp-Gal4 domain at 29°C
(A) Control wild-type wing with shaded dpp-Gal4 expression domain (green) and black boxes that
corresponds to zoomed in views presented in panels (A’-E’”’). (B-E) Representative dpp>DVL1-
expressing adult female wings at 29°C. (A’-E’) Zoomed in views of PCP defects within a fixed
region above the posterior cross vein for control (A’) and DVL 7-expressing (B’-E’) adult female
wings from 29°C crosses. (A”-E”’) Zoomed in views of anterior cross vein (ACV) in control (A”)
and DVL1-expressing (B”’-E’’) adult female wings. Arrowhead in C”’ points to reduction of ACV.
(A”-E”’) Zoomed in view of adult wing between the L3 and L4 veins in control (A’’) and DVL1-
expressing (B’’-E’”’) female wings from 29°C crosses where extra bristles and creases are
indicated with arrowheads in C’”’. Phenotypic frequencies are quantified in (F). 25 wings were
scored per genotype across n=2 independent experiments. Scale bar = 500 um (A-E), 20 um (A’-

E’), 50 pm (A”-E™), 100 pm (A™-E™).
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In our earlier studies, additional, neomorphic phenotypes were observed only in
the wings of the flies that express the DVL1 variants while scoring the PCP phenotype
(Gignac et al., 2023). These neomorphic phenotypes were thickening in veins, ectopic
bristle formation on the edge of the L3 vein, alterations or absence of anterior cross vein
(ACV) and a wing crease between the intervein region between L3 and L4 longitudinal
veins (Figs. 3.2C, 3.3C). Since these mutant phenotypes were not observed in
dpp>wtDVL1 wings or the two truncated transgenes (DVL1'#" and DVL1"%"%"), even with
elevated protein levels at 29°C, it was concluded that these phenotypes were novel
effects of the variants (Gignac et al., 2023). With this experiment, we show that the PCP
defects are induced by the presence of the DVL1 protein and its 3 functional domains,
however, the neomorphic phenotypes are only induced by the novel peptide sequence at

the C-terminus of DVL 1757947,

3.3. Lack of C-terminus does not induce abnormal
morphology in adult fly tissues

Since the region corresponding to the dpp-Gal4 expression domain in the adult
wing is narrow, we used a Gal4 driver, hh-Gal4, that span a larger region to look for adult

phenotypes.

We performed our crosses at both 25°C and 29°C. In chapter 2 (Fig. 2.4, Fig.

1757947 yariant in the hh domain

2.5), we have shown that the flies that express the DVL
had smaller wings with dramatically abnormal vein growth and a curved posterior
structure. In addition to these wing phenotypes, we have also shown that the flies had
difficulties eclosing from their pupae due to their abnormal leg morphology, most of them
died trying to eclose or they fell on the food after eclosion. The flies expressing
DVL17%"94T at 25°C, were taken from the vials after seeing them eclose and fall onto the
food. None of the wtDVL1 expressing flies showed this phenotype. In this experiment we
observed that the C-terminal truncated DVL1"%"®" and DVL1'*"" expressing flies
developed similarly to the wiDVL 1 expressing flies with no dramatic alteration in their
wing or leg morphology (Fig. 3.4D, E). This experiment one more time showed that the
altered morphology caused only by the expression of DVL1 variant, and it is due to the
novel peptide sequence at its C-terminus, not the lack of the highly conserved C-

terminus.
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25°C hh-Gal4

Figure 3.4. Expression of C-terminal truncated DVL1 proteins does not induce
abnormal adult structures when expressed in the hh-Gal4 domain at
25°C

(A-A’"") 25°C control adult fly phenotypes. (B-B’”’) The representative images from female and

male adult phenotypes from hh>wtDVL 1 crosses performed at 29°C. The representative images

from female and male adult phenotypes from hh>DVL 1751947 (C-C”’), hh>DVL 11579"(D-D*”’) and
hh>DVL17437""(E-E’”’) crosses performed at 25°C. Arrowheads in C-C’”’ points to malformed wings
and the legs in hh>DVL 1751947 flies. n=10 per each genotype and per sex.
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The flies that expressed DVL17°"%ATat higher levels at 29°C were not able to
eclose and thus the flies were dissected out of the pupal case for imaging. The higher
expression of wtDVL1, DVL1"°" and DVL1'" did not cause any such alterations during

the development of the flies (Fig. 3.5).
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29°C hh-Gal4

Figure 3.5. Expression of C-terminal truncated DVL1 proteins does not induce
abnormal adult structures when expressed in the hh-Gal4 domain at
29°C

(A-A’"") 29°C control adult fly phenotypes. (B-B’”’) The representative images from female and

male adult phenotypes from hh>wtDVL1 crosses performed at 29°C. The representative images

from female and male adult phenotypes from hh>DVL175194T(C-C’”’), hh>DVL17979"(D-D’”’) and
hh>DVL 143" (E-E”’) crosses performed at 29°C. Arrowheads in C-C’” points to malformed wings
and the legs in hh>DVL 1751947 flies. n=10 per each genotype and per sex.
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3.4. Lack of DVL1 C-terminus does not alter JNK signalling

PCP defects in adult wing hairs can be caused both by loss or gain of Wnt/PCP
pathway (Vinson & Adler, 1987; Krasnow & Adler, 1994; Axelrod et al., 1998), hence
further investigation is required to decipher in which way the signalling is altered. Our
previous work used two established reporters for this purpose, the JNK targets Mmp1
and puckered-lacZ (puc-lacZ) and both reporters were used to show that DVL1 variants
ectopically induced JNK signalling in the wing pouch of wing imaginal discs while
wtDVL1 did not show any induction (Gignac et al., 2023). In this study, we did the same
assays to see whether this induction is due to the lack of the original C-terminus which
would cause the necessary PDZ-binding motif (PBM) interactions to not occur with the

expression of both the variant and the C-terminal truncated DVL1 proteins.

We used dpp-Gal4 to express the transgenes and quantified the expression of
Mmp1. No induction of Mmp1 protein signal in controls, wtDVL1, DVL1"°" and DVL 14"
expressing wing imaginal discs were observed, while all the DVL17%"%4T expressing discs
showed Mmp1 puncta in the wing pouch within the dpp-Gal4 expression domain (Fig.
3.6).
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29°C dpp-Gal4, UAS-GFP female L3 wing discs
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Figure 3.6. C-terminal truncated DVL1 proteins do not induce Mmp1 expression
in wing imaginal discs
(A-E) Z-stack maximum projection of third instar wing imaginal discs showing Mmp1 (white) and
dpp>GFP expression domain (green) in control (A) and DVL 7-expressing female wing disc
pouches (B-E). (A’-E’) Z-stack maximum projection of ssngle channel images showing Mmp1
staining in control (A’) and DVL1- expressing female wing discs (B’-E’). (F) Shows the number of
Mmp1 puncta counted per wing disc. Crosses were performed at 29°C and 18 female wing discs
were analyzed per genotype. Scale bar = 50 um.

To further confirm these results and increase the expression of variants, we used
the transcriptional reporter puc-lacZ by expressing the DVL1 proteins in the apterous-
Gal4 domain at 29°C. All discs showed puc-lacZ expression in the peripodial membrane,

1757947 expressing

mostly in the notum of wing discs (not shown in figures). Only the DVL
wing discs showed a robust induction of puc-lacZ signal in the dorsal compartment of the

wing pouch, where the apterous-Gal4 drives the expression of the variant (Fig 3.7C).
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29°C puc-lacZ, ap-Gal4 female L3 wing discs

control § B

Figure 3.7. C-terminal truncated DVL1 proteins do not induce puc-lacZ
expression in wing imaginal discs
(A-E) Z-stack maximum projection of imaginal wing discs showing DNA (DAPI, blue), B-gal
(white) and UAS transgene expression domain (red) staining in control (A) and DVL 1-expressing
female wing discs (B-E). (A’-E’) Z-stack maximum projection of single channel images showing
B-gal (white) staining in control (A’) and DVL 1-expressing female wing discs (B’-E’). n numbers in
bottom panels depict the number of wing discs that displayed the phenotype shown in the
representative image. Crosses were performed at 29°C and 11-14 female wing discs were
imaged per genotype across n=2 independent experiments. Scale bar = 50 um.

We also observed that the expression of the C-terminal truncated proteins did not
cause any of the morphological abnormalities (Figs. 3.8D and 3.8E) caused by the
expression of DVL 175947 yariant (Fig. 3.8C) in the wing imaginal discs when expressed
in the apterous domain. In wing imaginal discs that express DVL1%"% or DVL1'#"" | the
structure and number of folds were comparable to wild type discs. Unlike DVL17%"947
variant expressing discs (Fig. 3.8C”), dorso-ventral boundary was not disrupted when

the C-terminal truncated proteins were expressed (Figs. 3.8D” and 3.8E”).
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29°C ap-Gal4 female L3 wing discs

' B wtDVL1|C 1519AT|D 1519+| E 1431*

Figure 3.8. C-terminal truncated DVL1 proteins do not induce morphological
alterations in wing imaginal discs

(A-E) Z-stack maximum projections of DNA (DAPI, blue) and apterous expression domain (red)

shown with FLAG staining for the transgenes in control (dpp>GFP) (A) and DVL 1-expressing

female wing discs (B-E) with corresponding single channel DAPI (blue) staining shown in (A’-E’)

and FLAG (red) in (A”-E”). Scale bar = 100 um. n=10 per each genotype.

3.5. Lack of DVL1 C-terminus does not alter canonical
Wnt/Wg signalling

The majority of RS-associated genes are components of non-canonical Wnt/PCP
signalling. However, DVL1 is the branching point for both signalling pathways hence
important for the balance between two signalling cascades. In Drosophila, Armadillo
(Arm) protein stability can be measured to investigate canonical Wnt signalling activity.
Arm is the fruit fly ortholog of B-catenin, which is stabilized in the cytoplasm after Wnt
signalling pathway activation. Arm expression can be seen as two stripes flanking the
dorso-ventral boundary in the wing imaginal disc pouch. In our earlier work, it was shown
that the expression of 3 RS-DVL 1 variants caused a decrease in the Arm protein levels

while the expression of wtDVL1 did not have any such effects. Hence, it was concluded
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that the canonical Wnt/Wg signalling is being disrupted by the expression of variants
(Gignac et al., 2023).

In this study, we wanted to investigate whether this disruption in canonical Wnt
signalling is due to the lack of conserved C-terminus of human DVL1 gene or the novel
peptide sequence in the DVL1 variants. Again, we used Arm protein levels in the wing
imaginal disc pouch as a measure of canonical Wnt signalling activity. We used dpp-
Gal4 to drive the expression of our transgenes at 25°C. We observed a decrease in the
level of Arm only in the presence of DVL1 variant DVL1"°"AT_However, it was not very
robust (Fig.3.9).

Figure 3.9. C-terminal truncated DVL1 proteins do not disrupt Arm stabilization
in wing imaginal discs when expressed at 25°C

(A-E) Z-stack maximum projections of Arm protein (white) and dpp>GFP expression domain

(green) staining in control (dpp>GFP) (A) and DVL1-expressing female wing discs (B-E) with

corresponding single channel Arm (white) staining shown in (A’-E’). Significant decrease in Arm

levels relative to control is indicated with white arrow in C’. The crosses were performed at 25°C.

Scale bar = 50 um. n=10 per each genotype.

In order to increase the expression levels of all transgenes, we performed
our crosses at 29°C and measured the Arm signal intensity as shown in the
figure below. We confirmed that only the DVL17°"97 variant altered the
canonical/Wnt signalling while the C-terminal truncated proteins showed a similar
phenotype to the control and wiDVL1. In the light of this finding, we concluded
that the disruption in canonical Wnt signalling in Drosophila is not caused by the
lack of the original C-terminus in RS-associated DVL 1 variant but the presence of
the new peptide sequence (Fig 3.10).
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Figure 3.10. C-terminal truncated DVL1 proteins do not disrupt Arm stabilization

in wing imaginal discs when expressed in higher levels at 29°C
(A-E) Z-stack maximum projections of Arm protein (white) and dpp>GFP expression domain
(green) staining in control (dpp>GFP) (A) and DVL 1-expressing female wing discs (B-E) with
corresponding single channel Arm (white) staining shown in (A’-E’). Significant decrease in Arm
levels relative to control is indicated with white arrow in C’. Scale bar = 50 ym. (F) Schematic of
an imaginal wing disc pouch with dpp-Gal4 expression domain (green), position of most stabilized
Arm protein (white). Boxes 1 and 2 show the regions where ratio of Arm signal intensity was
quantified within and outside of the dpp expression domain. (G) The Arm signal intensity ratio
quantified as described is plotted. Crosses were performed at 29°C and analyses show averages
from 12-16 discs per genotype. Error bars show mean with SD. Statistics were performed with
ANOVA.
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Chapter 4. Discussion and Conclusions

In this project, we investigated one of the mutations in human DVL17 gene
associated with autosomal dominant Robinow Syndrome (RS). Adding onto the previous
work done by Katja MacCharles in our lab and the chicken embryo studies done in
Richman Lab in UBC, we directly tested how RS-DVL1 variants alter normal

development of an organism and lead to RS phenotypes in vivo.

Chapter 2 describes the part of the project that is mainly focused on the

1757947 yariant. The

morphological alterations caused by the expression of DVL
neomorphic phenotypes observed when the variant is expressed in Drosophila tissues
were investigated further via several experiments, primarily in the wing imaginal discs

since they are the precursor tissue that forms the adult wings and nota.

Among the 3 DVL1 variants found in autosomal dominant RS patients and
studied by our lab, | focused on investigating the alterations caused by DVL 177947
variant. The phenotypes caused by the expression of all three variants were comparable.
The frequencies of these phenotypes were also found to be quite similar (Gignac et al.,
2023) . Therefore, | chose to proceed by using the variant that seemed to be more stable
with its relatively high protein expression levels at both 25°C and 29°C, which was
DVL11519AT.

Chapter 3 describes the part of the project that is mainly focused on the
investigation of mutations in DVL1 gene that cause RS. All DVL1 mutations associated
with autosomal dominant Robinow syndrome are located within the penultimate exon,
resulting in a frameshift that leads to the translation of an abnormal peptide (109 aa) at
the C-terminus (Hu et al., 2022; White et al., 2015; Zhang et al., 2022). This novel C-
terminal peptide is consistent among individuals with the DVL1 associated autosomal
dominant RS. These mutations do not affect the three primary functional domains of
DVL1 protein, suggesting that frameshifts in the C-terminus are compatible with life. Our
study of RS frameshift mutations in DVL1 by using the C-terminal truncated DVL1
proteins has provided insights into the pathogenesis of RS and the requirement of C-

terminus in development and cell signalling in the fruit fly model.
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4.1. Validation of DVL1 transgenic fly lines

When we initially compared the expression of the wild type DVL1 and the
variants on the transcriptional level, we found that all DVL1 transgenes were expressed
comparably with no significant differences in the gRT-PCR results (Fig. 2.1A). However,

on the protein level, the products of DVL17°"%4T and DVL 17°2%4¢ gppeared more stable

11615AA 11519AT

compared to the DVL on blots. The expression levels of the DVL and

DVL 17°2%4C yariant proteins were also higher than the product of wtDVL1. In terms of the
phenotypes caused by all three variants, it was shown that the higher expression of
DVL 1797924 gt 29°C resulted in adult wing and thorax phenotypes similar to the other

variants (Gignac et al., 2023).

The exact reason for the differences between the stability of the variants is
unknown. We think that it could be due to the location of where the frameshift is
introduced in the amino acid sequence of the protein product. The DVL176"%4 variant
retains more of the reference sequence of the wtDVL 1, hence the sites that would target
the protein for degradation might be present in this variant while the others have lost it,

which made them more stable.

It must be noted that the activity of all variants in the molecular level was shown
to follow the same trend in our previous work, meaning that if we could increase the
levels of the DVL 176"/ variant, it caused the same phenotypes as the more stable
variants (Gignac et al., 2023). With this information and the measuring of the expression
levels, we were able to choose DVL 17T as a representative variant for the work

presented in this thesis.

It should also be stated that the stability of the variants compared to the product
of wtDVL 1 is also not known exactly. However, as a control, we made sure that all the fly
lines were generated in the same way and the transgenes were inserted in the same
chromosomal site. The mRNA levels we showed with the gPCR results showed that this
control was useful. In our western blots, we found that the expression levels of the
products of DVL1"°"AT and DVL 17°?%4¢ were higher than the wtDVL 1 product at both
temperatures. The expression of the variants on the protein level might not be the same
as physiological levels but this does not change the fact that the expression of the

variants in this in vivo developmental context is highly important for the disease study.
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4.2. DVLA1 variant induce neomorphic phenotypes

Previously it was shown that the expression of DVL1 variants cause neomorphic
phenotypes in the adult wings such as ectopic bristles, thickening of veins and creases
in the wing blade which are not induced by the expression of the wtDVL1 (Gignac et al.,
2023). Here we also showed that the expression of the variant in larger expression
domains induces neomorphic adult phenotypes in the form of reduced thorax and
scutellum, bent or blistered small wings and abnormally segmented legs with altered leg
posture (Fig. 2.3, Fig. 2.4, Fig. 2.5, Fig. 2.6).

The signalling pathways governing Drosophila development are well established.
Most of the adult thorax is developed from the wing disc notum and this development is
governed by a balance between Wg and EGFR signalling (S. H. Wang et al., 2000;
Tripathi & Irvine, 2022). Development of legs from the embryo to adult is known to be
regulated by Dpp, Notch and Hh signalling pathways (Lecuit & Cohen, 1997; Cérdoba et
al., 2016; Heingard et al., 2019). The patterning of cross veins in the wings is dependent
on BMP and Dpp signalling (Montanari et al., 2022). Many signalling pathways are
involved in the shaping of bristles, one of which is the Notch signalling (Furman &
Bukharina, 2011).

All these information in the literature on top of the neomorphic phenotypes
induced by the variant expression strongly suggests that the variants but not the wtDVL1
are altering other signalling pathways. The specific pathways altered by the expression

of the variant requires further investigation.

4.3. DVLA variant disrupt morphology in wing imaginal
discs

After observing the adult phenotypes induced by the expression of DVL 1757947,
we also investigated the precursor tissue in larvae, namely the wing imaginal discs. We
found that wing disc morphology was highly altered when the variant expression was
driven with two different Gal4 drivers (Fig. 2.7, Fig. 2.8, Fig. 2.9, Fig. 2.10). Common
abnormalities in the wing disc morphology were the overgrown appearance of the discs
and the disrupted fold structure. In the ap>DVL1"°"4T discs, the posterior side appeared

to be bending the discs basally (Fig. 2.7, Fig. 2.8). Extra folds were observed in both
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apicobasal and dorsoventral axes in the hh>DVL1"°"°AT discs in maximum projection and
orthogonal views. The expression of the variant resulted in more complex and

disorganized morphology of the wing imaginal discs.

As the wing imaginal disc grows, the flat epithelium of the wing disc changes and
folds begin to appear at precise locations. The location and formation of these folds are
regulated by multiple molecules that depend on various signalling pathways such as Wg
and Jak-Stat (Johnstone et al., 2013; Sui et al., 2012; Sui & Dahmann, 2020; Villa-
Cuesta et al., 2007; D. Wang et al., 2016). There are also a multitude of cellular
mechanism associated with the fold formation such as the apical-basal shortening of
cells, redistribution of microtubules from apical to basal side and proper degradations of
the ECM locally (Sui et al., 2012; D. Wang et al., 2016). Recently, computational studies
also showed that the differential growth between regions of the wing disc is also involved

in fold formation (Tozluoglu et al., 2019).

All these factors governing wing disc morphology are subject to possible
alterations that might be caused by the variant expression. The pivotal role of DVL1 in
Wg and non canonical/PCP signalling pathways makes it a possible candidate that
induces alterations in morphology. We hypothesized that the one strong reason for the
abnormal folding and overall morphology is the differential growth between the half of
the wing that grows normally and the other half that shows altered growth. We think that
this could induce physical tension and result in abnormal fold formation. Therefore, we

investigated the cell proliferation and cell death in the wing imaginal discs.

4.4. DVLA1 variant induces cell death but not proliferation

When we tested the DVL17%"%4T expressing wing discs for cell proliferation and
cell death, we found that the variant expression significantly increases apoptosis, but no
significant difference is induced in cell proliferation levels compared to wtDVL 1

expressing discs and the controls.

Programmed cell death (PCD) is a crucial part of animal development and tissue
homeostasis. Abnormalities in this mechanism are associated with many developmental
diseases. In Drosophila, PCD during development is regulated similarly to vertebrates by

various stimuli from within and outside the cell (Kornbluth & White, 2005). Another
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mechanism important for tissue homeostasis is the compensatory cell proliferation,
which is regulated by a multitude of pathways including Dpp, JNK and Hh signalling
pathways (Wells et al., 2006; Xu et al., 2009). It appears that the DVL1"°"AT variant
expression is disrupting the balance between these two mechanisms during
development by inducing cell death in higher levels in wing imaginal discs. This
disruption of the highly conserved developmental processes causes abnormal tissue
development as we have observed. This increased cell death also helps explain the
altered mechanical tension between the parts of the wing discs that causes the

abnormal basally bent appearance of the proximal side.

We also observed an increase in the curvature of the wing imaginal discs that

expresses the DVL 1797947

variant in the hedgehog domain. Computational studies on
wing disc development showed that the basal curvature of the discs could be affected by
the induction of growth via different pathways such as insulin signalling, which would
lead to the alteration of cellular cytoskeleton and ECM (Kumar et al., 2024). In order to

11519AT

be able to detect the specific mechanisms DVL variant alters tissue morphology,

further investigation focusing on these topics is required.

4.5. DVL1 variant alters dorso-ventral cell adhesion and
basement membrane in pupal wings

Previous studies on wing tissue has shown that the overexpression of Matrix
metalloproteinase-2 (Mmp2) can induce blisters that would be retained in the adult wings
(Sun et al., 2021). The same study hypothesizes that the proper adhesion of the dorsal
and ventral layers of the wing requires slow and controlled degradation of the basement
membranes. With this logic, when the basement membrane degradation is insufficient or
induced to be faster, the adhesion of the two layers will be disrupted and blister
formation will be induced (Sun et al., 2021). Since previous work has previously shown
Mmp1 induction in wing imaginal discs (Gignac et al., 2023), we also looked at the
Mmp1 expression in the blistered wing discs that expresses the DVL 1747 variant. We
found that the blisters that appears to be enlarged veins were filled with Mmp1 (Fig.
2.20). Drosophila Mmps (Mmp1 and Mmp2) are known to have different roles: Mmp1
mostly cleaves extracellular lateral connections between cells and Mmp2 cleaves cells
from the extracellular matrix. However, studies in fruit flies have shown a functional

redundancy between these two molecules (Jia et al., 2014).
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In this work we showed that the basement membrane degradation is suppressed
in the presence of the DVL1"°"AT variant (Fig. 2.21). We used Vkg-GFP as a proxy for
the basement membrane in our studies, since Vkg, Drosophila Collagen IV is the most
abundant of the four basement membrane components. It was shown that, in earlier
stages of pupal wing development, VKkg is present in the distal lumen of the L3
longitudinal veins (Murray et al., 1995). Later in the pupal wing development, some of
the basement membrane components including Vkg are eliminated by high levels of
Mmp1 activity (De Las Heras et al., 2018). These findings were validated by comparing
wing development to the haltere development in Drosophila (De Las Heras et al., 2018).
In the light of this information and our findings, we think that the altered regulation of
canonical and non-canonical Wnt signalling, as well as all the other pathways the variant
expression possibly alter, the balance between Vkg and Mmp1 expression is disrupted.
Even when Mmp1 expression is induced ectopically, it was not sufficient to cleave the
connections together with the high abundance of the basement membrane. It seems that
the inability to degrade the basement membrane in the earlier stages of pupal wing
development caused an increase in the Mmp1 expression in later stages. In the adult
wings, the blister is seemed to be resolved, causing just the crease phenotype when the
variant is expressed in the dpp-Gal4 domain (Gignac et al., 2023). This suggests that the
high expression of Mmp1 eventually becomes sufficient to degrade the basement
membrane when the variant expression is limited. However, when the variant expression
is induced in a larger domain such as the apterous, we found that the adult wings were
blistered, and the wing blades were not extended. Further investigation by testing the
pupal wings that expresses the variant with different drivers is required to explain this

mechanism.

4.6. DVL1 variant causes differential expression of genes
involved in various biological processes

In this thesis, | carried out RNA sequencing using the wing imaginal discs to
detect differentially expressed genes that are involved in other signalling pathways. The
analysis of the sequencing results led us to a large number of DEGs involved in many
biological processes including wing disc and appendix morphogenesis. These results

were promising with respect to gross morphological changes that we observed in the
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flies. However, it was difficult to detect groups of genes involved in signalling pathways

that could be associated with the expression and function of the DVL1 variant.

Previous studies have found that expression of the variant in the apterous
domain just like the discs used for RNA sequencing induced expression of puc-lacZ in
wing imaginal discs (Gignac et al., 2023). Due to the insertion of a /acZ reporter gene
into the puckered locus, the ectopic puc-lacZ expression shows an induction in the
puckered gene transcription, an established target gene of the Jnk pathway (Martin-
Blanco et al., 1998). However, puckered was not one of the genes that was found to be
significantly differentially expressed in the RNA sequencing results. Induced Mmp1
protein expression was also shown in wing imaginal discs that expresses the DVL 1757947
variant in the dpp-Gal4 domain (Gignac et al., 2023), but this was also not found in the
sequencing analysis. The different expression domain and the fact that the alterations

were found on the protein level could be an explanation for these.

We think that the batch effect might be another reason for our RNA sequencing
results to be insufficient. As mentioned, the first batch of samples were sent separately
from the rest, in order to make sure that our samples matched the quality control
requirements. Then the rest of the larvae used for RNA extractions were grown after we
obtained the quality control results. Since the crosses were not grown all together, this

might have introduced a batch effect as well.

Another reason for these unexpected results we have found might be the
extremely high significance levels chosen for the clustering and filtration of the data. In
these processes and the many pipelines applied to the raw RNA sequencing results,
some genes might have been filtered out, which made it more difficult for us to detect

groups of genes that are components of different signalling pathways.

Overall, the RNA sequencing showed us that the expression of the DVL 177947
variant in the wing imaginal discs causes differential expression of hundreds of genes
compared to both control and wtDVL 1 expressing wing discs. The analysis of
sequencing results by using different methods could improve the results we obtain in this

sequencing.
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4.7. Role of the abnormal C-terminus in DVL1 variants

Among the RS-associated mutations in DVL1, DVL2 and DVL3, except for one
de novo missense variant in DVL3, all variants carry frameshift mutations (White et al.,
2015; White et al., 2016; Rai et al., 2021; Zhang et al., 2022). An analysis done by our
collaborators in Richman Lab at UBC showed that just like the RS-DVL 1 variants, the
novel C-terminal peptides of RS-associated DVL3 variants have identical sequences
among patients, despite the variants occurring at different positions in the gene. If the
novel C-terminal peptide sequence were responsible for driving the RS phenotypes, we
would expect the same sequence in frameshift mutations of both DVL7 and DVL3.
However, there is no homology between the C-terminal novel peptides of DVL1 and
DVL3. Therefore, the specific sequence of the mutant C-terminus does not seem to be

the most crucial factor.

Given the high conservation of the C-terminus across vertebrate Dishevelled
proteins (Fig. 1.6C) and its known roles in ubiquitination (Angers et al., 2006), protein
interactions (Witte et al., 2010; Bernatik et al., 2014), and autoinhibition (Qi et al., 2017),
we investigated whether the loss of the C-terminus could cause signalling abnormalities.
We did a literature search and found that, in a study that introduced a stop codon after
nucleotide 1519 to remove the DVL1 C-terminus, this truncated DVL1 could still activate
the Wnt reporter superTopFlash luciferase, albeit less effectively than wtDVL1 (Bunn et
al., 2015). This suggests that the absence of the C-terminus may partially reduce

canonical signalling levels.

Another study showed that the PDZ binding motif (PBM) at the end of the C-
terminus is crucial to keep the balance between the canonical and noncanonical Wnt
signalling since it keeps DVL in an autoinhibited form which helps the protein to be
regulated by other interaction partners. In this study, expression of small PDZ-binding
molecules was induced to compete with the C-terminus of Xdsh itself in Xenopus
embryos and this led to an enhanced non-canonical/PCP signalling activity (Lee et al.,
2015). In a later study from the same group, only the C-terminus of Xdsh, the peptide
sequence after the DEP domain expressed along with increasing amounts of Xenopus
Xdsh itself, causing the forced binding of the PBM to the PDZ domain. This caused a
decrease in Wnt/PCP signalling likely due to the closed formation of Xdsh caused by this

interaction and this may be negatively affecting the DEP domain’s interactions with its
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binding partners involved in PCP signalling. On the contrary, they showed that the
absence of C-terminus or blocking it’s binding to the PDZ domain increased the non-
canonical/PCP pathway activity. These results strongly suggested that the C-terminus of

Xdsh might be involved in regulating the pathway specificity (Qi et al., 2017).

In addition to the loss of specific functions of the C-terminus, the gain of an
abnormal peptide likely has a significant impact on DVL1 function. Our previous work
indicated that abnormal DVL1 variants cause an imbalance in two Wnt pathways
(Gignac et al., 2023). Other potential effects of the frameshift mutations include
abnormal protein folding or protein-protein interactions (Lee et al., 2015; Hu et al., 2022).
It should be noted that our earlier work did not show a correlation between specific
variants and the severity of phenotypes, as there were only minor differences between
variants, with overall trends remaining consistent. The variation in clinical phenotypes,
even among patients with the same mutation, is likely due to individual genetic
backgrounds (Abu-Ghname et al., 2021; Conlon et al., 2021; Schwartz et al., 2021).

Here, we showed that the lack of original human DVL1 C-terminus, in both
DVL1"%"% and DVL1'*" expressing Drosophila tissue, caused PCP defects. However,
the reporters we used to measure the activity of both canonical and non-canonical

11519AT

pathways only showed alterations with expression of the DVL variant.

4.8. Role of the abnormal C-terminus in Noncanonical/PCP
signalling

The expression of all transgenes, wildtype, variant and C-terminal truncated,
produced hair polarity defects in adult wings (Figs. 3.2 and 3.3). This result is not a
surprise since both downregulation and overexpression of Drosophila Dsh also induces
this phenotype. In this case, major functional domains of DVL1 proteins are
overexpressed along with the endogenous Dsh. It should also be noted that the
DVL 1T variant expression led to a more pronounced disorganization in the hair
alignment compared to the expression of wtDVL1, DVL1"°"" and DVL1'", Further
investigation on noncanonical/Wnt signalling activity in wing imaginal disc showed that
the upregulation we have shown with the expression of three RS-DVL1 variants (Gignac
et al., 2023) was not induced by the expression of DVL1"°"" or DVL1'*", This partially

fits the earlier findings in Xenopus with the Xenopus dsh, which has a more similar C-
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terminus to human DVL1 than the Drosophila Dsh does. In that study, it was suggested
that blocking the binding of PBM to PDZ domain increases the noncanonical Wnt
pathway activity by making the Xdsh more available to DEP interaction partners (Qi et
al., 2017).

This same study also highlights the importance of the C-terminus in keeping Dvl
in an autoinhibited state which makes it accessible for regulation by other interaction
partners, hence the C-terminal tagged Dishevelled fusion proteins are not ideal for the
study of functional studies since it would hinder the conformational changes of the Dvl
protein itself and also the interaction partners (Qi et al., 2017). This suggest that the

transgene constructs we use in our study are ideal for our purposes.

This explains the induced noncanonical Wnt signalling activity shown with ectopic
Mmp1 and puc-lacZ expression in the wing imaginal discs due to the expression of the
DVL 14T yariant. The novel peptide sequence on the C-terminus of this variant is
highly different than the original C-terminus and the structure of this peptide is not
predicted to be forming a loop to bind to the PDZ domain according to AlphaFold2. This
makes the PDZ domain less rigid and more available to its interaction partners. It could
also be the folding of this peptide sequence that alters the interactions of the DEP
domain with its partners hence increasing the noncanonical/Wnt signalling activity. With
this logic, one would expect the C-terminal truncated proteins to have similar affects.
However, we showed that the signalling activity was not altered even when these
proteins were expressed in higher levels at 29°C. This could be due to the lower
expression levels of these proteins. The other reason could be more related to the
Drosophila Dsh itself. Since the endogenous Dsh contain similar DIX, PDZ and DEP
domains but a different C-terminus compared to the human DVL1 (Fig. 1.6C), just lack of
the C-terminus without the addition of a new peptide sequence in a Drosophila model
might not be showing the similar affects since the interaction partners already are

adapted to a different C-terminus.
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4.9. Role of the abnormal C-terminus in Canonical Wnt
signalling

In this study, we showed that the canonical/\Wnt signalling activity is only altered

11519AT

by the expression of the DVL variant. The expression of the C-terminal truncated

DVL1""% or DVL1"3" constructs had the same effects as the expression of wtDVL1.

Our earlier work has shown that DVL 1 variants decreased canonical Wnt
signalling in vivo during development even when the fly Dsh was overexpressed. Hence,
RS-associated DVL 1 variants had dominant negative activity and interfered with the

activity of Dsh in canonical Wnt signalling (Gignac et al., 2023).

In the Xenopus study mentioned earlier, researchers made a Xdsh construct that
would have PDZ- binding motif that is constantly bound to the PDZ domain. This
construct was shown to cause lower activity in canonical Wnt signalling by interrupting
the interactions between Xdsh and Wnt coreceptor LRP6 (Qi et al., 2017). In accordance
with this study, the lack of C-terminus in DVL1 is not supposed to negatively affect the
canonical Wnt signalling since it provides an open conformation which would facilitate
easy interactions between DVL1 and the receptors and that is what we observe with the
expression of ¢ or DVL1'*"", We see a slightly higher ratio in B-catenin levels with the
expression of DVL1"%"%" or DVL1"#" compared to the wtDVL 1 but the statistical analysis
showed no significance. The lower canonical Wnt signalling activity caused by the
DVL1"%"%4Tyariant could be due to the structural conformation of the novel C-terminal
peptide that could be causing a hindrance in the DVL1-LRP6 interactions that is similar
to the constantly bound PBM and PDZ.

In the light of these results, the novel peptide sequence conformation seems to
affect DVL1’s function in noncanonical Wnt/PCP pathway positively and canonical Wnt
signalling negatively. Further studies on these signalling interactions and the novel

peptide sequence conformation are needed.

4.10. Role of the original DVL1 C-terminus in RS and normal
development

In this study we found that the lack of both the full C-terminus (peptide after the

DEP domain of DVL1) and the sequence missing in the DVL1'%°AT variant did not cause
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any abnormalities during development. This suggested that the looping back of the PBM
to bind the PDZ and autoinhibit the DVL1 protein is not critical for DVL1 function during

development.

Our collaborators in Richman Lab had similar findings for DVL1°"", However,
when they injected the DVL1'%" construct into developing chick embryos, they got more
severe craniofacial phenotypes than the RS variants and the DVL1°"". They found that
the lack of a full C-terminus profoundly disrupted normal chicken embryo development,
potentially through the interference with the endogenous DVL1 gene. It could also be
due to the disruption of the nuclear export sequence in the product of the DVL 174"
construct. By transfecting triple knockout HEK293 cells that lack all three human DVL
paralogs, they showed that the localization of DVL1'#3" and DVL1"5"°AT were nuclear in
80% of the cells. It is surprising considering that the 30 amino acid sequence that
contains the NES is retained in the variant protein. This data also suggested that the
abnormal C-terminus might be influencing the function of the protein and the
development of the organism due to the tertiary structure of the novel peptide sequence
(Tophkhane, Gignac, et al., 2024).

The different results we get might be due to the genetic background of the animal
models and how the endogenous proteins interact with the transgenes expressed.
Modelling a human skeletal disorder in an invertebrate model can be challenging in
terms of the phenotypes observed hence our collaboration with the Richman is valuable
to overcome this obstacle. We need further investigation of the fly Dsh interaction
partners and how they can interact with human DVL1 proteins. Deciphering the tertiary
structure of the novel peptide sequence of RS-associated DVL1 variants is also

necessary for a better understanding of the mechanistic.

4.11. Limitations of the study

In this study, we expressed human genes and alleles on top of the endogenous
Drosophila genome. We managed to express the transgenes above physiological levels.
However, when the expression of the variant was driven ubiquitously like the RS
patients, using drivers such as Act5C-Gal4, the flies did not survive (data not shown).

Hence, we had to proceed by targeting the expression of our transgenes to specific
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regions by using specific drivers. Using this method helps us with tightly controlling the

levels of transgene overexpression.

It should also be noted that RS is a rare genetic disease that mostly affects the
skeleton in humans. Drosophila does not have a skeleton that we could investigate,
hence we were limited to investigating cellular mechanisms or appendage and wing
development. Our collaboration with the Richman Lab that studied the same variant in
the chicken embryo helped us overcome this limitation. While we provided a genetic and
signalling model for this work, their studies in chicken embryos provided a great model

for skeletal development.

4.12. Future directions

As discussed, many aspects of the wing imaginal disc, pupal wing and adult
tissue morphology could be further investigated. Some of these that of primary interest

could be listed as follows:

- Investigating the possible alterations in the components of cytoskeleton in

wing imaginal discs that expresses wtDVL1 and DVL 1797947

- Investigating the disruption of dorsoventral adhesion and the abnormal
degradation of the basement membrane induced by the expression of

DVL1"%"%T variant in pupal wings at multiple earlier and later pupal stages

- Re-analysis of the RNA sequencing results based on our findings in

Drosophila tissue

- Validating the expression of differentially expressed genes in the presence of
DVL1"%"%Tyariant via qRT-PCR

The C-terminal truncated proteins do not have physiological relevance in terms of the
protein structure; however, they can be used as tools for the further investigation of
DVL1 C-terminus. Possible future directions for this part of our studies can be listed as

follows:

- Investigation of the subcellular localizations of both DVL1'®'" or DVL1'3" in

Drosophila model system in order to learn more information regarding the

101



function and location of NES and its interactions with the rest of the C-

terminus

- Generating a C-terminal truncated DVL1 protein only lacking the PDZ-B motif

for the investigation of its function and interaction partners

- Computational investigation of the possible interaction partners of the DVL1

C-terminus with endogenous Drosophila proteins

4.13. Conclusions

This research provided insights into the morphological alterations induced by the
autosomal dominant RS-associated DVL1 mutations. Our work builds on the previous
work that showed the imbalance between canonical and non-canonical Wnt signalling
induced by the expression of DVL1 variant and suggests multiple biological processes
affected by the RS-associated mutations in DVL1 gene (Gignac et al., 2023). We
provided further evidence of the neomorphic activity of the DVL 1 variant disrupting
normal development of wing imaginal discs, pupal wings and adult tissues. We showed
that the expression of DVL1"%"%47 variant alters the transcriptome of wing disc epithelial
cells. Our study provides further insights into the underlying mechanistic of RS by

showing the abnormal activity of DVL1 variant in a developmental context in vivo.

The part of the study presented in Chapter 3 provided molecular insight into how
the novel peptide sequence in RS-DVL1 variants is the cause of the altered morphology
and the signalling abnormalities in the fruit fly model. DVL1 is the most mutated gene in
autosomal dominant RS cases reported and the abnormal C-terminus is found in all 18
frameshifted DVL1 variants (Zhang et al., 2022). Considering the pathogenicity of these
mutations and our findings together, we can conclude that disease-causing alterations
are due to the presence of the novel peptide sequence at the C-terminus of DVL1, a key
signalling molecule that establishes a balance between canonical and noncanonical Wnt
signalling pathways. Our work here provided evidence that the neomorphic activity of
DVL1 variants are not caused by the lack of the original C-terminus of human DVL1 that

is highly conserved among vertebrates.
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Chapter 5. Materials and Methods

5.1. Generation of transgenes DVL1 fly stocks

The transgenes were generated by the Richman Lab at the University of British
Columbia. The open reading frame encoding human DVL1 was purchased from Origene
(#RC217691). The insert was initially in a pCMV6 vector containing a full coding
sequence with two C-terminal tags: myc and DDK (Flag similar). To change pCMV6
vector to an entry clone (pDONR221), gateway cloning with BP clonase Il (ThermoFisher
#11789020) was performed. Then restriction free cloning was used to insert kozak- N-
terminal flag (DYKDDDDK) sequence and 3’ C-terminal STOP (added to eliminate
commercial tags from company) to this pDONR221 vector. Site-directed mutagenesis
was performed in the pPDONR221 (Gateway compatible) vector and then recombined
into destination vectors (pcDNA3.2 expression vector and RCAS retroviral vector) using
LR Clonase Il enzyme (ThermoFisher # 11791019) (Bond & Naus, 2012; Loftus et al.,
2001). Gateway cloning (ThermoFisher) was used to move human DVL1 into the
pDONR221. Site-directed mutagenesis was used to knock-in the mutations. Autosomal
dominant RS DVL1 frameshift mutation (OMIM: 616331) was knocked in (DVL17%797)
(White et al., 2015). Two additional DVL1 constructs were made for this study - either a
STOP codon was placed immediately after amino acid W507* (DVL1°"%") or the entire
C-terminus was prevented from being expressed by placing a stop codon after the DEP
domain at amino acid 477 and before the DVL1 C-terminus to generate DVL 1" The
plasmids were cloned into the Drosophila pUASg_attB_Gateway vector. These Flag-
tagged wild-type, variant and C-terminal truncated DVL1 constructs were sent to
BestGene Inc., California for integration into the attP40 locus on the second

chromosome for the generation of stably integrated fly strains.

5.2. Drosophila Husbandry

Flies were raised on standard media. Stocks were kept at room temperature
(~22°C) and crosses were performed at 25°C or 29°C as indicated. Three Gal4 driver fly
lines were used to induce transgene expression: dpp-Gal4, UAS-GFP /TM6B (Swarup et
al., 2015), Dll-lacZ/Cyo; Hh-Gal4/TM6B (Hall et al., 2017), apterous (ap)-Gal4
(Bloomington #3041). Additional stocks used were: ;vkg-GFP; (Flytrap) (Blaquiere et al.,
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2018), puc-LacZ (Martin-Blanco et al., 1998), w'''®, UAS-GFP, UAS-myr-RFP
(Bloomington #7118).

5.3. Dissections

5.3.1. Salivary glands

Salivary glands were dissected out of third instar larvae in cold phosphate-
buffered saline (PBS). Larval heads were separated from the body and flipped to expose
the internal tissues. Fat tissue and the guts were removed while leaving the salivary

glands attached to the cuticle.

5.3.2. Wing imaginal discs

Third instar larval wing imaginal discs were dissected out of larvae in cold PBS.
The top half of the larvae were separated and flipped inside out to expose the imaginal
discs. Fat tissue and the guts were removed while leaving the imaginal tissue attached

to the cuticle.

5.3.3. Pupal wings

Pupal wings were dissected as described by Bolatto and coworkers (Bolatto et
al., 2017) with some modifications. Ohr APF pupae were collected and placed ventral
side down onto a microscope slide covered with double-sided tape. The microscope
slides were placed at 25°C until the desired stage of development. Pupal cases were
opened with forceps and naked pupae were transferred onto a new microscope slide
with double-sided tape and covered with 4% paraformaldehyde (PFA) in PBS. After a
30-minute incubation, pupal wings were dissected out and placed into a 4% PFA filled
well of an HLA plate for an additional 15-minute incubation. All immunofluorescence
experiments with pupal wings were performed in Greiner HLA Terasaki multiwell (54-

well) plates rather than Eppendorf tubes.
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5.3.4. Adult wings

Adult flies of the target genotype were collected in small glass vials filled with
70% ethanol. The wings were dissected using forceps in 95% ethanol in dissection
dishes and mounted immediately. Aquatex (EMD Chemicals) was used as mounting

media. The slides were baked overnight at 65°C incubator with small weights on them.

5.4. Immunofluorescence staining, microscopy, and image
processing

Tissue was dissected in phosphate-buffered saline (PBS) and fixed in 4% PFA at
room temperature for 15 minutes. Samples were washed twice for 10 minutes with PBS
with 0.1% Triton X-100 (PBS-T). Following a 1-hour block with 5% bovine serum albumin
diluted in PBST at room temperature, samples were incubated overnight with primary

antibodies at 4°C. The following primary antibodies were used:

Table 5.1. List of primary antibodies used in this study\

Antibody Dilution Clone Distributor
Mouse anti-FLAG 1:500 M2 Sigma
Rabbit anti-FLAG 1:500 SIG1-25 Sigma
Rabbit anti-Dcp1 1:500 Asp215 Cell Signaling
Rabbit anti-PH3 Ser10 | 1:500 D2C8 Cell Signaling
Mouse anti-Armadillo 1:50 N2 7A1 DSHB
Mouse anti-- 1:50 40-1a DSHB
Galactosidase
Rabbit-anti-GFP 1:500 A-11122 Thermo Fisher
Mouse anti-Mmp1 1:100 (each) 3A6B4 DSHB
3B8D12
5H7B11

Samples were washed twice for 10 minutes with PBS-T (0.5% Triton-X100 in
PBS) and incubated with Cy3 and/or Alexa Fluor 647-conjugated secondary antibody
(1:500, Jackson ImmunoResearch Laboratories), DAPI (4',6-Diamidino-2-Phenylindole)
or Rhodamine Phalloidin (Invitrogen™ R415). for 2 hr at room temperature. After two 10-
minute washes, samples were mounted in 70% Glycerol in PBS or VECTASHIELD®
Antifade Mounting Medium (Vector Labs) and imaged using a Nikon Air laser-scanning

confocal microscope or a Zeiss LSM880 with Airyscan confocal microscope. Images
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were processed with Imaged, FIJI software (Schindelin et al., 2012; Schneider et al.,
2012) and are presented as Z-stack maximum intensity projections unless otherwise

stated.

5.5. Quantification of cell death and cell proliferation using
Dcp1 and PH3 staining

After completing the staining and mounting steps, wing imaginal discs were
imaged as described in the previous section. Using FIJI (Schindelin et al., 2012), the ap-
GFP or hh-Gal4 domains on wing imaginal discs were marked. PH3 or Dcp1 positive
cells were counted within each region automatically using the Analyze — Analyze
Particles tool after thresholding. The difference between the number of PH3 or Dcp1

puncta within the apterous or hedgehog domains were then plotted.

5.6. Quantification of Armadillo protein levels

Imaginal wing discs were subjected to the immunofluorescence protocol
described above. Following imaging, maximum projection images were processed with
FIJI software (Schindelin et al., 2012). Using a box of identical dimensions, mean Arm
signal intensity was quantified inside and outside of the transgene expression domain
either on the most stabilized stripes of Arm protein or slightly above them as indicated.
The ratio of signal inside/outside Arm signal was used to determine loss or gain or Arm

levels within the transgene expression domain.

5.7. Western Blots on Drosophila salivary glands

Drosophila salivary glands were used for western blots due to the increased yield
of protein compared to imaginal discs. Due to DVL1 protein instability in lysis buffer,
salivary glands had to be dissected immediately before western blots were performed.
Thus, salivary glands were dissected and lysed by vortexing samples for 30 seconds in
1x SDS sample buffer. Samples were then boiled for 5-10 minutes and then resolved on
10-12% SDS/PAGE gels before being transferred to nitrocellulose membranes.
Following the transfer, membranes were blocked in 5% skimmed milk in TBS-T and then
incubated with primary and secondary antibodies. The following primary antibodies were
used: (1) mouse anti-FLAG (1:1000, Sigma M2), (2) mouse anti--tubulin (1:1000,
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Abcam G098). Anti-mouse HRP (1:5000, Jackson ImmunoResearch Laboratories)
secondary antibody was used. Membranes were visualized using ClarityTM Western
enhanced chemiluminescence (ECL) Substrate (BIO-RAD 170-5061), imaged on a GE
Al 600 Imager and band density/protein levels were determined with FIJI software
(Schindelin et al., 2012).

5.8. Protein lysate preparation from larval heads and
Western blotting

Five late L3 developmentally stage-matched larval heads (with attached imaginal
discs) were dissected and lysed with a 100 pl solution of 1x Cell Lysis Buffer (Cell
Signaling Technology), supplemented with 1x Protease Inhibitors (Roche), 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 mM sodium fluoride (NaF). The tissues were
mechanically homogenized and vortexed for 30 seconds. Lysates obtained after
centrifugation for 10 min were mixed with 30 ul of 4X Laemmli buffer and the tubes were
kept in boiling water for five minutes. The protein extracts were kept at —20°C until used

for western blotting. The blots were run as described in the previous section.

5.9. RNA extraction for qRT-PCR

RNA extractions were performed using the Qiagen RNeasy® Plus Mini Kit
(#74134). Larval heads from five female larvae were dissected in PBS before being spot
dried on a clean KimWipe and transferred to 350 ul buffer RLT Plus, supplemented with
freshly added B-mercaptoethanol to 1%. Larvae were homogenized by vortexing in
1.5 mL tubes before being centrifuged for three min at maximum speed to pellet debris.
Supernatant was transferred to a gDNA Eliminator spin column, with the remaining RNA

extraction steps following the manufacturer’s instructions.

5.10. RNA extraction for RNA-seq

RNA extractions were performed again by using the Qiagen RNeasy® Plus Mini
Kit (#74134). Six pairs of wing imaginal discs from six female larvae were dissected in
PBS for the extraction. The rest of the extraction was done as described in the previous

section. The cDNA synthesis and the library preparation followed by the sequencing
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were all done at the School of Biomedical Engineering (SBME) Sequencing Core at the

Biomedical Research Center (BRC) at University of British Columbia.

5.11. cDNA synthesis and qRT-PCR

cDNA synthesis was performed using ABM® OneScript® Plus cDNA Synthesis
Kit (#G236). For each sample, 100 ng mRNA was used in combination with Oligo (dT)
primers to perform first-strand cDNA synthesis of poly-adenylated mRNA following
manufacturer’s instructions. Resulting cDNA was diluted 1:10 before being used for
gPCR.

gPCR for each sample/primer mix was performed in triplicate with 10 ul samples
(technical replicates), utilizing Bioline’s sensiFAST SYBR Lo-ROX Kit (#B10-94005) on
an Applied Biosystems QuantStudio 3. One microliter of diluted cDNA was used per
reaction. Primers targeting rp49 and GAPDH?2 were used as reference targets. DVL1
primers used in this study were designed by Richman Lab within exon 7 of the coding
sequence: DVL1 Fwd: 5-CAGCATAACCGACTCCACC-3"; DVL1 Rev: 5-
TGATGCCCAGAAAGTGATGTC-3'

5.12. Statistical analyses

Statistical analyses of the plotted data of MRNA and protein expression were
done using one-way analysis of variance (ANOVA). For immunofluorescence
experiments, paired (Arm stability within 1 wing disc) or unpaired (all other experiments)
t-tests were performed to determine p-values. All statistical analyses were performed
using GraphPad Prism 9.3.1 (GraphPad Software, San Diego, USA). Analyzed data with
p<0.05 was considered statistically significant. Significance depicted as *p < 0.05, **p <
0.01, **p < 0.001, ***p < 0.0001, ns = not significant.
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