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lii: Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterised
by two hallmark pathologies, extracellular amyloid plaques and intracellular
neurofibrillary tangles composed of hyperphosphorylated tau. In addition to these
well-known pathologies, increasing evidence indicates that early defects in secretory
and endolysosomal trafficking play a central role in disease progression. Insulin
resistance and impaired insulin signalling are also frequently observed in brains with
AD, leading to the proposal that metabolic dysregulation may contribute to
neurodegeneration. However, the cellular mechanisms linking disrupted insulin

signalling to pathological protein trafficking remain poorly understood.

This study investigated how modulation of the insulin/PISK/mTORC1 signalling
pathway regulates dense core granule (DCG) biogenesis and endolysosomal
trafficking using Drosophila melanogaster male accessory gland secondary cells
(SCs) as a specialised secretory model. Insulin/PI3K/mTORC1 signalling activity was
altered through targeted genetic manipulation of key components, including InR,
PI3K, PTEN, Akt, Tsc1/2, Rheb and mTOR. In parallel, human Tau 2N4R wild type
was overexpressed in SCs to model tauopathy observed in AD. DCGs were
visualised via GFP-tagged MFAS, while lysosomes and acidified compartments were

labelled with LysoTracker and analysed by live cell imaging.

Modulation of insulin/PIBK/mTORC1 signalling in healthy SCs revealed that both
pathway upregulation and downregulation disrupted normal DCG biogenesis.
Reduced signalling, particularly following PI3K knockdown, produced pronounced
mini-core phenotypes and increased DCG acidification and lysosomal area,

consistent with enhanced endolysosomal trafficking. In contrast, increased signalling



promoted DCG compartments formation but also led to structural abnormalities.
hTau2N4R overexpression induced DCG compartments with cylindrical cores,
increased compartment numbers and expanded lysosomal area, indicating
substantial trafficking defects. Notably, both up- and down- regulation of
insulin/PI3K/mTORC1 signalling partially rescued tau-induced DCG abnormalities,

although normal endolysosomal trafficking was not fully restored.

Together, these findings demonstrate that insulin/PI3K/mTORC1 signalling showed
bidirectional control over secretory and endolysosomal pathways and must be tightly
balanced to maintain cellular homeostasis. Disruption of this equilibrium may
predispose cells to early pathological changes associated with AD, supporting a
mechanistic link between metabolic dysregulation and neurodegenerative

progression.
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Introduction

Alzheimer’s disease and its complexity

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized
by memory loss and cognitive decline, which is the most common cause of dementia
among global aging populations (DeTure & Dickson, 2019). AD is a mixed
proteinopathy with the presence of two hallmark pathologies (Zheng & Wang, 2025).
Extracellular amyloid plaques in AD are primarily composed of aggregated amyloid
beta (AB) peptides derived from aberrant cleavage of transmembrane amyloid
precursor protein (APP) by - and y-secretase (Thal et al., 2002; Gouras et al.,
2014). Meanwhile, the intracellular neurofibrillary tangles in AD are composed of
hyperphosphorylated tau (Congdon et al., 2023), a microtubule-associated protein
that normally stabilizes the cytoskeleton and regulates intracellular transport (Hervy
& Bicout, 2019). In AD, tau undergoes abnormal post-translational modifications,
leading to filamentous aggregations, neuronal dysfunction and a pattern of
progression that correlates strongly with cognitive decline (Alquezar et al., 2021,

Boccalini et al., 2023).

Amyloid and tau pathologies remain central to AD research, and there are already
treatments targeting abnormal AR protein aggregations in the brain using monoclonal
antibody-based approaches (Holmes et al., 2008; Kim et al., 2025). However, it has
so far only slowed the disease progression without halting or reversing the cognitive
decline (Travis, 2018). This therapeutic gap suggests that as well as amyloid and tau
histopathology, there must be other mechanisms involved in initiating or

exacerbating pathological events in AD. In recent years, increasing attentions have
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turned towards changes in cellular mechanisms controlling secretory and
endolysosomal trafficking, which are considered as important contributors to
metabolic dysregulation and early AD-associated defects in intra- and inter- cellular

transport (Acker et al., 2019; Lee et al., 2022).

AB generation and endolysosomal trafficking in AD

Disruptions in intracellular trafficking directly contribute to A pathology in AD, while
accumulating AB in turn exacerbates those trafficking defects, creating a vicious
cycle. On the secretory pathway side, proteins that control vesicle sorting are crucial
for controlling where APP is processed. APP is a transmembrane protein that traffics
through the secretory and endocytic pathway, and the location of its cleavage by
secretases determines whether harmless or toxic fragments are produced (Choy et
al., 2012). For example, the clathrin AP-1 at the trans-Golgi network normally helps
to assign APP into the proper post-Golgi compartments, and loss of AP-1 shifts APP
processing toward the amyloidogenic route, leading to excessive production of
neurotoxic AB fragments (Januario et al., 2022). On the endocytic pathway side, the
endosomal network is a major site of AR production and also the process to trigger
AB toxicity. B-secretase (BACE1) colocalises with APP in both early and recycling
endosomal compartments (Das et al., 2015). If the recycling or retargeting of APP
and BACE1 is disrupted, APP can stay in these endosomes longer than it should,
resulting in excessive cleavage, promoting Ap production. This is also seen in the
case of certain AD risk genes like BINT and CD2AP, which are regulators of
endocytic trafficking, by keeping APP and BACE1 apart in early endosomes. When

either regulator is reduced, there is an increased rate of convergence between
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APP and BACE1 in early endosomes, thus accelerating AR generation (Ubelmann et

al., 2016).

Recent studies demonstrated that extracellular release of AR oligomers can bind to
APP at other neurons across synapses and trigger additional APP endocytosis and
cleavage, effectively promoting further production (Rolland et al., 2020). Meanwhile,
AB oligomers and fibrils enhance the colocalization between APP and BACE1 inside
recycling endosomes, accelerating amyloidogenic processing of APP and
intracellular accumulation of AB42 in a positive feedback loop (Antonino et al., 2022).
Additionally, the insoluble AB42 accumulates in synaptic endosomal vesicles that
have characteristics of multivesicular bodies (MVBs) (Eckman et al., 2023). These
AB-rich MVBs can fuse with the plasma membrane to release their internal vesicles

as exosomes, spreading toxic Ap species between neurons.

Intracellular trafficking events are regulated by APP in AD

A challenge in forming a unified model of intracellular trafficking in AD is that
pathological APP processing, AR and Tau aggregation occur in multiple cellular
compartments. A recent Drosophila study revealed that APP resides on the limiting
membrane of regulated secretory compartments, where its extracellular domain
normally promotes the membrane-dependent aggregation of luminal proteins to form
a dense-core granule (DCG; Singh et al., 2025). APP is then cleaved to release the
aggregated proteins so that they form a central DCG in the compartment. When
human AB peptides are expressed, the formation of these secretory compartments is

severely perturbed and specifically the Rab11-positive secretory compartments are
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abnormally rerouted to lysosomes. As part of this AD-mimicking pathology, recycling
endosomes, also known as secretory compartments in this case, containing BACE1
and APP fuse more frequently to late endosomes/lysosomes, which contain gamma
secretase (Pasternak et al., 2003). Since gamma secretase is critical for the
generation of AB peptides, this altered trafficking pattern further promotes the
amyloidogenic cleavage (Hur, 2022). Thus, APP normally facilitates controlled
membrane-dependent protein aggregation and subsequent dissociation from
membranes in the secretory pathway, whereas AB pathologically disrupts this

mechanism.

Consistent with these findings, mammalian models show that intraluminal vesicles
(ILVs) and exosomes are integral to APP/AR trafficking. Neurons release exosomes
containing full-length APP and AR, and exosomes isolated from mouse brains indeed
carry these APP metabolites and processing enzymes (Perez-Gonzalez et al., 2012).
Dysregulation of endosomal recycling causes APP fragments to accumulate in
endosomes and be secreted in Rab11-dependent exosomes, increasing extracellular
AB oligomers (Walsh et al., 2021; Daly et al., 2023). Worth noting, neuronal
exosomes are enriched in raft-like lipid microdomains (e.g. GM1 ganglioside-rich
domains) that can nucleate A aggregation, implicating that certain exosome
subtypes may also play a role for AR oligomerization and amyloid seeding (Ariga et

al., 2001; Hayashi et al., 2004; Liang et al., 2023).

The biogenesis and maturation of secretory compartments are closely linked to
cytoskeletal and membrane dynamics. For example, E-cadherins and small GTPase

Rap1 likely help to recycle and stabilize endosomes during cell-cell adhesion (Balzac
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et al., 2005), while actin-binding proteins and microtubule regulators (e.g. cofilin and
Tau) facilitate the sorting of secretory cargos into transport vesicles and control
dynamic trafficking (Ohashi et al., 2000; Curwin et al., 2012). In AD, AB oligomers
induce an aberrant phosphorylation of cofilin that locks actin in a stable state (Cichon
et al., 2012; Rush et al., 2018), and expression of pathological Tau is known to
disrupt microtubule stability and secretory trafficking events, thereby preventing

vesicles with pathological aggregates degrading.

In summary, APP’s physiological role in coordinating the regulated secretory pathway
becomes dysregulated in AD, involving not only abnormal cleavage that generates
toxic AB species but also the induction of secretory and cytoskeletal dysfunction.
However, the exact mechanism of how these cytoskeletal proteins function in
intracellular trafficking and how they become dysregulated in AD is still poorly

defined and requires further study.

Tau-ApB crosstalk and vesicle trafficking defects

Tau pathology is also tightly linked to secretory trafficking and endolysosomal
dysfunction in AD. The hyperphosphorylation of tau and its aggregation into
neurofibrillary tangles (NFTs) destabilize microtubules, impairing the axonal transport
of vesicles and organelles (Reddy, 2011). The over-abundance of tau, as well as
NFTs, can fragment the Golgi apparatus, undermining its role in protein processing
and sorting (Liazoghli et al., 2005; Jiang et al., 2014; Joshi et al., 2015). Tangled tau

itself can also promote new intracellular aggregates by damaging the
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endomembrane and helping luminal content escape into the cytosol (Calafate et al.,

2016).

Adding to this complexity, AB and tau appear to potentiate each other’s toxicity
through feedback loops in trafficking pathways. AB42 can be endocytosed by
neurons and induce endolysosomal protofibrils to form, causing endolysosomal
leakage that releases proteases (e.g. asparagine endopeptidase) and in turn triggers
tau hyperphosphorylation (Gao et al., 2025). Conversely, tau-induced endosomal
traffic jams favour the accumulation of toxic AB species by dampening the ability of
cells to degrade them (Small et al., 2017). There is also evidence that AB and tau
both bind to the luminal proton pump (V-ATPase), and this inhibition reduces proton
pumping and impairs acidification of endolysosomes (Kim et al., 2023). These
defects in endolysosomal functional integrity are not only consequences of A and
tau pathologies, but also the response to induced neurotoxicity. However, it still
remains unclear which pathology initiates the vicious cycle. Regardless of that, most
studies now view AD progression as the result of pathogenic crosstalk between A,
tau, and endolysosomal dysfunction, rather than a linear cascade (Villegas et al.,
2022). Intervening in this complicated network has become a key therapeutic target

for delaying AD onset and slowing down the disease progression.

Linking AD and insulin signalling: Type 3 Diabetes Hypothesis

In recent years, many studies have noticed parallels between AD and Type 2
Diabetes Mellitus (T2DM), leading to a statement that AD may be considered as

“Type 3 diabetes”. Epidemiologically, individuals with T2DM have ~1.5 times higher
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chance of being diagnosed with cognitive impairment (Xue et al., 2019) and a ~60%
increased risk of getting dementia compared to non-diabetics (Cao et al., 2024;
Mateusz Kciuk et al., 2024). AD brains gradually develop insulin resistance and
impaired glucose metabolism reminiscent of T2DM (Steen et al., 2005). Postmortem
and clinical studies show that insulin signalling in AD brains is dysregulated with
insensitive insulin receptors and disrupted downstream signalling components, even
in patients without peripheral diabetes (Rivera et al., 2005; Suzanne & Wands,

2008).

In peripheral tissues, insulin binding to its receptor activates two major cascades: the
PI3K-Akt pathway and the Ras-MAPK pathway (Boucher et al., 2014). Both are also
present in neurons and play vital roles in cell survival, metabolism and plasticity
(Scherer et al., 2021). Under normal conditions, insulin or IGF-1 binding to receptors
initiates a cascade of phosphorylation events, which recruits and activates the Class
| phosphatidylinositol 3-kinase (PI13K). PI3K generates PIP3 lipid messengers, which
dock Akt kinase to the membrane where it is phosphorylated and activated. Active
Akt promotes anabolic and pro-survival processes, leading to the enhancement of
glucose uptake and utilization, and supporting synaptic protein synthesis. Insulin
signalling also activates the mechanistic Target of Rapamycin Complex 1 (mTORC1)
pathway via Akt. It mainly modulates protein synthesis and autophagy. High
mTORC1 activity tends to promote protein synthesis and suppress autophagy,
whereas reduced mTORC1 activity has the opposite effect, leading to enhanced
autophagic degradation. The Ras-MAPK signalling pathway functions in parallel with
the PI3K-Akt pathway, and is crucial to regulate the transcriptional programs for

synaptic plasticity, memory formation and emotional behavior (C. Mazzucchelli &
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Brambilla, 2000; Héctor Albert-Gasco et al., 2020). Dysregulation of this pathway
has been implicated in several neurodegenerative conditions (Gravandi et al., 2023),
but compared with PI3K-Akt, its role in AD pathology seems less direct and more

poorly defined.

Dysregulation of insulin signalling pathways in AD

Insulin signalling in the brain is closely correlated to pathological mechanisms of AD,
although whether it is a primary cause or a secondary consequence remains
unresolved. Current evidence shows that insulin and IGF-1 signalling normally
regulate the balance between amyloidogenic and non-amyloidogenic processing of
APP through the PI3K-Akt pathway (Elham Razani et al., 2021; Kumar & Bansal,
2021; Miao et al., 2024). When insulin resistance develops due to T2DM, this
signalling cascade is impaired, resulting in overactive GSK3[3 due to insufficient
inhibition of Akt and downregulated mTORC1 signalling, along with reduced levels of
insulin and IGF-1 receptors in some regions (Berlanga-Acosta et al., 2020). Under
these conditions, APP is preferentially processed by 3-secretase, promoting
amyloidogenic cleavage and A3 accumulation (Zhang et al., 2018; Sedzikowska &

Szablewski, 2021).

Meanwhile, decreased Akt activity promotes tau phosphorylation and aggregation
into neurofibrillary tangles, and may also affect axonal transport by phosphorylating
kinesin motor proteins, leading to abnormal vesicle movement and synaptic
dysfunction when insulin signalling fails (Hong et al., 1997; Morfini et al., 2002). Loss

of PI3K-Akt signalling overactivates the GSK3[ activity, which targets multiple
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proline-directed sites on tau, resulting in tau detachment from microtubules and
destabilisation of the cytoskeletal network (Kumar & Bansal, 2021).
Hyperphosphorylated tau not only disrupts microtubule assembly but also tends to
self-aggregate into paired helical filaments and NFTs, driving cytoskeletal collapse,
impaired intracellular trafficking, and eventually leading to neuronal death (Kitagishi
et al., 2014; Yang et al., 2020). In general, insulin resistance as a key hallmark of
pre-diabetes, creates an environment in which both AB and tau pathologies are more

likely to emerge and propagate.

Additionally, in healthy neurons, constitutive autophagy and lysosomal biogenesis
are highly efficient and play an important role in clearing harmful protein aggregates,
in which they are highly regulated by the transcription factor EB (TFEB). Activation of
the TFEB-dependent autophagy-lysosomal pathway protects neurons (Franco-
Juarez et al., 2022; Song et al., 2025). However, this process appears to be
inefficient in both AD and T2DM with insulin resistance. Neurons accumulate large
numbers of autophagosomal vesicles, though it remains unclear whether this results
from continued activation and formation of autophagosomes, or instead a failure in
their clearance through lysosomal degradation and cargo trafficking (Boland et al.,
2008; Nixon, 2017). Dysregulated insulin/PI3K/mTORC1 signalling further
exacerbates these abnormalities by altering APP processing and disturbing TFEB-
dependent autophagy. This amplifies A production while increasing lysosomal
activity, but also blocks effective trafficking to these lysosomes in pathology, which

ultimately reduces degradative capacity (Son et al., 2012; Cheng et al., 2023).
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In Parkinson’s disease models, boosting insulin signalling, such as with GLP-1
receptor agonists, primarily used as diabetic treatments, displayed improvements on
energy metabolism and neuroprotection. These drugs activate the PI3K-Akt
signalling pathway and promote dopaminergic neuron survival by reducing
apoptosis, improving cognitive and motor dysfunction (Dongliang et al., 2024).
However, in some experiments on neurodegenerative diseases, interventions
suppressing the insulin/PI3K/mTORC1 pathway have shown significant
neuroprotective effects. Using transgenic mice with AD, long-term inhibition of mMTOR
with rapamycin prevented the development of AD-like cognitive impairments and
significantly lowered the toxic AB42 levels (Spilman et al., 2010). Rapamycin
treatment also reduced tauopathy via enhanced autophagic clearance, effectively

delaying the AD disease progression (Zeba Mueed et al., 2019).

In Huntington’s disease (HD) mouse models, both IGF-1 supplementation and the
diabetic drug metformin alleviate motor and neuropsychiatric symptoms by
modulating the pathway (Sanchis et al., 2019; Niels Henning Skotte et al., 2020).
IGF-1 activates Akt-mediated pro-survival signalling and has shown therapeutic
benefits in HD mice, while metformin’s activation of AMP-activated protein kinase
(upstream antagonist of mMTORC1) suppresses mTORC1 signalling and enhances
lysosomal function to clear mutant huntingtin aggregates and improve behavioural

outcomes.

Evidence shows that people with T2DM are more likely to develop not only AD but
also other neurodegenerative diseases (Santiago et al., 2023). Also, there is an even

larger chance for patients who already have neurodegenerative diseases and pre-
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diabetes to experience faster progression compared to those without metabolic
disorders. T2DM and dysregulated insulin signalling are strongly linked to
neurodegenerative diseases, even though the exact mechanisms remain unclear
and increasing or decreasing insulin/PI3K/mTORC1 signalling activity can have both
positive and negative effects in AD models (Figure 1). Despite these complexities,
these observations have suggested that normalizing insulin signalling pathway in
neurodegenerative patients with concurrent T2DM might help to delay the onset or
slow the progression of the disease. Furthermore, they indicate that precise
modulations of insulin/PI3K/mTORC1 signalling may be required for a positive
therapeutic effect and may therefore require assessment at a personalised, patient-

by-patient level.
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Shift in pathway activity leads to mixed outcomes in neurodegeneration
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Figure 1. Effects of bidirectional insulin/PI3K/mTORC1 signalling modulation
on neurodegeneration.

This diagram illustrates how both increased and reduced insulin/PISK/mTORC1
signalling can lead to a mix of beneficial and harmful outcomes under
neurodegeneration, which highlights that a balanced pathway is likely required for

optimal neuronal health.
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Using Drosophila melanogaster as a model organism to study AD

cell biology

In this study, | used Drosophila melanogaster as a model organism. The fruit fly
offers unique advantages as an experimental system. It has many signalling
pathways that are highly conserved when compared to human pathways and low
genetic redundancy. Also, flies have a very short generation time and are easily
maintained and manipulated genetically (Yadav et al., 2016; Verheyen, 2022). These
features make Drosophila cost-effective for many experiments, enabling large-scale
screening of different genes and rapid identification of gene and protein functions in

disease-related pathways.

Drosophila has been widely used in AD research so far because flies have homologs
of key AD-related proteins. For instance, the y-secretase complex and its substrates,
such as the fly APP-like protein APPL, are conserved between flies and humans (Ye
& Fortini, 1999; Jeon et al., 2020). Similarly, Drosophila expresses a tau homolog
that binds microtubules and also has disease-related phosphorylation sites
conserved with human tau (Heidary & Fortini, 2001). Transgenic flies expressing
human AR, APP/BACE or tau develop age-dependent neurodegeneration, neuronal
loss and cognitive defects that parallel with human AD symptoms (Wittmann et al.,
2001; Sowade & Jahn, 2017). Building on those findings, recent studies have
successfully established Drosophila as a powerful model for studying
neurodegenerative diseases, particularly AD in the context of the insulin signalling
pathway and its potential neuroprotective effects (Chen et al., 2016; Wei et al.,

2025).
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Conservation of the insulin signalling pathway

The insulin/IGF signalling (11S) pathway is highly evolutionarily conserved between
Drosophila and humans (Krishnan et al., 2024). In both species, IIS is a key
regulator of growth, metabolism, stress resistance, reproduction and lifespan
(Giannakou & Patridge, 2007; Templeman & Murphy, 2018). Drosophila has a single
insulin/IGF receptor (InR) that is highly homologous to the human insulin receptor. In
both flies and mammals, binding of insulin (or Drosophila insulin-like peptides,
DILPs) causes the InR to autophosphorylate and recruit adapter proteins, insulin
receptor substrate (IRS) in humans and Chico in flies, as shown in Table 1 and
Figure 2 (Brogiolo et al., 2001; Gronke et al., 2010). Additionally, downstream core
steps are shared in flies and humans. The Drosophila gene dp60 encodes the
homolog of the mammalian PI3K regulatory subunit p85, which couples InR to the
catalytic phosphoinositide-3-kinase (PI3K), subunit dp770. This activates PI3K,
which converts PIP, to PIP3, then recruiting Akt to be phosphorylated and activated.
PTEN acts as the main negative regulator of the PI3K-Akt pathway, forming a key
inhibitory node that opposes PI3K activity and decreases the availability of PIP3
(Georgescu, 2010). Active Akt phosphorylates multiple downstream targets,
including the Tsc complex, the transcription factor FOXO and GSK3p (Drosophila
shaggy), thereby integrating nutrient and growth signals into cell growth and
metabolic homeostasis (Sadagurski & White, 2012). The Tsc/Rheb axis in turn
activates mTOR or TOR, driving a series of anabolic reactions, including protein and
lipid synthesis in cells. Overall, this strong extent of conservation (see Table 1 for
component comparison and Figure 2 for the IIS pathway comparison) makes

Drosophila a suitable and powerful model to explore the insulin signalling pathway.
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(Ras homolog enriched in brain)

Compounds Human Drosophila
melanogaster

Ligand Insulin, IGF Drosophila insulin-like
peptides 1-8
(DILPs 1-8)

Receptor Insulin receptor, INnR | dInR

Insulin receptor substrate IRS 1-6 Chico

Regulatory subunit p85 dp60

Catalytic subunit p110 dp110

Phosphatidylinositol 3-kinase PI3K PI3K

PTEN phosphatase PTEN dPTEN

Protein kinase B Akt dAkt

Tuberous sclerosis complex Tsc1, Tsc2 Tsc1, Tsc2

Rheb Rheb dRheb

mTOR complex 1

mTOR, Raptor, Rictor

dTOR, Raptor, Rictor

ERK2 (MAPK1)

FOXO transcriptional factor FOXO dFOXO
Glycogen synthase kinase 3 GSK3p Shaggy (sgg)
Ras Ras Ras85D
Raf Raf dRaf
MEK1/2 MEK1, MEK2 Dsor1
(Downstream of raf 1)
MAPK (ERK) ERK1 (MAPK3) Rolled (rl)

Table 1. Comparison of insulin signalling pathway components in human and

Drosophila melanogaster.

The table lists key components of the two major insulin signalling pathway branches,

both of which are illustrated in Figure 2 below. Mammalian counterparts are shown
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alongside their Drosophila orthologs to highlight pathway conservation. Information
was adapted from Semaniuk et al., (2021) and supplemented with information from

FlyBase (https://flybase.org/).

The insulin/IGF-1 signaling (IIS) pathway in human The insulin/IGF-1 signaling (1IS) pathway in Drosophila melanogaster
(o)
/ @ / @
T \, PRz PR (Lo ) \
| | |
l J l J
| |

Figure 2. Overview of the insulin/IGF-1 signalling (IIS) pathway in human and in

Drosophila.
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The Drosophila male accessory gland and secondary cells as the

model for regulated secretion and physiological APP function

Most models used for neuroscience research offer limited access to intracellular
secretory dynamics because neuronal secretory vesicles are too small to be
visualized internally by conventional light microscopy. In contrast, prostate-like
secondary cells of the adult Drosophila male accessory gland (MAG), a reproductive
secretory organ, have been developed as an in vivo model for regulated secretion
(Wells et al., 2023). The MAG consists of abundant main cells (MCs) and a small
proportion of specialized secondary cells (SCs). The latter have giant Rab11-positive
regulated secretory compartments, which are many thousand-fold larger than typical
neuronal granules (Redhai et al., 2016). They produce large DCGs and, at the same
time, generate small intraluminal vesicles (ILVs) that can be released from the cell as
exosomes when the cells are stimulated, processes that might be considered
analogous to neuropeptide secretion in humans. The large size of these
compartments makes it possible to visualize and quantify the dynamic secretory and
trafficking events taking place in real time. This has allowed the cellular processes
that underpin maturation of regulated secretory compartments to be assessed for the
first time (Fan et al., 2020; Wells et al., 2023; Marie et al., 2023; Singh et al., 2025).
Meanwhile, a recent study has successfully used the Drosophila MAG to study the
insulin signalling pathway in main cells, further demonstrating this novel model is
reliable for investigating conserved secretory mechanisms in vivo (Rambur et al.,

2020).
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Immature SC regulated secretory compartments originate from the Golgi apparatus
(marked by Rab6) but then acquire recycling endosomal Rab11-positive inputs and
identity as they mature, as shown in Figure 3. This Rab6-to-Rab11 transition is
essential for DCG formation and ILVs biogenesis in Drosophila, and current
evidence from human cells indicates that this maturation step is evolutionarily

conserved (Wells et al., 2023; Stockhammer et al., 2024).

Secondary cell s — Secretion
y il ‘l Dense-Core
Accessory ’ | Granule (DCG)
Gland (AG)_ Mature Rab11
Compartment

23um

|—> Nucleus O . Intraluminal
Vesicles (ILVs)
d Lysosome ——) Q Minicore
N Golgi }
‘ Apparatus
=

| Rab6/Rab11
Transition
Main cell ——e el IMmature Rab6
Compartment

Figure 3. Schematic of the Drosophila male accessory gland (MAG), highlighting

secondary cells (SCs) at the distal tip, their main intracellular compartments with
dense core granule (DCG), and the Rab6-to-Rab11 transition (Adapted from Singh

et al., 2025).
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Our lab developed a unique GFP-MFAS line, expressed from the endogenous mfas
gene locus, as a marker for DCG protein aggregation. This GFP-MFAS line
fluorescently labels Midline Fasciclin (MFAS), which is the Drosophila orthologue of
human extracellular matrix protein, TGFB-induced (TGFBI), and is very highly
expressed in DCGs (Hu et al., 1998; Singh et al. 2025). According to findings from
our lab, numerous small GFP-MFAS aggregates first emerge along the limiting
membrane of immature regulated secretory compartments. These transient mini-
cores are mobile within the lumen and quickly merge through coalescence, resulting
in a single and circular, centrally located DCG (Singh et al., 2025), as shown in
Figure 4A. In addition, SCs with mfas knockdown form large Rab11-positive
compartments devoid of any visible DCG, indicating that MFAS is required for

protein aggregation in the regulated secretory pathway of SCs.
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mutant expression and (D) non-cleavable form of APPL (APPL-AsdE1 mutant)
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Surprisingly, APPL (the fly APP homologue) also regulates MFAS aggregation, DCG
biogenesis and regulated secretory compartments, and its proteolytic cleavage is
critical for DCG maturation (Figure 4B). This process may parallel the mechanism for
amyloidogenic APP processing in humans, which occurs in recycling endosomes.
APPL contains conserved a-, 3-, and y-secretase cleavage sites that release
fragments similar to human AR peptides (Fossgreen et al., 1998). Under normal
conditions, membrane-associated APPL appears to prime DCG protein aggregation
and then its cleavage releases its extracellular domain associated with these
aggregates, allowing them to dissociate from the compartmental limiting membrane
and fuse into a single mature DCG (Singh et al., 2025). When APPL is non-cleavable
or absent, aggregates stay attached to the membrane, often as mini-cores, and
impair DCG maturation (Figure 4B and 4D). This abnormal biogenesis process also
promotes the lysosomal targeting of these compartments, which are acidified, but fail
to be degraded by lysosomes, which parallels the early endolysosomal dysfunctions

observed in AD.

Human APP expression can partially rescue DCG biogenesis in SCs, as well as
behavioural defects induced by Appl loss of function in flies (Luo et al., 1992; Singh
et al., 2025), suggesting both functions are conserved. Pathogenic human A
expression disrupts APP-regulated protein aggregation; compartments mature to
Rab11 identity but mini-core aggregates remain immobile at the compartmental
limiting membrane and fail to coalesce (Singh et al., 2025). These compartments are
targeted for lysosomal degradation, but they do not traffic normally and their contents
appear to be secreted (Figure 4C). Moreover, these SC-derived secretions are

endocytosed by main cells and induce endolysosomal defects. Both non-cleavable
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APPL and AB expression induce abnormal accumulation of GFP-MFAS in lysosomal
compartments in main cells, propagating the endolysosomal phenotype. This
phenomenon will be referred to as the main cell phenotype, also known as

phenotypic propagation.

Therefore, using the SC model, it has been shown that Appl loss or A expression
alters DCG dynamics, leading to endolysosomal trafficking defects that propagate

between cells, phenotypes that are highly relevant to AD pathology.

Tau and the cytoskeleton also regulate DCG biogenesis

The Drosophila SC system has been successfully employed to study subcellular and
sub-compartmental dynamic phenotypes induced by AD-relevant genetic
manipulations (e.g. APPL variants and loss-of-function, AR wild type and mutants),
providing mechanistic insight into how secretory and endolysosomal trafficking might
become compromised in early disease stages. Notably, our lab also observed that
loss of cofilin produces cylindrical cores in SC compartments that remain in contact
with the limiting membrane, indicating a requirement for actin turnover to ensure
normal aggregates release and granule morphology during DCG maturation (B.

Verma, unpublished data).

Recent unpublished work (B. Verma) shows that overexpression of human Tau 2N4R
in SCs reproduces the cofilin-knockdown phenotype (see Figure 11). Tau 2N4R
refers to a specific isoform of the human microtubule-associated protein Tau, which

plays a central role in microtubule stabilization and axonal transport in neurons
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(Cario & Berger, 2023; Buchholz & Zempel, 2024). Tau protein is encoded by the
MAPT gene, which undergoes alternative splicing to generate six major isoforms in
the adult human brain. These isoforms differ by the inclusion or exclusion of two N-
terminal inserts (ON, 1N, or 2N) and by having either three or four microtubule-
binding repeat domains (3R or 4R) (Bachmann et al., 2021; Shahpasand-Kroner et
al., 2022). Tau 2N4R represents the longest human isoform, containing two N-
terminal inserts and four microtubule-binding repeats, giving it a total length of 441
amino acids (Igbal et al., 2010). This isoform is widely used in experimental AD and
tauopathy models because it is the most toxic among all tau species and relatively
abundant in adult cortical neurons (Pampuscenko et al., 2021). Tau 2N4R can
induce neuronal loss even under a low molecular concentration and is prone to

undergo hyperphosphorylation, driving neurofibrillary tangle formation.

Live cell imaging shows that overexpression of human Tau 2N4R in SCs stabilises
GFP-MFAS aggregates at the compartmental limiting membrane, forming elongated
cylindrical cores touching the compartmental limiting membrane instead of central
and spherical morphology. In this way, disruptions of two different cytoskeletal
regulators (cofilin and Tau) converge on a common abnormal DCG morphology,
suggesting that defective maturation of DCG compartments can be tightly linked to

abnormal functioning of the cytoskeletal network (Cichon et al., 2012).
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Study Rationale and Objectives

The findings described above motivate the focus of my present project. SCs in the
Drosophila male accessory gland allow direct and real-time visualisation of DCG
biogenesis, which makes it possible to test how different regulators modulate
secretory outcomes. Experiments to date implicate defective cytoskeletal assembly
and endolysosomal trafficking in response to AD-related genetic manipulations. As
discussed above, the insulin/PI3K/mTORC1 signalling controls cytoskeletal and
endolysosomal dynamics, and this can positively or negatively impact on AD-

associated neurodegeneration via multiple mechanisms. | therefore aimed to:

1. Examine how modulating insulin/PISBK/mTORC1 signalling affects secretory and

endolysosomal trafficking events in SCs.

2. Determine whether upregulation or downregulation of the insulin/PI3K/mTORC1
signalling pathway can suppress the defects induced by overexpressing cytoskeletal
tau, including restoring DCG biogenesis, compartment maturation and normal

routing of secretory and endolysosomal trafficking.

My overall objective was to clarify how metabolic signalling, also implicated in T2DM,
interplays with early secretory and endolysosomal trafficking pathology in AD to shed
light on why modulating insulin/PI3K/mTORC1 signalling can have variable effects

on pathological outcomes.
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Experimental models: Organisms/Strains

Drosophila Genotypes Name in text Source Stock
Number
Transgenic/Reporter lines
w118, GFP-mfasM!11275-GFSTF.2 N/A BDSC # 63204
w8 if/CyO; dsx-GAL4/TM6B N/A Goodwin Lab, N/A
Oxford (Rideout et
al, 2010)
w78 tub-GAL8O0'; N/A BDSC #7108
TM2/TM6B,Th
w'78; tub-GAL80"/CyO; dsx- N/A Wilson Lab N/A
GAL4/TM6B (Corrigan et al,
2014)
w8 tub-GAL80'S/CyO; dsx- td-GFP-MFAS | Wilson Lab N/A
GAL4,GFP-mfas/TM6B
w18, P{UAS- N/A BDSC # 90949
hTau.2N4R.wt}attP40; +
w8, hTau-2N4R-WT, tub- td-GFP-MFAS- | Wilson lab N/A
GAL80"/CyO; dsx-GAL4, GFP- | Tau2N4R
mfas/TM6B
UAS-transgenes
y'sc* vl sev?’; rosy-RNAI BDSC # 44106
P{ryTRiRHMSO2827};+
w18 w118 Partridge Lab, N/A
UCL
y'v1; +; P{Pi3K92ETRIFJF02770) PI3K-RNAI #1 BDSC # 27690
w'8; +; P{Dp110CP11228) PI3K-RNAI #2 VDRC # 38985
y' v1; +; P{Akt1TRIFHMO04007) Akt1-RNAI #1 BDSC # 31701
y' v1; +; P{Akt1TRIFHMS00007} Akt1-RNAI #2 BDSC # 33615
y'sc* v sev?'; +; tor-RNAI BDSC # 35578
P({torRiP.GL00156}
w18, +: P{PTENGP135001 PTEN-RNAI VDRC # 35731
w'8; P{w*; UAS-DPTEN UAS-PTEN Goberdhan Lab N/A

FF20.2}/CyO; +

(Goberdhan et al.,
1999)
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w8 +; UAS-Tsc1 UAS- UAS-Tsc1/2 Wilson Lab N/A
Tsc2/TM6
w8, +: P[w*;UAS-InR")/TM3 UAS-InR Hafen Lab N/A
Sb (Brogiolo et al.,
2001)
y'w'18: +- dRheb”V4/TM3 UAS-Rheb”V* Lengyel Lab (Patel | N/A
et al., 2003)

Table 2. All Drosophila stocks used in this thesis are detailed in the table above.
Genotypes, name in text, source and stock number (if applicable) are shown. Stocks
were sourced from collaborating labs, and two public stock centres, Bloomington
Drosophila Stock Centre (BDSC) (Ni et al., 2009) and Vienna Drosophila Resource

Centre (VDRC) (Dietzl et al., 2007).

Fly husbandry

All Drosophila lines were maintained in either plastic vials or bottles with a standard
cornmeal agar diet [12.5 g agar (F.Gutlind & Co.Ltd), 75 g cornmeal (B. T. P. Drewitt),
93 g glucose (Sigma-Aldrich, #67021), 31.5 g inactivated yeast (Fermipan Red,
Lallemand Baking), 8.6 g potassium sodium tartrate tetrahydrate (Sigma-Aldrich,
#S2377), 0.7 g calcium chloride dihyrdrate (Sigma-Aldrich, #21907), and 2.5 g
nipagin (Sigma-Aldrich, #45501) dissolved in 12 ml ethanol, per litre]. Stocks were
generally kept at 25°C and transferred into fresh vials or bottles every 2-4 weeks.
Bottles from two GFP-MFAS knock-in reporter lines td-GFP-MFAS and td-GFP-
MFAS-Tau2N4R were used for virgin female flies collection daily in the morning,
isolated in small groups (8-10 flies) and kept for several days at 19°C to confirm they

were unmated before use. For experimental crosses, those virgin female flies were
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crossed with healthy male flies (usually 4-5 male flies) with UAS-transgenes of

interest to permit induction of SC-specific expression.

Crosses were maintained at 25°C to increase the rate of development, with adults
transferred into new vials with fresh food medium every 4—6 days to avoid
overcrowding and mating between the parental flies and their offspring. Virgin male
progenies from experimental crosses were collected on eclosion and typically shifted
to the 29°C incubator for 6 days to activate post-developmental SC-specific
transgene expression. Subsequent dissections and imaging were carried out at the

end of this induction period.

Dissection and mounting accessory glands for imaging

Accessory glands were dissected from six-day-old adult virgin male flies under CO,
anaesthesia. Dissections were carried out in ice-cold 1x PBS (Thermo Fisher
Scientific), with the male reproductive tract gently removed by pulling the terminal
abdominal segment using fine forceps. Non-gland tissues (the testes, seminal
vesicles, ejaculatory bulb, fat tissues, and the gut) were carefully detached to
minimise folding or interference during imaging. Then glands were incubated with
500nM Lysotracker Red DN-99 (Invitrogen) for 5 minutes on ice, aiming to mark
lysosomes and acidified compartments, followed by a gentle wash in chilled 1x PBS.
Following dissection, glands were transferred into microtubes containing ice-cold 1x
PBS and stored in a polystyrene box on ice to preserve tissue viability throughout the

imaging session.
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Prepared glands were mounted in a small drop of PBS between a rectangular
coverslip (No. 1, 22 x 50 mm, Fisher Scientific, #1237-3128) and a round coverslip
(No. 1, 13 mm, #49492, VWR), which were held in place using a custom-built metal
mount. Excess PBS was gently removed with filter paper until the glands were
slightly flattened against the glass. To minimise variability, glands were imaged in the
order they were dissected, ensuring that each sample experienced a comparable

interval between dissection and imaging (Marie et al., 2023; Singh et al., 2025).

Live-cell imaging and deconvolution

All imaging was performed on a Leica Thunder inverted wide-field microscope (Leica
Microsystems) equipped with a 100x oil-immersion objective (Leica HCX PL
FLUOTAR, NA 1.3) and a K8 sCMOS camera. For each accessory gland, four SCs
were imaged from at least ten individual virgin male flies. Image acquisition was
carried out in HDR combined gain mode (16-bit digitization). Z-stacks were collected
at 0.2 ym intervals, typically spanning 10-16 um depending on the size of the SCs.
SC morphology was visualised in Bright Field (BF) mode with an exposure time of
38ms, intensity set to 108, and an aperture of 24. For fluorescence imaging, LED
illumination was used with the following settings: GFP channel, 475 nm excitation at
10% laser intensity with 280ms exposure; and RFP channel (Lysotracker), 550 nm
excitation at 55% laser intensity with 40ms exposure. Thunder small volume
computational clearing (SVCC) was applied to enhance image contrast, remove
background noise and suppress out-of-focus signal. Deconvolution was not applied
to the BF channel. For GFP and RFP channels, deconvolution was performed under

widefield parameters using a refractive index of 1.33000 and water as the mounting
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medium. The deconvolution settings were strength 60%, sensitivity 1, regularisation

0.05 and high smoothing.

Analysis on ImageJ/Fiji

(a) SC size and nucleus size

All images were analysed in ImageJ/Fiji. The area of secondary cells (SCs) and their
nuclei was measured. In the brightfield (BF) channel, planes in which the boundaries
of SCs and both nuclei were most clearly visible were identified and selected. These
were not necessarily from the same Z-stack plane. The freehand selection tool was
then used to carefully trace the outline of each SC and its nucleus. Once the regions
of interest were defined, their areas were measured using the “Measure” function in
Fiji. All measurements were recorded with the scale calibrated so that the output

values were expressed in pm>.

(b) DCG phenotypes and number of mature compartments

DCGs labelled with GFP-MFAS, together with their associated compartments, were
scored manually in experiments using the td-GFP-MFAS reporter line. DCGs were
considered abnormal if they showed one of three features: a GFP-negative centre,
mini-/deformed structure, or direct contact with the limiting membrane. For defining
these features, DCGs were classified as containing GFP-negative centre when they
contained a central non-fluorescent region with a diameter 21 ym. The mini-

/deformed phenotype was assigned when multiple small cores with a diameter 20.5
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um were present within a single compartment and/or when the DCG was misshapen,
with the ratio of its longest to shortest axis exceeding 1.4. DCGs in contact with the
limiting membrane including both intact and misshapen DCGs, were scored if they
maintained membrane contact throughout the entire Z-stack or if they shifted
between staying at the central axis and contacting with the limiting membrane across
several planes. All abnormal phenotypes were scored manually by examining the full
Z-stack in both the BF and GFP/Lys merged channels. The percentage of abnormal
DCG compartments was then calculated relative to the total number of DCG

compartments per SC.

(c) Number of DCG compartments with cylindrical cores in hTau2N4R

overexpression experiments

The number of DCG compartments in Tau overexpression experiments using the td-
GFP-MFAS-Tau2N4R line was scored using ImageJ/Fiji. For each SC, a single
plane was selected from the GFP channel Z-stack, corresponding to the plane
containing the greatest number of visible DCGs. The BF channel was then used to
identify the SC boundary with the freehand tool, following by a full outside-region-
clearance. To reduce background fluorescence, a subtraction value of 10 pixels was
applied across all genotypes, with the exception of PTEN-RNAI, where a value of 15
pixels was consistently used to account for the larger and brighter DCGs. Images
were further processed using the “threshold” function, and the “Analyse Particles”
function was applied with particle size 0.1-15. To distinguish between DCG
phenotypes, two circularity ranges were used, which were 0.0-0.6 to capture

elongated or irregular shaped (classified as cylindrical cores), and 0.0-1.0 to capture
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the total number of DCGs. The number of DCG compartments with cylindrical cores
was recorded per SC, and the percentage was calculated as a proportion of the total

number of DCG compartments within the selected plane.

(d) Acidification of secretory compartments

The DCG acidification phenotype occurs when mature DCG compartments are first
targeted for lysosomal clearance (Singh et al., 2025), and these were categorized as

acidified compartments.

There are four different stages during lysosomal targeting and clearance, which were

all scored as acidified compartments:

1. Compartments with a slightly diffused DCG but the shape is relatively intact,
and typically a single peripheral acidic vesicle associates with the limiting
membrane

2. Compartments with diffuse GFP-MFAS and associated with one or more
acidic domains inside or at the limiting membrane

3. Compartments with completely diffuse GFP-MFAS

4. >80% of compartment area covered by acidified domains, but the

compartment still retains its circular boundary

For experiments using the td-GFP-MFAS reporter line, the number of acidified
compartments per SC was scored in the merged GFP/Lys channel across the entire

Z-stack. For experiments using the td-GFP-MFAS-Tau2N4R line, scoring was
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performed in the merged GFP/Lys channel using the same single plane that had
been selected previously for quantifying the number of DCG compartments with
cylindrical cores. To ensure accurate representation of each acidified compartment,
movement by up to two planes above or below the selected plane was permitted

when necessary to capture all relevant signals.

The total number of acidified compartments per SC was then recorded and shown as
the percentage of all compartments (DCG + acidified compartments), allowing
comparisons of acidification phenotypes between diverse genotypes with different

numbers of DCG compartments.

(e) Lysosomal area

Lysosomal area within SCs was measured using ImageJ/Fiji. For experiments using
the td-GFP-MFAS reporter line, a complete Z-stack maximum intensity projection of
the Lysotracker (Lys) channel was generated to capture the full extent of the SC. In
contrast, for experiments using the td-GFP-MFAS-Tau2N4R line, a single plane from
the Lys channel Z-stack was analysed instead of the complete projection. This plane
was the same one used for quantifying the number of DCG compartments with

cylindrical cores in the hTau2N4R overexpression experiments.

The BF channel was used to outline individual SCs with the freehand tool. The
corresponding regions were then applied to the Lys channel full projection or the
single plane, and areas outside the SC were cleared. After this, images were

automatically thresholded by the Fiji software to include the total acidic/red pixels.
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Manual adjustment of the threshold was then performed to exclude compartments
where more than 80% of the area was covered by acidified domains but the circular
boundary remained intact, as these were already categorized as DCG acidified
compartments. Following this adjustment, the threshold was fine-tuned to ensure
maximal inclusion of the remaining regions corresponding to misshapen lysosomal
structures. The “Analyse Particles” function was used to measure the lysosomal
area. Finally, the percentage of lysosomal area was calculated as the ratio of the

total lysosomal area to the total SC area.

(f) GFP-MFAS containing main cells (main cell/propagation phenotype)

GFP-MFAS distribution in main cells was assessed using ImageJ/Fiji. For each
image, a fixed square region was defined using the rectangle tool. The size of this
field of view was kept constant across genotypes (600 x 600 pixels) and was
increased to 800 x 800 pixels for samples from PTEN-RNAI crossed with td-GFP-
MFAS, to make sure that the significantly larger secondary cells (SCs) and

surrounding main cells could still be included.

For the series of td-GFP-MFAS experiments, the average SC size across most
genotypes was approximately 600 um?, whereas SCs in the PTEN-RNAIi background
reached close to 1000 ym?. This indicates roughly a 1.7-fold increase in size. Scaling
the square region from 600x600 pixels (area = 360,000 pixels?) to 800x800 pixels
(area = 640,000 pixels?) provides a proportional increase in field size around 1.8

times.
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For all experiments using the td-GFP-MFAS-Tau2N4R line, a constant field size of
800 x 800 pixels was applied across genotypes. SCs in these backgrounds were
consistently larger, so adopting a larger square region avoided partial exclusion of

SCs boundaries and limited inclusion of GFP-MFAS-positive areas in main cells.

To measure the main cell phenotype, the GFP channel was merged with the
brightfield (BF) channel to identify SCs. Using the freehand selection tool, the
boundary of each SC was outlined, making sure not to include any main cell GFP-
MFAS that was extremely close to SCs. A square region was then positioned with the
SC in the centre and adjusted so that no other SCs were included in the field of view.

The SC area and area of the square were both measured.

Within the complete Z-stack maximum intensity projection, the SC area was cleared
and the remaining field was cropped to the area of the square. Threshold values
were adjusted manually until the GFP-MFAS in the main cells was fully captured.
The “Analyse Particles” function in Fiji (size: 0—; circularity: 0—1) was applied to
calculate the total GFP-positive area. Finally, the percentage of main cell area
containing GFP-MFAS was calculated as: total GFP-MFAS containing area / (square

area — SC area)

Statistical analysis

All statistical analysis was carried out using GraphPad Prism. When comparing
multiple experimental genotypes with the control, the normal distribution of data sets

was first assessed using the normality and lognormality test. If the data were
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normally distributed, they were analysed using the ordinary one-way ANOVA, and
post hoc multiple comparisons were performed using the Dunnett's multiple
comparisons test to identify differences between each experimental genotype and
the control. Statistical significance was set at p < 0.05. For comparisons between two
groups (one control and one experimental group), an unpaired parametric t-test was
used. All graphical data are presented as genotype mean values with error bars
indicating the standard error of the mean (SEM). For each analysis, n=10 refers to
the number of Drosophila accessory glands assessed per genotype, where the value
for a single gland was obtained by calculating the average measurements from four

SCs. Similar results were observed across three independent replicate experiments.
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Results

Control of transgene expression in SCs

All the major Drosophila melanogaster lines utilized in this thesis were previously
validated in the literature. The GFP-MFAS protein trap line (w'''8; GFP-mfas"!11275-
GFSTR2 BDSC #63204) originates from a genome-wide collection of GFP-tagged
gene traps (Nagarkar-Jaiswal et al., 2015). This line inserts a GFP tag into the
endogenous mfas locus, resulting in a N-terminally tagged fluorescent MFAS protein.
The genotype w'"’8; tub-GAL80%/CyO; dsx-GAL4/TM6B, incorporates a ubiquitous
temperature-sensitive GAL80, and has been used effectively to express UAS-
constructs in SCs, specifically in the adult male accessory gland (Corrigan et al.,
2014). Our lab combined these features by using a recombinant td-GFP-MFAS
knock-in reporter line (w'8; tub-GAL80'S/CyO; dsx-GAL4,GFP-mfas/TM6B) as the
principal genetic background in a recent study (Singh et al., 2025), which explored
how amyloid-B and APP affect protein aggregation and membrane recycling in SCs.
These lines have been successfully validated in previous studies, demonstrating

reliable and consistent expression patterns in the targeted tissues.

To drive gene expression specifically in the SCs of the male adult Drosophila
accessory glands, the UAS/GAL4/GAL80" regulatory system was applied (Figure 5).
In this system, GAL4 acts as a transcriptional activator that binds UAS sequences
upstream of the gene of interest, whereas GAL80'" is a temperature-sensitive
repressor of GAL4 activity. At temperatures below 29°C, GAL80'" effectively inhibits
GAL4, thereby preventing transgene expression. When flies are shifted to the

restrictive temperature (29°C), GAL80' becomes non-functional, allowing GAL4 to
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activate transcription of the UAS-linked transgene at high levels (McGuire et al.,

2004; McClure et al., 2022).

UAS/GAL4/GAL80" expression system

) 19°C
. GAL4 protein
-specifi [ [
S;?rosmpggnlc GAL4 UAS Gene of interest )—
GAL4 driver construct :> UAS-target gene construct
29°C ®
() GAL8O protein 00
-i Tubulin promoter H GAL80* '— UAS Gene of interest )—

GALB80 temperature-sensitive construct UAS-target gene construct

Figure 5. Schematic of UAS/GAL4/GAL80' regulatory/expression system.

For SC-specific targeting, GAL4 was placed under the control of the doublesex (dsx)
regulatory sequence, which is strongly expressed exclusively by SCs within the adult
accessory gland. In combination with the ubiquitously expressed GAL80', the whole
setup enables precise temporal control of UAS-transgene expression specifically in
adult SCs. In practice, male offsprings were collected at eclosion and transferred to
29°C for six days, ensuring post-developmental induction of SC-specific transgenes,

before dissection and imaging.
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Insulin/PI3BK/mTORC1 signalling regulated cellular and nuclear

growth in SCs

The first part of this study aimed to test whether components of the insulin/PI3K/
mTORC1 signalling pathway regulate DCG biogenesis and secretory/endolysosomal
trafficking in SCs. To address this, | manipulated genes encoding key proteins from
the pathway using tub-GAL80'; dsx-GAL4,GFP-mfas as the background line (Singh
et al., 2025). Building on a previous DPhil work from our lab (Wells, 2024), |
employed several same genetic UAS-transgenes targeting key components of the

insulin/PI3K/mTORC1 signalling pathway in this project.

Controls included crosses to a UAS-rosy-RNA. line, since this gene is not thought to
affect DCG biogenesis in SCs and to a w’'’8line containing no transgenes. RNAi-
mediated knockdown was performed for the Class | PI3-kinase catalytic subunit
Dp110 (UAS-PI3K-RNAI #1; UAS-PI3K-RNAI #2), Akt (UAS-Akt1-RNAI #1; UAS-
Akt1-RNAi #2), and mTOR (UAS-tor-RNAI). In addition, the overexpression of
Insulin-like Receptor (UAS-/InR) was used in this study (first used by Brogiolo et al.,
2001 to demonstrate InR’s cell autonomous control of organ size), and PTEN levels
were also modulated both by RNAi (UAS-PTEN-RNAI) and by overexpression (UAS-
PTEN, originally shown by Goberdhan et al., 1999 to antagonize Dp110/PI3K and
reduce cell growth). To further probe downstream pathway activity, | examined flies
co-expressing UAS-Tsc? and UAS-Tsc2, and UAS-Rheb”V4. Most of the lines used in
this thesis have been previously reported and validated in published work. A full

stock list is provided in Table 2.
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Representative images of single SCs for each genotype are shown in Figures 6 and
7. While bright-field imaging revealed the boundaries of the SC and large
intracellular compartments, GFP marked the DCGs inside secretory compartments
and secreted material that had been endocytosed by neighbouring main cells (Singh
et al., 2025). Glands were also stained with LysoTracker Red to mark acidified
secretory compartments and lysosomes, which are also highly enlarged in these

cells.



50

tub-GAL80; dsx-GAL4, GFP-mfas

SC MC

BF Fluorescence Merge Zoom Zoom

UAS-InR UAS-Tsc1/2 UAS-PTEN

UAS-RhebAv4

Figure 6. Modulating the insulin/PI3K/ImTORC1 signalling pathway affects DCG
biogenesis in SCs.

Representative images of SCs expressing td-GFP-MFAS and no other transgene
(w'"78) or overexpressing SC-specific UAS-PTEN, UAS-Tsc1/2, UAS-InR and UAS-
Rheb”v4. In bright-field (BF), Fluorescence and Merge columns, the SC boundary is
outlined by white dashed lines. Abnormal accumulation of GFP-MFAS and

associated increased areas of acidification in main cell (MC) endolysosomes, which
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are normally small (see control), is highlighted by orange dashed outlines in the
fluorescence images. In the Merge column, white boxes mark regions magnified in
the SC zoom panels. The upper SC zoom panels show representative DCG
phenotypes. Green arrowheads indicate DCGs contacting the limiting membrane
(UAS-Tsc1/2 and UAS-Rheb”V4). White boxes marked with asterisks indicate DCG
acidification phenotype, shown in the lower SC Zoom panels, where red arrowheads
point out selected acidic microdomains. Orange boxes in the Merge column illustrate
regions magnified in the MC Zoom panels. The upper MC Zoom panels show the BF
channel, while the lower panels display the corresponding merged image (BF, GFP
and Lys). In all images, n marks nuclei and LysoTracker Red (magenta) labels the
acidic domains/compartments. Scale bars: 5 ym (BF, fluorescence, Merge) and 1 ym

(SC Zoom and MC Zoom).
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Figure 7. Modulating the insulin/PI3K/mTORC1 signalling pathway affects DCG
biogenesis in SCs.

Representative images of SCs expressing td-GFP-MFAS in combination with SC-
specific control RNAi (rosy-RNAi) or RNAi knockdown of PI3K (PI3K-RNAi #1 and
#2), Akt1 (Akt1-RNAI #1 and #2), tor-RNAi and PTEN-RNA.. In the BF, Fluorescence
and Merge columns, the SC boundary is outlined by white dashed lines. Abnormal
accumulation of GFP-MFAS in acidic MC compartments is highlighted by orange
dashed outlines in the Fluorescence columns. In the Merge column, white boxes
mark regions magnified in the SC zoom panels. The upper SC zoom panels show
representative DCG phenotypes. Green arrowheads indicate DCGs contacting the
limiting membrane and blue arrowheads mark the multiple mini-cores in PI3K-RNAI
#1 and #2 genotypes. White boxes marked with asterisks indicate DCG acidification
phenotype, shown in the lower SC Zoom panels, where red arrowheads point out
selected acidic microdomains. Orange boxes in the Merge column illustrate regions
magnified in the MC Zoom panels. The upper MC Zoom panels show the BF
channel, while the lower panels display the corresponding merged image (BF, GFP
and Lys). In all images, n marks nuclei and LysoTracker Red (magenta) labels the
acidic endosomal domains/compartments and lysosomes. Scale bars: 5 ym (BF,

fluorescence, Merge) and 1 ym (SC Zoom and MC Zoom).
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The insulin/PIBK/mTORC1 pathway affects both cellular and nuclear growth in post-
mitotic cells (Goberdhan et al., 1999; Brogiolo et al., 2001), so | first assessed
whether there were any obvious effects on SC size and nuclear size (Figure 8). The
cytoplasmic volume of SCs is strongly dependent on the size and number of
secretory compartments (Leiblich et al., 2012). For most genotypes, SC size did not
differ significantly from the rosy-RNAi or w’’8 controls, indicating that modulation of
the insulin/PISBK/mTORC1 signalling pathway generally does not affect overall SC
size. However, PTEN-RNA: resulted in a highly significant enlargement of SCs, while
co-expression of Tsc1 and Tsc2 caused a strong and opposite reduction in SC size.
SC nuclear size is also affected by growth-regulatory stimuli (Leiblich et al., 2012;
Sekar et al., 2023). | found that although most manipulations of the
insulin/PI3K/mTORC1 signalling pathway had no significant effect on nuclear size,
PTEN-RNAI resulted in a marked enlargement of nuclei, following the same trend as
overall SC size, while the UAS-Rheb”"# induced a weaker but still significant

increase.
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Figure 8. Bar charts showing the effects of insulin/PI3K/mTORC1 signalling
pathway manipulations on SC size and nuclear size.

The x-axis indicates the different genotypes, and the y-axis shows the measured
area (um?) of cells (A) and nuclei (B). Blue bars represent UAS-RNAI transgenes,
which were compared with the rosy-RNAi control (left y-axis), and red bars represent
UAS-transgenes, which were compared with the w'’’8 control (right y-axis). Non-
shaded bars correspond to genotypes that downregulate the insulin/PIS3K/mTORC1
signalling pathway, whereas shaded bars indicate genotypes that upregulate
pathway activity. Data are shown as mean + SEM, with each dot representing the
average measurement from four SCs of an individual fly (n = 10). Data were normally
distributed and statistical analysis was therefore performed using the ordinary one-
way ANOVA followed by post hoc multiple comparisons, specifically the Dunnett’s
multiple comparison test with automatic correction of p-values. Significance levels
are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, bars without

asterisks are not significantly different from controls.
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The growth-promoting effects of PTEN-RNAi and Rheb overexpression, together
with the growth inhibitory effects of Tsc1/Tsc2 co-overexpression are consistent with
previously reported roles for these genes and the insulin/PI3K/mTORC1 pathway in
post-mitotic cell growth regulation and control of endoreplication (Goberdhan et al.,
1999; Potter et al., 2001; Patel et al., 2003), which affects nuclear growth in SCs

(Sekar et al., 2023)

The PISK-RNAI #2 has been successfully used in previous studies, although not in
the adult Drosophila accessory glands. For example, Ferreira and Milan (2015) used
this line in developing wing imaginal discs to perturb the insulin/PI3K/mTORC1
signalling, and reported that PI3K knockdown caused a non-autonomous reduction
in the growth of adjacent cell populations (Ferreira & Milan, 2015). This outcome is
consistent with PI3K’s established role as a positive regulator of cellular growth in
the insulin/PISBK/mTORC1 signalling pathway (Frappaolo & Giansanti, 2023).
However, the phenotypes induced by PI3K-RNAI #2 in this thesis were unexpected
and inconsistent with PI3K’s known functions. This genotype produced a large and
significant increase in nucleus size and a weak but still significant increase in SC
size (shown in Figure 8). Particularly since PI3K-RNAi #1 did not induce these
phenotypes, the most likely explanation is that they are attributable to off-target

effects. PI3K-RNAIi #2 was therefore excluded from the subsequent analysis.
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Insulin/PI3K/mTORC1 signalling regulated DCG biogenesis in SCs

| analysed the number and morphology of DCG compartments following the different
genetic manipulations affecting insulin/PISK/mTORC1 signalling. Quantification of
the number of DCG compartments revealed strong effects of pathway modulation
(Figure 9A). Among genotypes that increased signalling activity, PTEN-RNAi had the
most pronounced effect compared with the rosy-RNAi control, elevating the number
of DCG compartments by more than two-fold. Similarly, UAS-Rheb”V# displayed such
an increase as well. In contrast, UAS-Tsc1/Tsc2 showed a small, but still significant
reduction in the number of DCG compartments; the other genotypes did not differ
significantly from controls, though in all cases where signalling was reduced, there

was a trend toward reduced numbers of DCG compartments.



A Number of DCG compartments

*
% %k %k k % %k %k %k

1

50+ : LIPS

)

40 1 - 40

30 . : - 30

20 A ? - 20
‘.»-"»—-w o Iabtaetan gi B —— _.é_o' g

0% & ﬁ.*/:&ﬁ /.*—10

ik 1 |

0 1 1 1 1 1 1 1 " %l 0
SRR GG SR

*.QS\*_.QS;\V’QS\V'\O‘Q}; & ‘:g/&«a‘ivgi‘\é’ 4}

RPNl (s &l p,

o Q\&\ V‘g\ & \g Ra ovfo

C % of cores touching limiting membrane

% % %k %
% % Xk % % %
100 © : -100
)
80 . ' - 80
., '
)
60 I ' - 60
< = :
404 P . - 40
- B R A
- . ot P> - =
IR T T %;w 2
! o R 2. ]
0—T—T—T—T1 7 2'1 T J -0
NN L. N
NARIAOI RN
BTSN S e
SR el .
©Q ‘}\V‘}\ AR ¥

% of mini/deformed DCG compartments
* ok *%
T 1 I 1
% %k k k ok % % %k
i 1
100- : -100
80 . i - 80
ot :
60 ' - 60
R I :
40+ e i - 40
20- te e e % L 20
oo 195 .
ol ias, B e
0= _.I..&il .I.‘ R Q,r. 0
NN N R
TP B P P A E T
s *.Q'SQ‘.Q'QS\V'Q};V o‘g'@‘\g' %,Q 6;‘60?‘:0 Q.‘\e
N\ h 0 %
©°Q P}.:\?\‘é\ Q« 0?'07. \Sv?’
D % of DCGs with GFP-negative centre
* % %k %k %k
* %k kK
60 [ 1 : ' L)
501 ; L 50
40 E : . - 40
SEE . A 30
S KR v [
10-{ 5 I'I%:, __________ - 110
3 11 é. . h
0 LI S RN B | B B 4 ;r Q’l 0
PP B
RN e Cl X
CRXY TEFY e
S R

Figure 9. Bar charts showing the effects of insulin/PI3K/mTORC1 signalling

pathway manipulations on DCG biogenesis and morphology.
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(A) The number of DCG compartments, (B) % of mini/deformed DCG compartments,

(C) % of cores touching limiting membrane, and (D) % of DCGs with a large GFP-

negative centre were determined for different genotypes. The x-axis indicates the

different genotypes. Blue bars represent UAS-RNAI transgenes, which were

compared with the rosy-RNAI control (left y-axis), and red bars represent UAS-

transgenes, which were compared with the w’’8 control (right y-axis). Non-shaded

bars correspond to genotypes that downregulate the insulin/PISK/mTORC1
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signalling pathway, whereas shaded bars indicate genotypes that upregulate
pathway activity. Data are shown as mean + SEM, with each dot representing the
average measurement from an individual fly (n = 10). Data were normally distributed
and statistical analysis was therefore performed using the ordinary one-way ANOVA
followed by post hoc multiple comparisons (the Dunnett’'s multiple comparison test
with automatic correction of p-values). Significance levels are indicated as *p < 0.05,
**p < 0.01, *™*p < 0.001, ****p < 0.0001, bars without asterisks are not significantly

different from controls.
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Emerging evidence suggests that the insulin/PI3K/mTORC1 signalling regulates
endosomal organization and Rab11-dependent exosome biogenesis in SCs, which
are considered as essential steps in DCG biogenesis, potentially through effects on
E-cadherin microdomains and the cytoskeletal architecture of DCG compartments
(Adam, PhD thesis; Marie et al., 2023; Singh et al., 2025; see Introduction). These
previous studies also indicate that PI3K signalling may directly influence E-cadherin
microdomains, providing the rationale for the experiments undertaken next. |
therefore examined whether altering this pathway influenced DCG morphology, as
defects in the cytoskeleton, intraluminal vesicles (ILVs) formation, and membrane—

aggregate interactions are known to disrupt DCG biogenesis.

Surprisingly, genotypes in which insulin/PISBK/mTORC1 signalling was either
increased or decreased could affect the percentage of intact or deformed DCGs.
Three genotypes in which signalling is reduced increased the proportion of defective
DCGs. Most notably, PI3K-RNAI induced a strong increase in compartments with
abnormal DCGs (Figure 9B). In addition, more modest but still significant increases
were observed with for-RNAi and UAS-PTEN, when compared to rosy-RNAi and
w8 respectively, while Tsc1/Tsc2 co-overexpression also showed a trend toward
increased levels. Unexpectedly, UAS-Rheb”V# displayed a robust increase in
deformed DCG compartments, even though PTEN-RNAI, which produces strong
growth phenotypes, had no obvious effect. These results suggest that suppression
the insulin/PISBK/mTORC1 signalling pathway can interfere with normal DCG

biogenesis, while the effect of increased signalling is less clear-cut.
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Regarding specific defects in the positioning of DCGs, it also appeared that reduced
insulin/PI3K/mTORC1 signalling can disrupt normal detachment of DCGs from the
compartmental limiting membrane. Most notably, about 60% of compartments in
PI3K-RNAi-expressing SCs contained limiting membrane-associated DCGs, which
were often mini-cores (Figure 7 and Figure 9C), present due to their failure to fuse
with each other, the phenotype also produced by knockdown of Drosophila App
(Appl; Singh et al., 2025). Moreover, UAS-Tsc1/Tsc2 and UAS-InR, manipulations
that respectively decrease and increase signalling, also induced an increase in
DCGs contacting the limiting membrane, although in these cases, the DCGs were
large and spherical (Figure 6). Therefore, most genetic changes that alter
insulin/PI3K/mTORC1 signalling in SCs appear to have some effect on DCG
biogenesis. Surprisingly, however, knockdown of PTEN, which has the strongest
activation of signalling, does not produce an abnormal phenotype in DCG

morphology.

Finally, | also scored the percentage of DCGs with a large (21 um diameter) GFP-
negative centre (Figure 9D). Previous studies have shown that some manipulations
that reduce aggregate dissociation from the limiting membranes in SC DCG
compartments lead to increased numbers of these abnormal DCGs, perhaps
because the aggregates fail to assemble normally at the centre of the compartment
(Singh et al., 2025). Akt1-RNAi #2 and PTEN overexpression produced an increased
proportion of these defective DCGs, clearly seen for UAS-PTEN in Figure 6, while

UAS-/nR showed a more modest increase.
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These findings indicate that genetic modulation of components within the
insulin/PI3K/mTORC1 pathway contributes to various DCG compartment
abnormalities. Increased activity appears to accelerate biogenesis, as expected,
leading to increased production and accumulation of compartments within SCs.
Increasing or decreasing signalling interferes with different stages of DCG
biogenesis, though the absence of a phenotype with PTEN-RNAI suggests that the

impact of increased signalling is complex.

Insulin/PI3BK/mTORC1 signalling regulated endolysosomal
trafficking in SCs and the uptake of secreted proteins by MCs

To examine whether modulating the insulin/PI3K/mTORC1 signalling pathway affects
endolysosomal trafficking in SCs, | assessed the % of acidified DCG compartments
and the % SC area that was acidified for all genotypes (Figure 10). In genotypes
where DCG biogenesis is disrupted, endolysosomal trafficking is increased, and
when trafficking of acidified compartments to lysosomes is blocked, acidified DCG
compartments accumulate, a phenotype observed in AB-expressing cells (Singh et
al., 2025). As previously observed, expressing control RNAis in SCs produces a

significant increase in acidified compartments within these cells.
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Figure 10. Bar charts showing the effects of insulin/PI3K/mTORC1 signalling
pathway manipulations on SC endolysosomal trafficking and MC uptake of

secreted proteins.

(A) % of acidified compartments in SCs (B) % of lysosomal area in SCs and (C) main

cell uptake phenotype, expressed as % acidic area in MCs containing GFP-MFAS.
The x-axis indicates the different genotypes. Blue bars represent UAS-RNAI

transgenes, which were compared with the rosy-RNAi control (left y-axis), and red

bars represent UAS-transgenes, which were compared with the w8 control (right y-

axis). Non-shaded bars correspond to genotypes that downregulate the

insulin/PI3K/mTORCH1 signalling pathway, whereas shaded bars indicate genotypes

that upregulate pathway activity. Data are shown as mean + SEM, with each dot
representing the average measurement from an individual fly (n = 10). Data were
normally distributed and statistical analysis was therefore performed using the
ordinary one-way ANOVA followed by post hoc multiple comparisons (the Dunnett’s
multiple comparison test with automatic correction of p-values). Significance levels
are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, bars without

asterisks are not significantly different from controls.



64

Interestingly, all manipulations that reduced insulin/PISBK/mTORC1 signalling, except
for PTEN overexpression, increased the percentage of lysosomal area in SCs
(Figure 10B), consistent with the known role of this pathway in increasing lysosome
biogenesis (Kaushal Asrani et al., 2019). However, PI3K-RNAi uniquely also
increased the percentage of acidified compartments (Figure 10A), suggesting that it
may have additional effects on endolysosomal trafficking, although surprisingly
overexpressed Tsc1/Tsc2 reduced the accumulation of these acidified DCG

compartments.

Again, the effects of increasing insulin/PI3K/mTORC1 signalling were more variable.
PTEN-RNAI and overexpressed Rheb produced a strong reduction in acidified
compartments, but an increase in lysosomal area, suggesting that increased DCG
compartment biogenesis may induce an increased flux through the endolysosomal
trafficking pathway (Figure 10A and 10B). However, UAS-/nR significantly increased
the percentage of acidified compartments, while not affecting lysosomal area,
suggesting that activating the downstream pathway which does not involve

PIBK/mTORC1, might interfere with endolysosomal trafficking.

Finally, | analysed the effects of modulating insulin/PI3K/mTORC1 signalling on
uptake of secreted SC proteins by MCs. Previous studies have already revealed that
this phenotype is highly influenced by genetic background (Singh et al., 2025). Most
notably, many RNAi knockdowns in SCs seem to enhance uptake, perhaps because
the RNAI cellular response induces changes in DCG biogenesis (see controls in
Figures 9C, 9D, 10A). Compared with rosy-RNAI, PI3K-RNAI significantly reduced

the presence of enlarged main cell compartments containing GFP-MFAS, whereas
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PTEN-RNAIi markedly increased it (Figure 10C). When compared with w’’"é,
overexpression of several genes led to high levels of GFP-MFAS in main cells,
Rheb, InR, Tsc1/Tsc2 and PTEN. These results suggest that disrupting DCG
maturation events in SCs may alter the uptake of proteins by MCs that are secreted
from SCs. However, this interpretation should be considered with caution, given that
the effects of RNAis and gene overexpression can produce opposite results, even if
they both reduce signalling, e.g. PI3K-RNAi versus Tsc1/Tsc2 or PTEN

overexpression.

In summary, these findings highlight that either decreasing or increasing
insulin/PI3K/mTORC1 signalling pathway in SCs appears to disturb a delicate
balance of control in the secretory and endolysosomal pathways. My data are
consistent with a model where increased signalling drives elevated secretory flux
and more lysosome accumulation, while reduced signalling probably does the
opposite, but also increased lysosome biogenesis, so that lysosomal area increases.
Changing signalling also disrupts DCG biogenesis itself, with reduced signalling

having the strongest effects, particularly when PI3SK mRNA levels are decreased.

Having demonstrated that insulin/PI3K/mTORC1 signalling plays an important role in
balancing multiple aspects of DCG biogenesis, secretory and endolysosomal
trafficking in SCs, | next examined whether manipulating this regulatory network also
influences or even rescues secretory defects induced by pathological protein
expression relevant to AD. Disrupted insulin signalling has been tightly correlated to

Tau pathology in AD, where metabolic dysregulation and Tau toxicity can aggravate
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each other, impairing vesicular trafficking and exacerbating the cognitive decline in

AD (Deng et al., 2009; El et al., 2014; Gongalves et al., 2019).

To address this, a fly line carrying UAS-human Tau (2N4R isoform, wild type) was
applied to model tau overexpression in Drosophila SCs and generated
endolysosomal phenotypes reminiscent of the pathology in AD (w'"’8; P{UAS-
hTau.2N4R.wt}attP40; +, BDSC #90949) (Gorsky et al., 2016). For experiments
involving overexpressing hTau2N4R in this thesis, our lab recombined the UAS-
hTau2N4R-WT element into the td-GFP-MFAS background, creating the genotype
w8 hTau-2N4R-WT, tub-GAL80'/CyO; dsx-GAL4, GFP-mfas/TM6B. This model
provides a suitable system to investigate how modulation of insulin/PISK/mTORC1
signalling components influences the abnormal secretory and endolysosomal
trafficking phenotypes induced by hTau2N4R overexpression, which might be

relevant to tauopathy-associated defects observed in AD.

Controls included crosses to a UAS-rosy-RNA. line, since this gene is not thought to
affect DCG biogenesis in SCs, and to a w’"’8line containing no transgenes. RNAi-
mediated knockdown was performed for the Class | PI3-kinase catalytic subunit
Dp110 (UAS-PI3K-RNAI), Akt (UAS-Akt1-RNAI #1; UAS-Akt1-RNAI #2), mTOR
(UAS-tor-RNAi) and PTEN (UAS-PTEN-RNAI). In addition, the overexpression of

Insulin-like Receptor (UAS-/InR) was used in this part of experiments.

The overexpression lines UAS-PTEN, UAS-Tsc1/2, and UAS-Rheb”V* were excluded
from this part of experiments. Crosses combining these strong activators or

repressors of insulin/PI3K/mTORC1 signalling in the presence of hTau2ZN4R
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overexpression produced very few viable progenies, and the resulting offsprings
were often unhealthy and failed to survive beyond six days of incubation at 29°C.
This outcome likely reflects the combined phenotypic severity arising from the co-
overexpression of hTau2ZN4R with these potent overexpression constructs. As shown
previously (Figure 6), each of these latter lines produced relatively strong effects on

DCG biogenesis and endolysosomal trafficking, even in the absence of Tau.

The recombinant line td-GFP-MFAS-Tau2N4R was first screened to confirm its
baseline phenotype in SCs. Overexpression of hTau2N4R alone affected DCG
morphology, producing cylindrical cores, often with one end in contact with the
compartmental limiting membrane, as shown in Figure 11. In addition to these
structural changes, Tau overexpression dramatically increased both the number of
DCG compartments and the overall lysosomal area. These served as the reference
phenotype for upcoming genetic manipulations. Notably, these features resemble the
phenotype observed from cofilin knockdown, a known actin cytoskeletal regulator
(see introduction), suggesting that Tau may indirectly interfere with the actin
cytoskeletal network involved in DCG-aggregate priming and dissociation, as well as

endolysosomal trafficking.
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hTau-2N4R-WT, tub-GAL80%; dsx-GAL4, GFP-mfas

SC SC Zoom #2

BF Fluorescence Merge Zoom #1 MC Zoom

Figure 11. Overexpression of human Tau2N4R in SCs affects DCG biogenesis
and morphology.

Representative images of SCs expressing the td-GFP-MFAS-Tau2N4R line, in which
human Tau2N4R is overexpressed in SCs without additional UAS or RNAI
transgenes. In the BF, Fluorescence, and Merge columns, the SC boundary is
outlined by white dashed lines. In the Merge column, white boxes mark regions
magnified in the SC zoom panels #1 and #2. The SC zoom #1 panel shows
representative DCG phenotypes. Yellow arrowheads point to compartments with
cylindrical cores that contact the DCG compartment limiting membrane at both ends.
White Zoom box marked with the asterisk indicates DCG acidification phenotype (SC
Zoom #2 panel), where red arrowhead highlights selected acidic microdomain.
Orange box in the Merge column illustrates the region that is magnified in the MC
Zoom panel, which displays the corresponding merged image (BF, GFP and Lys).
This line is illustrated as showing minimal abnormal accumulation of GFP-MFAS but
with some associated increased areas of acidification in main cell (MC)
endolysosomes, which are normally small and marked by orange dashed outlines in
the MC Zoom panel image. In all images, n marks nuclei and LysoTracker Red
(magenta) labels the acidic endosomal domains/compartments and lysosomes.
Scale bars: 5 ym (BF, fluorescence, Merge), 2 ym (SC Zoom #1) and 1 ym (SC

Zoom #2 and MC Zoom).
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Representative images of single SCs for each genotype are shown in Figures 12 and

13.

hTau-2N4R-WT, tub-GAL80%; dsx-GAL4, GFP-mfas

SC SC Zoom #2
Zoom #1 MC Zoom

e
o

BF Fluorescence Merge

UAS-InR

Figure 12. Modulating the insulin/PI3K/mTORC1 signalling pathway
suppresses defective DCG biogenesis in SCs with hTau2N4R overexpression.
Representative images of SCs expressing td-GFP-MFAS-Tau2N4R and no other
transgene (w'"'8) or overexpressing SC-specific UAS-InR. In the BF, Fluorescence
and Merge columns, the SC boundary is outlined by white dashed lines. Abnormal
accumulation of GFP-MFAS and associated increased areas of acidification in main
cell (MC) endolysosomes are highlighted by orange dashed outlines in the
fluorescence images. In the Merge column, white boxes mark regions magnified in
the SC zoom panels #1 and #2. The SC zoom #1 panels show representative DCG
phenotypes. Yellow arrowheads point out the DCG compartments with cylindrical
cores and light blue arrowheads mark the circular DCGs, which show the rescued
phenotype ratio. White Zoom boxes marked with asterisks indicate DCG acidification
phenotype (SC Zoom #2 panels), where red arrowheads highlight selected acidic

microdomains. Orange boxes in the Merge column illustrate regions magnified in the



70

MC Zoom panels, displaying the corresponding merged images (BF, GFP and Lys).
In all images, n marks nuclei and LysoTracker Red (magenta) labels the acidic
endosomal domains/compartments and lysosomes. Scale bars: 5 uym (BF,

fluorescence, Merge), 2 um (SC Zoom #1) and 1 ym (SC Zoom #2 and MC Zoom).
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hTau-2N4R-WT, tub-GAL80%; dsx-GAL4, GFP-mfas

SC SC Zoom #2
BF Fluorescence Merge Zoom #1 MC Zoom

rosy-RNAI

Akt1-RNAi #1 PI3K-RNAI

tor-RNAi Akt1-RNAI #2

PTEN-RNAI

Figure 13. Modulating the insulin/PI3K/mTORC1 signalling pathway
suppresses defective DCG biogenesis in SCs with hTau2N4R overexpression.
Representative images of SCs expressing td-GFP-MFAS-Tau2N4R and in
combination with SC-specific control RNAi (rosy-RNAi) or RNAi knockdown of PI3K

(PISK-RNAI), Akt1 (Akt1-RNAI #1 and #2), tor (tor-RNAi) and PTEN (PTEN-RNAI). In
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the BF, Fluorescence and Merge columns, the SC boundary is outlined by white
dashed lines. Abnormal accumulation of GFP-MFAS and associated increased areas
of acidification in main cell (MC) endolysosomes are highlighted by orange dashed
outlines in the fluorescence images. In the Merge column, white boxes mark regions
magnified in the SC zoom panels #1 and #2. The SC zoom #1 panels show
representative DCG phenotypes. Yellow arrowheads point out the DCG
compartments with cylindrical cores and light blue arrowheads mark the circular
DCGs, which show the rescued phenotype ratio. In PI3K-RNAi genotype, dark blue
arrowheads indicate multiple mini-cores contacting the compartmental limiting
membrane. White Zoom boxes marked with asterisks indicate DCG acidification
phenotype (SC Zoom #2 panels), where red arrowheads point out selected acidic
microdomains. Orange boxes in the Merge column illustrate regions magnified in the
MC Zoom panels, displaying the corresponding merged images (BF, GFP and Lys).
In all images, n marks nuclei and LysoTracker Red (magenta) labels the acidic
endosomal domains/compartments and lysosomes. Scale bars: 5 ym (BF,

fluorescence, Merge), 2 um (SC Zoom #1) and 1 ym (SC Zoom #2 and MC Zoom).
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Modulating insulin/PI3K/mTORC1 signalling partially normalized
DCG biogenesis and morphology in SCs overexpressing hTau2N4R

| analysed the number and morphology of DCG compartments following different
genetic manipulations affecting insulin/PI3K/mTORC1 signalling in SCs
overexpressing hTau2N4R (Figure 14A-D). If either the abnormally elevated number
of DCG compartments or the proportion of DCG compartments with cylindrical cores
was reduced, this was considered a rescue, indicating that the cytoskeletal and DCG
biogenesis defects induced by hTau2N4R overexpression had been partially
corrected. The large number of DCG compartments in SCs overexpressing
hTau2N4R made it difficult to count the total number of compartments. | therefore
counted the compartments in a single plane that passed through the centre of the

two SC nuclei to provide an approximate measure of total compartment count.
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Figure 14. Bar charts showing the effects of insulin/PI3K/mTORC1 signalling
pathway manipulations on DCG number and morphology, in the td-GFP-MFAS-
Tau2N4R model.

Number of DCG compartments in SCs overexpressing hTau2N4R with either SC-
specific RNAi knockdowns (A) or overexpression transgenes (B) of

insulin/PI3K/mTORC1 pathway components. In both panels (A) and (B), rosy-RNA*
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and w'"8* shown at the far left of each graph represent control genotypes without
hTau2N4R overexpression from Figure 9A. These controls were included for visual
reference only to illustrate baseline DCG compartment numbers. They were not
included in the statistical analysis, which was restricted to genotypes overexpressing
hTau2N4R, as the control samples with asterisks were quantified using a different
measurement approach as described in the Methods and therefore were not directly
comparable statistically. Numbers annotated above each bar indicate mean values
rounded to the nearest integer to provide clear visual comparison of DCG
compartment numbers across genotypes. Percentage of DCG compartments with
cylindrical cores under the same genetic conditions: SC-specific RNAi knockdowns
(C) and overexpression transgenes (D). The x-axis indicates the different genotypes.
Purple bars represent UAS-RNAI transgenes, which were compared with the rosy-
RNAI control. The yellow bar represents a UAS-transgene (UAS-/nR), compared with
the w'"78 control. Non-shaded bars correspond to genotypes that downregulate
insulin/PI3K/mTORC1 signalling, whereas shaded bars (PTEN-RNAi and UAS-/nR)
indicate genotypes that upregulate pathway activity. Data are shown as mean *
SEM, with each dot representing the average measurement from an individual fly (n
= 10). Data were normally distributed and statistical analysis was performed using
the ordinary one-way ANOVA followed by post hoc multiple comparisons, specifically
the Dunnett’s multiple comparison test with automatic correction of p-values.
Significance levels are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001, bars without asterisks are not significantly (ns) different from controls.
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In Figure 14A and 14C, among genotypes that decreased insulin/PI3K/mTORC1
signalling activity, Akt-RNAi #1 and Akt-RNAi #2 both showed a significant decrease
in the number of DCG compartments, when compared with the rosy-RNAi control. At
the same time, there was a drastic reduction in the percentage of DCG
compartments with cylindrical cores, with nearly half of the compartments rescued to
circular core morphology. for-RNAi produced a mild but significant reduction in the
number of DCG compartments, but DCG morphology was not significantly rescued.
Notably, PI3K-RNAI resulted in a comparable number of DCG compartments to rosy-
RNAI, but showed a strong and significant decrease in the percentage of
compartments with cylindrical cores. This interpretation should be treated with
caution. As shown in Figure 13, this genotype displayed unique “mini-cores”
phenotype, similar to those observed when crossed with td-GFP-MFAS without Tau
overexpression. Since the Fiji software counted each mini-core as an individual

compartment, it likely overestimated the total number of DCG compartments.

Among genotypes that increased signalling activity, PTEN-RNAi and UAS-InR
showed strong rescued phenotypes compared with the rosy-RNAi and w'’’8 controls
respectively, each reducing the number of DCG compartments by approximately half
(Figure 14A and 14B). PTEN-RNAI produced the most pronounced effect, with less
than 20% of DCG compartments with cylindrical cores (Figure 14C), but UAS-/InR

also had a major impact on morphology (Figure 14D).

These results suggest that manipulating the insulin/PI3K/mTORC1 signalling
pathway, whether by increasing or decreasing its activity can partially restore normal

DCG-aggregate priming and membrane dissociation disrupted by hTau2N4R
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overexpression. The most notable effect was observed with PTEN-RNAI, which
displayed the strongest rescuing phenotype on both the number and morphology of

DCG compartments.

Modulating insulin/PI3K/mTORC1 signalling further exacerbated
endolysosomal trafficking defects in SCs overexpressing
hTau2N4R

The recombinant line td-GFP-MFAS-Tau2N4R alone increased the acidified and
lysosomal areas within SCs, suggesting altered endolysosomal trafficking dynamics.
To further investigate whether modulating insulin/PI3K/mTORC1 signalling could
rescue this phenotype, | assessed the % of acidified DCG compartments and the %

of total lysosomal area in SCs for all genotypes (Figure 15).
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Figure 15. Bar charts showing the effects of insulin/PI3K/mTORC1 signalling
pathway manipulations on SC endolysosomal trafficking, in the td-GFP-MFAS-
Tau2N4R model.

(A,B) Percentage of acidified compartments in SCs overexpressing hTau2N4R with
either SC-specific RNAi knockdowns (A) or overexpression transgenes (B) for
insulin/PI3K/mTORC1 pathway components. (C,D) Percentage of lysosomal area in

SCs under the same genetic conditions: RNAi knockdowns (C) and overexpression
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(D). The x-axis indicates the different genotypes. Purple bars represent UAS-RNAI
transgenes, which were compared with the rosy-RNAi control. The yellow bar
represents a UAS-transgene (UAS-InR), compared with the w8 control. Non-
shaded bars correspond to genotypes that downregulate insulin/PI3K/mTORC1
signalling, whereas shaded bars (PTEN-RNAi and UAS-/nR) indicate genotypes that
upregulate pathway activity. Data are shown as mean + SEM, with each dot
representing the average measurement from an individual fly (n = 10). Data were
normally distributed and statistical analysis was performed using the ordinary one-
way ANOVA followed by post hoc multiple comparisons (the Dunnett’'s multiple
comparison test with automatic correction of p-values). Significance levels are
indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, bars without asterisks

are not significantly (ns) different from controls.
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Among genotypes that decreased signalling activity in Figure 15A, all showed a
significant increase in the percentage of acidified compartments compared with the
rosy-RNAi control. A subtle trend was observed along the pathway, where
manipulations targeting downstream components produced progressively stronger

effects, with tor-RNAi exhibiting the most pronounced increase.

The effects of increasing insulin/PI3K/mTORC1 signalling were also consistent. Both
PTEN-RNAI and UAS-InR led to a marked elevation in the percentage of acidified
compartments, although the effect was greater for UAS-/nR (Figures 15A and 15B).
These results suggest that modulating pathway activity, whether up- or down-
regulation enhances the formation or accumulation of acidified compartments in SCs

overexpressing hTau2N4R.

In contrast, analysis of the percentage of lysosomal area showed no significant
difference across any of the genotypes, regardless of whether signalling was

increased or decreased, as shown in Figure 15C and 15D.

In summary, hTau2N4R overexpression disrupts DCG biogenesis, resulting in an
increased number of abnormal DGC compartments with cylindrical cores, and
elevated endolysosomal trafficking to lysosomes. Manipulations of the
insulin/PI3K/mTORC1 signalling pathway appear to suppress the morphological
defects in DCG compartments, but there may be a higher level of abnormal
endolysosomal trafficking of these compartments, which then fail to fuse with
lysosomes, even under conditions of low insulin/PI3K/mTORC1 signalling where

lysosome biogenesis will be favoured.
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Finally, | analysed the effects of modulating insulin/PI3K/mTORC1 signalling on the
uptake of GFP-MFAS by main cells (MCs) in the td-GFP-MFAS-Tau2N4R model, as
shown in Figure 16. As described in the first part of the results, several RNAI
knockdowns in SCs appeared to enhance protein uptake by MCs, possibly because
the RNAI-induced cellular stress influences DCG biogenesis and secretory pathway.
In this context, comparing the rosy-RNAi control crossed with the td-GFP-MFAS-
Tau2N4R line (Figure 13) to this recombinant line alone (Figure 11) showed that
overexpression of hTau2N4R itself did not exacerbate MC uptake of GFP-MFAS,

suggesting no obvious main cell phenotype.

A Main cell phenotype B Main cell phenotype

l 20

% acidic area in MCs
% acidic area in MCs
-

o
1

Figure 16. Bar charts showing the effects of insulin/PI3K/mTORC1 signalling
pathway manipulations on main cell (MC) uptake of SC secreted proteins, in

the td-GFP-MFAS-Tau2N4R model.
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Main cell phenotype, expressed as the percentage of acidic area in MCs containing
GFP-MFAS, in SCs overexpressing hTau2N4R with either SC-specific RNAI
knockdowns (A) or overexpression transgenes (B) of insulin/PIBK/mTORC1 pathway
components. The x-axis indicates the different genotypes. Purple bars represent
UAS-RNAI transgenes, which were compared with the rosy-RNAi control. The yellow
bar represents a UAS-transgene (UAS-/nR), compared with the w’'’8 control. Non-
shaded bars correspond to genotypes that downregulate insulin/PI3K/mTORC1
signalling, whereas shaded bars (PTEN-RNAi and UAS-/nR) indicate genotypes that
upregulate pathway activity. Data are shown as mean + SEM, with each dot
representing the average measurement from an individual fly (n = 10). Data were
normally distributed and statistical analysis was performed using the ordinary one-
way ANOVA followed by post hoc multiple comparisons (the Dunnett’'s multiple
comparison test with automatic correction of p-values). Significance levels are
indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, bars without asterisks

are not significantly (ns) different from controls.
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For genotypes that downregulated the pathway in Figure 16A, both PI3K-RNAi and
tor-RNAi produced a significant reduction in MC uptake of secreted GFP-MFAS
when compared with the rosy-RNAI control,. Notably, Akt7-RNAi #2 caused the
strongest effect, showing the most substantial decrease in MC uptake, whereas

Akt1-RNAi #1 produced only a mild reduction.

For genotypes that increased pathway activity, PTEN-RNAi showed no significant
change in MC uptake of secreted GFP-MFAS (Figure 16A). In contrast, InR
overexpression resulted in more than a two-fold increase in MC uptake compared
with the w’"’8 control in Figure 16B. It was very difficult to interpret these results,
because the two controls employed are so different from each other. However, one
possible conclusion is that reduced insulin/PISK/mTORC1 signalling suppresses
macromolecular synthesis and secretory activity in SCs, and this therefore reduces

the level of secreted GFP-MFAS accumulating in other cells through endocytosis.

Overall, these findings suggest that modulating the insulin/PI3K/mTORC1 signalling
pathway, either through upregulation or downregulation, can partially rescue the
abnormal DCG biogenesis in SCs induced by overexpressing hTau2N4R. As
discussed previously, Tau functions as a cytoskeletal regulatory protein and its
pathological overexpression disrupts the cytoskeleton network, leading to defects in
DCG-aggregate priming and dissociation from the limiting membrane, as well as
vesicular trafficking. Therefore, modulating insulin/PI3K/mTORC1 signalling may
help to suppress the cytoskeletal defects that disturb DCG biogenesis, but these
genetic manipulations may also affect endolysosomal trafficking and lead to the

build-up of acidified compartments that do not fuse with lysosomes.
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Discussion

In my dissertation work, | first set out to examine how modulation of the
insulin/PI3K/mTORC1 signalling pathway regulates DCG biogenesis, secretory and
endolysosomal trafficking events in Drosophila male accessory gland SCs. Previous
work by A. Wells (2024) demonstrated that this pathway plays a central role in
intraluminal vesicles (ILVs) formation and E-cadherin microdomain organisation,
which are considered precursor processes during early priming steps preceding
DCG aggregation, dissociation from membrane microdomains and DCG maturation.
Building on these findings, my study found that the insulin/PI3K/mTORC1 signalling
must be tightly regulated to maintain normal DCG biogenesis, as both pathway
downregulation and upregulation result in abnormalities in the number of DCG
compartments or in their core morphology, thereby triggering abnormal
endolysosomal trafficking. However, effects on overall cellular growth were observed
only in limited number of genetic contexts. In addition, several RNAi manipulations
appeared to promote main cell uptake of SCs secreted materials (propagation

phenotype).

| next examined whether modulating insulin/PI3K/mTORC1 signalling pathway could
influence or even rescue secretory and endolysosomal defects induced by
overexpressing human Tau2N4R wild type (hTau2N4R) in SCs, a model relevant to
AD. Overexpression of hTau2N4R resulted in abnormal cylindrical cores within DCG
compartments, frequently contacting the limiting membrane, and was accompanied
by an increased number of DCG compartments and an expansion of overall
lysosomal area. My findings have demonstrated that modulation of

insulin/PI3K/mTORC1 signalling, through either up- or down- regulation, can partially
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rescue hTauZN4R-induced abnormalities in DCG biogenesis, however, without

restoring the normal function of endolysosomal trafficking.

Together, these results support and extend conclusions from A. Wells (2024),
reinforcing the conserved role of the insulin/PI3K/mTORC1 signalling pathway in
secretory and endolysosomal trafficking in SCs, also its potential significance

involved in tauopathy in AD.

Regulation of cellular growth through insulin/PI3K/mTORC1

signalling

| observed some changes in SC size and nuclear size with only a few manipulations
that altered insulin/PI3K/mTORC1 signalling. Co-overexpression of Tsc1 and Tsc2
led to a marked reduction in SC size, consistent with suppressed activity of the
insulin/PI3K/mTORC1 pathway (Glaviano et al., 2023). This phenotype reflects the
growth inhibitory role of the Tsc1/2 complex as a negative regulator of
Rheb/mTORC1 signalling. Similar effects were observed by Potter et al. (2001), who
demonstrated that while overexpression either Tsc1 or Tsc2 alone produced no
effect, co-overexpression of both genes in the wing and eye drastically decreased

cell size and number, as well as organ size.

Interestingly, the PISK-RNAI #2 line, which had previously been excluded from the
main experiments and analysis, produced an unexpected phenotype characterised
by a slight enlargement of SC size together with a pronounced increase in nuclear

size. This differs from the effects observed with other manipulations of the
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insulin/PI3K/mTORC1 pathway. Since depletion of PI3K would normally be expected
to suppress pathway activity and produce phenotypes similar to those observed with
Tsc1/2 overexpression, these observations suggest that the phenotype may not

solely reflect reduced PI3K signalling.

One possible explanation for this discrepancy relates to line-specific characteristics
of RNAi-based genetic manipulation. RNAI transgenes are often introduced into the
genome through random insertion, meaning that independent RNAI lines may carry
the construct at different and often unknown genomic locations (Pal-Bhadra et al.,
2002). The chromatin environment surrounding the insertion site can strongly
influence the level and spatial pattern of hairpin transcription under GAL4 control,
resulting in variable knockdown efficiency between RNAI lines targeting the same
gene (Ni et al., 2007). In some cases, the insertion itself may also disrupt nearby
endogenous genes or regulatory regions, leading to unexpected phenotypes
independent of the designed genetic manipulation. Furthermore, RNAI hairpins are
processed into multiple small interfering RNAs, some of which may partially match
other transcripts and produce off-target silencing (Scacheri et al., 2004). Such effects
on genes involved in growth regulation or nuclear size control could therefore

contribute to the enlargement phenotype observed with the PISK-RNAI #2 line.

On the other hand, PTEN knockdown should elevate PIP3 levels and activate
Akt/mTORC1 to upregulate this signalling cascade. Consistent with this, | observed
increased SC size with PTEN-RNAI expression, in line with earlier findings that the
loss of Drosophila PTEN boosts cell size and number by acting antagonistically to

Drosophila PI3K (Goberdhan et al., 1999). However, other manipulations that
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probably have more modest effects on this pathway did not affect growth
significantly. Taken together, my results confirm that major changes in the

insulin/PI3K/mTORC1 signalling pathway activity can modulate growth in SCs.

Interestingly, alterations in pathway activity also affected nuclear size in SCs. | found
that conditions promoting cell growth (Rheb overexpression and PTEN knockdown)
led to enlarged nuclei, whereas pathway downregulation showed a subtle trend to
produce smaller nuclei. This may suggest that insulin/PI3K/mTORC1 signalling
affects both endoreplication cycles and non-endoreplication driven growth in these

polyploid secretory cells.

Previous work has demonstrated that Drosophila SCs nuclei normally enlarge during
aging or following mating through a combination of endoreplication, a process that
increases genomic content to support the increased secretory demands of the gland,
and non-endoreplication-dependent mechanisms (Leiblich et al., 2019). In virgin
male flies, SC nuclear growth is largely hormone-dependent, requiring ecdysone
receptor (EcR) activation and BMP signalling to maintain normal growth, where no
new DNA replication occurs in the two polyploid nuclei of mature SCs. However, after
mating, a subset of SCs re-enter the endocycle, leading to additional genome
duplication and a marked increase in nuclear size. In this project, all flies were virgin
males, but PTEN-RNAIi and Rheb overexpression both resulted in enlarged nuclei,
implying that insulin/PISBK/mTORC1 signalling may act as an additional modulator of
nuclear growth. Possible explanations would be that upregulated its signalling
activity may induce endoreplication or enhance biosynthetic output in nuclei to meet

cell growth demands via non-endoreplication-dependent mechanisms. In this
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context, the observation that reduced insulin/PI3K/mTORC1 signalling was
associated with only a weak tendency toward decreased nuclear size suggests that
at least some aspects of nuclear size changes must be independent of

endoreplication.

Regarding the effect of overexpressing Rheb, a small GTPase, it functions
downstream of the Tsc1/2 complex to activate mTORC1 (Inoki et al., 2003). In vivo
studies have showed that Rheb loss-of-function mutants display reduced cell size,
while Rheb overexpression causes cellular and tissue overgrowth (Stocker et al.,
2003). Moreover, Rheb overactivation has been shown to restore both cell and
nuclear size under nutrient-restricted conditions in Drosophila salivary gland and fat
body cells, where increased Rheb expression alleviates the endoreplication deficits

typically associated with starvation.

In summary, the insulin/PI3K/mTORC1 signalling pathway regulates cellular and
nuclear growth in SCs, although further experiments are required to show whether

this involves any effects on endoreplication.

Insulin/PI3K/mTORC1 signalling control of DCG biogenesis and
morphology

Upregulating the insulin/PI3K/mTORC1 pathway in Drosophila SCs did not produce
consistent effects on DCG biogenesis and morphology. PTEN-RNAI induced a
drastic hypertrophy of SCs with enlarged nuclei, and a significant increase in the

number of DCG compartments, yet only subtle granule abnormalities. This outcome
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suggests that the expanded cytoplasmic volume and biosynthetic capacity in SCs
with PTEN knockdown may accommodate additional compartment formation and
secretion without major structural defects. Similar phenotypes have been observed
in other Drosophila tissues, where loss of PTEN or hyperactivation of
insulin/PI3K/mTORC1 signalling leads to cell hypertrophy and increased anabolic
activity, enabling overgrowth without disrupting cellular architecture or differentiation

(Yang & Xu, 2011).

By contrast, Rheb overexpression increased the number of DCG compartments
without changing the SC size, and there were morphological defects in the resulting
dense cores. This observation suggests that boosting DCG biogenesis without
parallel expansion of cell volume may compromise normal secretory events. Indeed,
the imbalance between secretory load and cellular capacity also triggers abnormal
reactions in mammalian systems. For example, in pancreatic -cells, when secretory
processing is disrupted, cells experience hyper-anabolism and accumulate
excessive non-functional and immature secretory granules (Brouwers et al., 2020).
These findings indicate that a coordinated increase in cell size and secretory activity
is essential for maintaining normal DCG biogenesis and morphology, and that
although reducing PTEN activity appears to promote both processes in parallel,

increased mTORC1 activity through Rheb overexpression does not.

Finally, overexpression of the insulin receptor (UAS-InR) produced increased
numbers of DCGs with a GFP-MFAS-negative centre. This phenotype has previously
been observed in genetic manipulations where the detachment of DCG aggregates

from the compartmental limiting membranes may be delayed, e.g. B-secretase
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knockdown (Singh et al., 2025). Related phenotypes were also observed in several
other manipulations affecting the insulin/PI3K/mTORC1 signalling, suggesting that
balanced signalling activity may be required to ensure proper DCG assembly, though

the underlying mechanisms remain unclear.

When the pathway was downregulated, the most extreme phenotype observed was
that PI3K-RNAI induced a mini-core phenotype, in which small granules were tightly
contacted with the limiting membrane. In contrast, overexpression of PTEN, which
counteracts PI3K activity and would be expected to act similarly to PI3K-RNA.,
produced only a small number of DCG compartments with deformed cores but a
relatively large proportion of DCGs with GFP-negative centres. The most likely
explanation for these phenotypic differences is that the PISK-RNAI has a stronger
suppressive effect on insulin/PISBK/mTORC1 signalling activity, thereby disrupting

early steps of DCG-aggregate priming and membrane dissociation.

As described previously, DCG biogenesis takes place within Rab11-positive
secretory compartments, which act as platforms for both granule condensation and
intraluminal vesicles (ILVs) formation. Within these compartments, E-cadherin
enriched lipid microdomains (ELMs) appear to recruit the ESCRT machinery to form
ILVs. Wells (2024) previously found that PI3K-RNAi caused a drastic reduction in
Rab-11 compartments containing ILVs, representing the strongest phenotype among
all inhibitory manipulations affecting the insulin/PI3K/mTORC1 signalling. UAS-PTEN
produced only a modest decline. PI3K depletion also induced defective DCG
biogenesis, as scored by phase contrast microscopy, and reduced E-cadherin

microdomain formation, consistent with my data.
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One possible explanation for the effects of PI3K is that PIP3 signalling is involved in
events controlling DCG compartment maturation. For instance, small GTPases
Rac1/Cdc42 are known downstream targets of PI3K/PIP3 signalling that regulate the
actin cytoskeleton (Hong-Geller & Cerione, 2000). There is evidence from
mammalian secretory cells that active Rac1/Cdc42 stimulate the maturation of
secretory granules and their exocytosis by promoting actin-driven vesicle transport
and release. The role of ELMs in ILVs and DCG aggregate formation might be
modulated by PI3K knockdown. Although further work will be required to explore
these mechanisms in detail, the current data clearly indicate that the

insulin/PI3K/mTORC1 signalling pathway is intricately linked to DCG biogenesis.

Bidirectional insulin/PI3K/ImTORC1 signalling modulation partially

rescues Tau-induced DCG defects

Overexpression of human Tau 2N4R wild type in SCs induced several pathological
phenotypes, including aberrant DCG morphology in cylindrical cores with at least
one end touching the compartment limiting membrane, potentially reduced
exocytosis, leading to large numbers of DCG compartments and accumulation of
lysosomes, as shown in Figure 17B and noted previously (Verma, unpublished
results). These defects mirror how tau pathology disrupts the secretory and
endolysosomal systems, perhaps by excessive binding of tau to microtubules, which
hinders the cytoskeletal transport and alters the microtubule and microfilament
network organization (Prezel et al., 2018). Tau acts as a cytoskeletal toxin in this
context, leading to the accumulation of defective secretory granules and potentially

blockage of the degradation pathways.
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Figure 17. Schematic model linking DCG biogenesis, tau overexpression-induced
defects on secretory and endolysosomal trafficking, with the insulin/PI3K/mTORCA1

signalling acting as a modulatory pathway in SCs.

In this project, enhancing insulin/PI3K/mTORC1 signalling via PTEN knockdown and
overexpressing InR provided a partial rescue of DCG compartment number and
morphology. Chatterjee et al. (2019), using Drosophila models overexpressing the
full-length human tau isoform 2N4R, found that overexpression of hTau in the retina
caused a classic “rough eye” phenotype, reflecting tau-induced neurotoxicity. This
abnormal phenotype was suppressed by overexpressing Chico, the Drosophila
homologue of mammalian insulin receptor substrate, which positively regulates
signalling. It reduced total and phosphorylated tau levels, thus decreasing tau
aggregation. Meanwhile, in human neuronal cell models, okadaic acid, a toxin that
inhibits tau phosphatases, induces tau hyperphosphorylation and neurodegeneration

in AD, which can be significantly alleviated by PTEN inhibition (Chen et al., 2012).
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The potential mechanisms underlying the rescued phenotype may involve another
downstream component in insulin signalling pathway (11S). PTEN inhibition heightens
Akt activity, which suppresses GSK-3[3, a key tau-associated kinase that accelerates
tau aggregation (Chakraborty et al., 2024 ), thereby reducing tau phosphorylation and
toxicity in cytosol, as illustrated in Figure 17C. In SCs, upregulating
insulin/PI3K/mTORC1 signalling via PTEN-RNAi or UAS-/nR may lead to a tau pool
that is less harmful and more functionally attached to microtubules, thus preserving a
series of events involved in DCG biogenesis, including DCG-aggregate priming from
ELMs, ILVs formation, and fusion of aggregates into a central DCG, consistent with

the model summarised in Figure 17A.

Furthermore, Liraglutide, a GLP-1 receptor agonist known to enhance insulin
signalling (lIS), was shown to significantly reduce pathology-specific tau
phosphorylation and improve motor function in the hTauP301L transgenic mouse
model, which mimics frontotemporal dementia-like tauopathy (Hansen et al., 2016).
The therapeutic values of Liraglutide suggest that enhanced insulin signalling can
mitigate tau toxicity across different neurodegenerative diseases with tauopathy, not

justin AD.

Equally interesting, reducing insulin/PI3K/mTORC1 signalling also led to
improvements in tau-induced defects in this study. SCs in this case showed more
circular DCGs and more normal compartment organisation than Tau control alone.
This might seem contradictory alongside the PTEN-RNAi and UAS-/nR results, but it
suggests that modulating the pathway in both directions can interfere with tau

pathology, presumably through different routes.
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Co-expression of PISK-RNAi and hTau2N4R showed a unique phenotype. The total
number of DCG compartments appeared unchanged, though this was difficult to
measure. As shown in Figure 13, most compartments displayed the mini-core
phenotype, consistent with what was previously observed in SCs without hTau2N4R
overexpression. Interestingly, when comparing with abnormal cylindrical cores
induced by hTau2N4R overexpression, PI3K-RNAi seemed to override the tau-
dependent morphology, suggesting that PI3K may act downstream of Tau in a
specific aspect of DCG biogenesis. As discussed above, inhibition of PI3K causes a
drastic reduction in PIP3 at the limiting membrane, reduces the formation of ELMs
and the recruitment of ESCRT machinery (Wells, 2024), as well as impairing
Rac1/Cdc42-mediated actin remodeling essential for secretory granule maturation
(Bader et al., 2004; Schulz et al., 2015). DCG aggregates fail to condense centrally
and remain as mini-cores. Since tau primarily modulates the cytoskeletal
microtubules, its effect on DCG morphology may be secondary to the loss of actin-
dependent membrane scaffolding due to PI3K knockdown, correcting the tau-
induced phenotype, but inducing a mini-core phenotype instead. These data suggest
that Tau-dependent effects on DCG morphology require intact PI3K/PIP3 signalling,

placing PI3K functionally downstream or epistatic to Tau in this context.

Reduced insulin/PISBK/mTORC1 signalling activity decreased the number of DCG
compartments, as well as restoring DCG circular morphology. A study using multiple
transgenic Drosophila lines expressing human tau found that whether expressing
human tau wild type or mutant forms can lead to overactivation of the IIS pathway
(None Pragati & Sarkar, 2023). Downregulating the insulin signalling tone

suppressed the human tau-mediated neurodegeneration and neurotoxicity,
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potentially by reducing overall cellular stress, improving autophagic response and re-
establishing balance between different kinases (e.g. GSK3[3). Rescue was also
observed for other tau isoforms in this study (Kim & Lee, 2013; Tolkovsky &
Spillantini, 2021). In parallel with neurodegeneration and nutrition-related research,
reduced IIS or dietary restriction can extend lifespan from yeast to mammals and
reduce aberrant protein aggregation, partly via enhanced autophagy and stress
resistance, improving behavioural impairment and alleviating neuroinflammation as

positive results (Steinkraus et al., 2008; Cohen et al., 2009).

In summary, previous studies have reported a conflicting role for the
insulin/PI3K/mTORC1 signalling pathway within AD. Findings presented in this thesis
highlight that both upward and downward changes in this signalling cascade can be
protective for SCs, presumably by using different routes to target tau pathology,
suggesting that the critical determinant is to restore the balanced physiological state,

though via different mechanisms.

Insulin/PI3BK/mTORC1 signalling regulates lysosomal dynamics and

endolysosomal trafficking

Live cell imaging and lysotracker staining revealed that modulation of
insulin/PI3K/mTORC1 pathway activity markedly influences the abundance of
acidified compartments and endolysosomal trafficking in SCs. In general,
downregulating insulin/PI3K/mTORC1 signalling led to significant increases in
lysosomal area per SC, but only PISK-RNAI increased the number of acidified DCG

compartments compared with control, possibly due to the accumulation of abnormal
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mini-core-containing compartments, whose targeting to lysosomes is frequently

disrupted (Singh et al., 2025).

As shown in Figure 18A, when the insulin/PIBK/mTORC1 signalling is low, mTORC1
activity is suppressed and cells often compensate by maximising the rate of
autophagy and lysosome biogenesis (Di Malta & Ballabio, 2017). Mechanistically, the
master regulator TFEB and other related transcription factors are activated by mTOR
inhibition, thus translocating to the nucleus to induce expression of lysosomal and
autophagy genes (Medina et al., 2015). Treatments with rapamycin which inhibit
mMTOR or overexpressing TFEB can contribute to neuronal protection by enhancing
the autophagy-lysosome pathway and alleviating cellular apoptosis (Panwar et al.,
2023). Therefore, SCs with reduced insulin/PI3K/mTORC1 signalling would be
expected to have increased lysosomal area, consistent with lysotracker results

presented in this thesis.
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In contrast, upregulating insulin/PI3K/mTORC1 signalling via Rheb overexpression
or PTEN-RNAI tended to reduce the prevalence of acidic endolysosomal
compartments, but greatly increased lysosomal area. With high mTORC1 signalling,
autophagy and lysosomal activity are suppressed, resulting in reduced
endolysosomal flux (Menon et al., 2014), as shown in Figure 17B. Nevertheless, SCs
overexpressing Rheb or PTEN-RNAI displayed an obvious increase in total
lysosomal area. As described previously, upregulated insulin/PI3K/mTORC1
signalling promotes DCG biogenesis, but simultaneously produces a higher
proportion of defective compartments during maturation. These abnormalities may
activate compensatory routes that increase lysosomal activity, while bypassing the
mTOR-dependent pathway (Puertollano et al., 2018). Given that TFEB localization is
regulated by multi-site phosphorylation, local calcium/calcineurin signalling can
directly dephosphorylate a fraction of TFEB, allowing its nuclear translocation and
boosting lysosomal gene expression even if mTOR is still active (Medina et al., 2015;
Tong & Song, 2015). In this context, it should be noted that increasing InR
expression in SCs elevated the number of acidified DCG compartments, but not
lysosomal area, potentially indicating that the InR may regulate an additional PI3K-

independent pathway that prevents suppression of lysosomal trafficking.

Tau overexpression induces trafficking impairments

Overexpression of human tau proteins is known to disrupt vesicle trafficking and
lysosomal degradation in both cell and animal models (Ebneth et al., 1998; Yu et al.,
2019). In the Drosophila SC model used in this study, overexpressing human

Tau2N4R wild type induces remarkable phenotypes that reflect DCG biogenesis,
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secretory and endolysosomal trafficking defects. Such defects mirror what has been
found in neurons during AD and related tauopathies. Endolysosomal network

dysfunction is an early pathology in AD (Chen et al., 2025).

Insulin/PI3BK/mTORC1 signalling modulation of endolysosomal

trafficking under Tau overexpression

In the Drosophila SCs model overexpressing hTau2N4R, it was observed that both
downregulating and upregulating insulin/PI3K/mTORC1 signalling increased the
number of acidified DCG compartments without significantly changing the total

lysosomal area.

This was surprising for insulin/PI3K/mTORC1 signalling downregulation, since
reduced mTORC1 activity triggers robust autophagy, which can ameliorate tau
pathology (Caccamo et al., 2013; Morawe et al., 2022), and by itself, reduced
signalling increased lysosomal area in SCs. In Tau-overexpressing SCs, it seems
that although decreasing insulin/PI3K/mTORC1 signalling can partially suppress
cylindrical DCGs formation, there must still be defects in endolysosomal trafficking of
those abnormal DCG compartments produced that leads to accumulation of partially

degraded compartments.

When the insulin/PISBK/mTORC1 signalling is upregulated by PTEN-RNA.I or InR
overexpression in SCs, autophagy or lysosomal degradation would expect to be
suppressed by high mTORC1 activity, and this might lead to accumulation of

acidified compartments, but not lysosomal area, despite the partial suppression of
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the DCG morphological defects induced by Tau. This was not observed in SCs with
elevated IIS that were not overexpressing tau, at least for PTEN-RNAI, but the
increased levels of abnormal DCG compartments produced in the presence of
hTau2N4R might be sufficient to saturate the system and lead to blockade in

lysosomal trafficking.

In conclusion, our Drosophila SC model illustrates that DCG biogenesis and
endolysosomal trafficking are affected when tau is overexpressed. The
insulin/PI3K/mTORC1 signalling pathway is an essential regulator of DCG formation,
endolysosomal trafficking and lysosome biogenesis, and modulating its signalling
can suppress some tau-induced effects, but the overall outcome is complex,

because some phenotypes may be enhanced.

Secretory propagation effects (main cell phenotype)

One interesting aspect of results is the propagation phenotype related to SC
secretory output and its effect on surrounding cells, namely the accessory gland
main cells. This propagates the endolysosomal phenotype. In this project,
modulation of the insulin/PISK/mTORC1 signalling displayed some inconsistent

effects on this phenotype.

Both the rosy-RNAI control and other UAS-RNAI lines showed a relatively strong
main cell phenotype, suggesting that these genetic manipulations might influence the
secretory or endolysosomal trafficking balance of SCs. it is possible that siRNA

machinery itself applies mild off-target effects on the SCs-related secretory events
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and affects the intercellular communication. Together, these hypotheses could
underlie the strong enhancement of main cell phenotype seen across RNAI
backgrounds, although further investigations are required to provide solid evidence.
In contrast to other RNAI conditions, PI3K-RNAI represented a significant exception,
showing a reduction in the main cell phenotype, thereby appearing to suppress the
intercellular transfer process. As previously discussed, downregulating
insulin/PI3K/mTORC1 signalling pathway by PI3K knockdown affects the formation
of intraluminal vesicles (ILVs) within DCG compartments, which are secreted as
exosome-like vesicles, potentially by reducing overall secretory flux (A. Arous & A.

Cording, unpublished data).

Further investigation will be required to dissect these overlapping mechanisms and
define how each contributes to the control of intercellular communication in the
accessory gland. According to these scenarios described above, the main cell
phenotype observed in those experiments remain difficult to interpret with

confidence.

Limitations

While the SC model provides valuable insights into the regulation of secretory
processes, certain limitations should be mentioned. The Drosophila SC is a
specialised type of secretory cell with polyploid nuclei with functions that are
primarily reproductive, which may not have a direct counterpart in the mammalian
system. Therefore, translating observations from this model to mammalian cells

and/or human neurons with AD requires careful interpretation. The tauopathy model
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here involves overexpressing human Tau2N4R in non-neuronal cells. Although this is
advantageous for quantifying and analysing cellular secretory and trafficking events,
it will not fully capture all perspectives of neuronal reactions in AD, such as trans-

synaptic dysfunction in tauopathy and perhaps tau seeding between neurons.

Beyond this, variation in the extent of phenotypic rescue was observed in Tau-
overexpressing SCs following modulation of insulin/PIBK/mTORC1 signalling. This
variability could originate from differences in expression of each transgene or even
cell-to-cell differences in the ability to cope with tau accumulation. This outcome
further complicates the interpretation, therefore suggesting that the interactions
between tau overexpression and insulin pathway activity is complex and may involve

additional cell-intrinsic confounding factors.

Moreover, viability issues in SCs limited the ability to examine all downstream
components of the insulin/PI3K/mTORC1 signalling pathway, when relatively strong
pathway modulators were crossed with the td-GFP-MFAS-Tau2N4R line. For
example, co-overexpressing hTau2N4R with PTEN, Tsc1/2 or Rheb resulted in SC
lethality and poor adult fly survival, making it difficult to quantify phenotypes and
further suggesting the presence of confounding factors that may bias analyses

toward cells better able to tolerate cellular stress.

In addition to these experimental constraints, some limitations arise from the genetic
regulatory system used to control transgene expression. In this study, transgene
expression was regulated using the UAS/GAL4 system combined with temperature-

sensitive GAL80. However, GAL80 repression is temperature-dependent and may
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not be fully effective at commonly used culture temperatures such as 25°C. Under
these conditions, low levels of GAL4 activity can occur, leading to partial transcription
of UAS-RNAI constructs prior to the intended post-developmental induction period.
Such leaky expression may introduce baseline perturbations of insulin signalling or
other pathways, potentially contributing to variability in phenotypic outcomes.
Maintaining flies at lower temperatures, such as 19°C, before experimental induction
could provide tighter repression and improve temporal control of transgene

expression in future experiments.

Another limitation concerns the genetic background of the fly stocks used in this
study and the choice of control genotypes. Many RNAi and UAS transgenic lines are
generated in different parental strains and maintained using markers such as rosy.
Since the chromosomal location of these markers and associated transgene
insertions can vary between stocks, combining lines through crosses may introduce
variation beyond the intended manipulation. In this study, rosy-RNAi was used as a
control to match the RNAI structure of those experimental lines, but as rosy is an
endogenous gene, its knockdown could potentially affect cellular physiology. Future
experiments could therefore benefit from using neutral RNAI controls targeting non-
Drosophila sequences, such as luciferase or mCherry RNAI, which minimise effects
on endogenous pathways. Additionally, w''’8 lacks a UAS insertion and therefore
does not fully match the genetic background of overexpression lines, so controls
carrying comparable UAS constructs without affecting the pathway of interest would

provide more appropriate comparisons.
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In this study, the primary focus was placed on the Insulin/PISBK/mTORC1 signalling
pathway. However, it should be acknowledged that the insulin signalling (11S) network
is highly complex and interconnected, involving multiple downstream branches that
regulate a wide range of cellular processes. Results from this project can only
represent one of the major signalling cascades downstream of insulin receptor
activation. Parallel cascades such as the Ras/MAPK pathway, as well as Akt-
mediated regulation of effectors including FOXO, NFkB, and GSK3[3, were not
directly assessed in this project. Therefore, it is not possible to conclude that the
secretory changes and partial rescue observed with human Tau overexpression are
controlled only through Insulin/PIBK/mTORC1 pathway, as interactions with other
branches may also trigger broader systemic effects that extend beyond local
modulation within this cascade. To understand the whole insulin signalling pathway
more comprehensively, future investigations should focus on how different branches
and components cooperate or counteract each other, thus constructing a more
integrated network for understanding how the insulin signalling pathway collectively
regulates AD-relevant secretory and endolysosomal trafficking events in the

Drosophila SC model.
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Future directions

More work is needed to fully understand how the integrated insulin/PI3K/mTORC1
signalling network interacts and functions during the early stages of AD, and how its
gradual impairments lead to the worsening of pathology over time, highlighting
potential directions for early intervention and therapeutic development. While several
specific experiments have already been suggested in previous sections to further
investigate the role of this pathway, the following paragraphs will focus on outlining

broader strategies.

Regarding the other AD hallmark pathology, AB oligomerization and plaque
formation, similar experiments could be carried out under the same conditions of
insulin/PI3K/mTORC1 signalling modulation, but using genetic backgrounds that
overexpress AB42 wild type as well as the lowa or Dutch mutants. This would allow
direct comparison with the current results from Singh et al. (2025) and help to
determine whether modulation of insulin/PI3K/mTORC1 signalling can rescue
abnormal cellular changes driven by A overexpression. Both the lowa and Dutch
mutants showed the strong mini-core phenotypes and endolysosomal trafficking
defects when overexpressed in SCs. Based on my previous results, PI3K
knockdown in healthy SCs also caused similar mini-core phenotypes. However, it
remains unclear whether these mini cores remain tightly associated with the limiting
membrane of secretory compartments, as observed in AB-overexpressing cells.
Further analysis is therefore required, as this membrane attachment may be
important for generating the trafficking and propagation phenotypes observed in the

AB mutants. Moreover, A3 overexpression produces more pronounced main cell
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propagation phenotypes than the Tau overexpression model, providing a stronger

system in which to test the role of insulin/PI3K/mTORC1 signalling in this process.

Meanwhile, to further clarify the mini-core phenotypes caused by PI3K knockdown,
future experiments can directly test the role of Rac1/Cdc42 or other actin regulators.
For example, manipulation of Rac1/Cdc42 activity in SCs could be used to determine
whether this mimics or rescues the effects of PISK-RNAi on DCG biogenesis and
morphology. If reduced PI3K activity impairs DCG maturation via actin cytoskeletal
changes driven by low Rac1 activity, then Rac1 overexpression might rescue
secretory granule formation even when PI3K activity is low, whereas Rac1
suppression might phenocopy the PI3K-RNAI condition. Identifying a link between
PI3K-PIP3-Rac1 mediated cytoskeletal regulation and secretory compartment
biogenesis would provide a strong foundation for future experiments aimed at

understanding how this pathway is regulated.

Direct cytoskeletal imaging using the confocal microscope could be applied to
visualise structural changes in the SCs cytoskeleton during the secretory process,
possibly using fluorescently labelled actin, kinesin or tubulin, or other cytoskeletal
interactors (Sampathkumar et al., 2011; Villanueva et al., 2022). This could be
carried out under the same insulin/PI3K/mTORC1 signalling modulations and in flies
overexpressing Tau or AB peptides. These experiments would help to link the
morphological phenotypes we observed to specific cytoskeletal changes that occur
during DCG biogenesis and maturation, and provide new assays for future

experiments.
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Regarding the medical and therapeutic relevance, our SC model provides an
effective system for evaluating clinically used diabetic drugs under AD-related
genetic backgrounds. For instance, compounds such as metformin and semaglutide
have attracted increasing attention for their potential neuroprotective effects.
Growing evidence indicates that the use of these diabetic treatments is associated
with a reduced risk of cognitive decline and may help prevent or slow the
progression of AD (Wang et al., 2024; Daly & Imbimbo, 2024;2025). These
observations are also consistent with a model in which dysregulated glucose
metabolism represents a primary mechanism contributing to AD-related pathology,
closely linked to insulin/PI3K/mTORC1 signalling (Butterfield & Halliwell, 2019). Such
experiments would not only help to validate my findings from this project, but also

hint at what existing diabetic treatments might be beneficial to AD.

Lastly, to test whether the mechanisms drawn from SCs are conserved in other
systems, it will be necessary to conduct parallel experiments in either Drosophila
neuronal models or mammalian cell lines used for neurodegeneration and AD study.

Cross-system validation would reinforce the translational relevance of my findings.
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Conclusion

Regarding the summary of key findings from this project, modulation of the
insulin/PI3K/mTORC1 pathway in healthy SCs indicated that both upregulating and
downregulating this signalling cascade disrupt normal DCG biogenesis as well as
secretory and endolysosomal trafficking. A fine balance of signalling appears to be
crucial for regulating DCG biogenesis, maturation and secretion/degradation, and
any disruptions in either direction may impair this equilibrium. As discussed, one
possible explanation involves the effects of this pathway on ELMs and actin-

dependent trafficking, thereby linking metabolic signaling with cytoskeletal regulation.

When overexpressing human Tau2N4R in SCs, an increased number of DCG
compartments with abnormal cylindrical cores and excessive lysosomal area were
observed, consistent with Tau-induced cytoskeletal disruption and impaired
interactions between the cytoskeleton and DCG aggregates, as well as defective
lysosomal degradation. Both activation of the insulin/PISK/mTORC1 signalling
pathway (PTEN-RNAI and InR overexpression) and its suppression partially rescued
DCG number and morphology, but led to elevated numbers of acidified
compartments that were presumably not degraded efficiently. These results suggest
that the insulin/PISK/mTORC1 pathway may not function in a simple linear manner to
modulate the defects induced by tau overexpression. Instead, multiple routes are
likely to be engaged by insulin/PI3K/mTORC1 signalling to restore the cytoskeletal

network and endolysosomal system, some of which may act antagonistically.
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Through my research in SCs, | have advanced the understanding of how modulation
of the insulin/PI3BK/mTORC1 signalling pathway affects AD-related secretory and
endolysosomal trafficking. By manipulating signalling activity to mimic the metabolic
dysregulation observed in T2DM, my findings support the theory that impaired
signalling may predispose neurons to early pathological changes characteristic of AD
(Stanley et al., 2016; Holscher, 2019). In particular, disruptions in endolysosomal
trafficking and the accumulation of abnormally formed and partially degraded
secretory compartments appear to be closely linked to defects in this pathway, and
maintaining an appropriate signalling balance may help to alleviate these
abnormalities. Together, these results contribute to a deeper understanding of the
molecular mechanisms underlying early neurodegenerative processes and
strengthen the potential mechanistic connection between T2DM and the early onset

of AD.
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