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Abstract

Interrogation of Rab8 as a therapeutic target for Huntington’s disease in

Drosophila melanogaster

Laura Delfino

Huntington’s disease (HD) is a familial neurodegenerative disorder largely caused by
atrophy in the striatal and cortical regions of the brain. At the molecular level HD is triggered
by a trinucleotide CAG repeat expansion in the Huntingtin gene (HTT), which encodes a poly
glutamine (polyQ) stretch, and ultimately leads to the production of the toxic, aggregation-
prone protein mutant HTT (mHTT). Upon expression of mHTT, several cellular pathways are
either disrupted or impaired, including the vesicle trafficking directed by the Rab GTPase
family. Here, | focused on Rab8, a protein involved in the secretory traffic from the trans-Golgi
network to the plasma membrane, whose down-regulation has been shown to worsen HD-
related phenotypes in mammalian cells. My results show that pan-neuronal expression of
Drosophila Rab8 (dRABS8) provides neuroprotection against HD-relevant phenotypes in
Drosophila by reducing degeneration of the eye photoreceptors, ameliorating the rate of fly
emergence from the pupal case and increasing average lifespan of adult flies. Notably, this
rescue depends on the nucleotide-binding state of the GTPase. The protective role of dRAB8
was also validated in a subset of circadian clock cells, the Pigment Dispersing Factor (PDF)
neurons. mHTT triggered arrhythmic locomotor behaviour in constant darkness and
progressive death of a cluster of PDF neurons, the small lateral neurons ventral (s-LNvs),
phenotypes which were partially or completely rescued by dRAB8 overexpression. The levels
of aggregated mHTT are increased upon dRAB8 co-expression in flies and experiments
performed in HEK293T cells suggest that the interaction dynamics between mHTT and dRABS8
increase in a polyQ dependent manner. Aggregation has been shown to be neuroprotective
against toxic soluble mHTT species in several HD model organisms and might underlie the
mechanism of dRAB8 rescue. In summary, this study validates Rab8 as a modifier of HD in
Drosophila, provides insight into its mechanism of action, and may ultimately inform novel

therapeutic approaches for HD.
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Chapter 1

Introduction

1.1 Huntington’s disease (HD)

1.1.1 Overview

Huntington’s disease (HD) is an autosomal dominant, neurodegenerative disorder caused
by a mutation in the Huntingtin gene (HTT). HD leads to the progressive atrophy in regions of
the brain such as the striatum and the cortex. HD is a rare disease, with a prevalence estimated
at 4-10 cases per 100,000 in Europe, but it is less common among individuals of some ethnic
groups (Pringsheim et al., 2012). Death typically occurs ~15-20 years after the clinical diagnosis,
and no cure or treatment to slow progression is currently available (Bates et al., 2014).

1.1.2 Symptoms and neuropathology

HD has been known for centuries, and the hallmark dance-like involuntary body move-
ments associated with the disease earned it the appellative of chorea (from the Greek word
choros, meaning dance) (Bates et al., 2014). However, it was in 1872 that George Huntington
first comprehensively described this disorder. In his work entitled “On Chorea”, he provided the
first clinical observation of families of patients affected by this disease. Spanning three genera-
tions of clinical records, Huntington described the dominant inheritance of the pathology and
the cardinal features of HD: motor symptoms, cognitive decline and behavioural disturbances
(Huntington, 2003). In the 1980s the name of the condition was changed into “disease”, ac-
knowledging that HD is characterized by a plethora of symptoms that are not only motor-related
(Bates et al., 2014).

Clinical manifestation of HD varies from patient to patient, even in the same family; how-
ever, motor symptoms are classically associated with the disease and are the criterion for HD
diagnosis (Reilmann et al., 2014). The most characteristic form of motor impairment is repre-
sented by choreatic movements, which progressively worsens over time, whereas a less com-
mon form of motor impairment is represented by hypokinesia, which characterizes late stages
and juvenile forms of HD (Di Maio et al., 1993; Roos, 2010). Additionally, dystonia (i.e. spasm)
and tics can manifest in patients (Andrew et al., 1993; Kirkwood et al., 2001). Psychological
symptoms and signs can precede motor manifestation, yet can be more difficult to be recog-
nised as HD symptoms, and can therefore be misdiagnosed. Initially, patients manifest slower
thinking, leading to lack of concentration. Short-term memory lapses are also frequent, until the

procedural memory of patients and their spatio-temporal orientation is progressively lost. In



late stages, patients experience impairment of executive function, a clinical picture that culmi-
nates in complete dementia with loss of the ability to speak (Di Maio et al., 1993; Bylsma et al.,
1990; Heindel et al., 1988; Rosenblatt et al., 2012). Psychiatric symptoms include progressive
emotional disturbance, where the patients experience changes of mood and personality, de-
pression, anxiety, apathy and irritability, often leading to suicide compulsion (Bamford et al.,
1995; Di Maio et al., 1993).

These symptoms are strictly linked to prominent atrophy of the basal ganglia, with selec-
tive loss of the striatum (comprising the caudate nucleus and the putamen) and the damage of
its two main neuronal pathways, the direct and the indirect pathways (Waldvogel et al., 2014
and Figure 1-1). The basal ganglia controls movement and is implicated in cognitive functions,
learning and mood, being integrated in a cortico-striatal circuit that modulates the activity of
the thalamus and feedbacks to the cortex (Graybiel, 2000). The striatum receives the major ex-
citatory glutamatergic and dopaminergic inputs from the cortex and substantia nigra pars com-
pacta (SNc), respectively. In the direct pathway the striatum projects to the globus pallidus in-
ternus (GPi) and the substantia nigra pars reticulata (SNr) via neurons containing Y-amino-bu-
tyric-acid (GABA) and Substance P (SP). This results in the inhibition of the GPi and excitation of
the thalamus, with activation of the cortex, ultimately facilitating movement (Figure 1-1). Con-
versely, in the indirect pathway, the striatum projects and inhibits the globus pallidus externus
(GPe), via neurons containing GABA and enkephalin (ENK). The GPe consequently loses its ability
to inhibit the subthalamic nucleus (STN). As a result, the STN sends excitatory messages to the
GPi, which then inhibits the thalamus and consequently the cerebral cortex, supressing move-
ments (Figure 1-1). In HD, the excitatory glutamatergic cortical projections to the striatum are
disrupted with consequent development of motor dysfunction (Sepers & Raymond, 2014). In
the early stages, the indirect pathway is affected, with preferential loss of neurons containing
GABA/ENK, leading to excitation of the thalamus, over-activation of the cerebral cortex and
hence involuntary movements (Figure 1-1). Conversely, in late stages the direct neurons con-
taining GABA and SP are lost, causing an increased inhibition of the thalamus (and hence of the

cerebral cortex) leading to rigidity (Figure 1-1).
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Figure 1-1 The basal ganglia pathways are impaired in early and late stages in HD.

Schematic representation of the direct (green backgound) and indirect (red background) pathways of the basal gan-
glia, with indication of the excitatory ( @=—> ) and inhibitory projections ( ®----» ). Dopaminergic projections from
the SNc are modulatory, depending opon the dopamine receptor (D1 or D2). In the normal brain the striatum receives
glutamatergic projections from the cortex and dopaminergic projections from the SNc. In the direct way, the MSNs
project to the GPi/SNr. In the indirect way, MSNs send their projections to the GPe, the latter influencing the output
of the GPi/SNr via STN projections. Early stages are characterized by increased release of dopamine from the SNc,
which lead to exocytotoxicity of the MSNs in the indirect pathway, resulting involuntary movement. Late stages of
HD are characterized by reduced excitatory inputs from the thalamus and the cortex, reduced release of dopamine
from the SNc and impairment of both pathways, resulting in rigidity and bradikinesia. D1, Dopamine receptor 1, D2
Dopamine receptor 2, GPe, globus pallidus externus, GPi, globus pallidus internus; MSNs, medium spiny neurons; SNc,
substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus. Image redrawn from
Sepers & Raymond, 2014.



In patients affected by HD, the striatum can shrink by more than 50% (de la Monte et al.,
1988; Niccolini & Politis, 2014 and Figure 1-2). The striatal volumetric reduction is due majorly
to loss of the medium-sized spiny neurons (MSNs) that constitute ~95% of the striatal popula-
tion, whereas the remaining neuronal cells, composed by a heterogeneous group of aspiny in-
terneurons (fast-spiking, cholinergic and GABAergic interneurons) are differentially vulnerable
to neuronal loss (Cicchetti et al., 2000; Ferrante et al., 1987). In addition, the globus pallidus and
substantia nigra are severely affected by HD, with a globus pallidus volumetric loss that can
reach ~50% (Albin et al., 1992 and Figure 1-2). In patients affected by HD, the striatum can shrink
by more than 50% (de la Monte et al., 1988; Niccolini & Politis, 2014 and Figure 1-2).

Atrophy also severely affects the cerebral cortex especially in advanced stages and it is
associated with motor impairment, dementia, psychological symptoms and visual deficiency
(Rosas et al., 2008). Several studies have found an overall cortical volume loss of ~30-50% (Hal-
liday et al., 1998; Hedreen et al., 1991; Rosas et al., 2002) and changes in neuron and glial cell
size and density of ~9% (Rajkowska et al., 1998). Reduction in size has been reported also for
the other brain regions such as the STN, the thalamus, the hippocampus, the cerebellum, and
the hypothalamus (Bates et al., 2014).

In addition to chorea, psychological and psychiatric dysfunctions, which are referred to as
“triad of symptoms”, there are other secondary manifestations that characterize the neuropa-
thology. A hallmark of HD is unintentional weight loss, which occurs predominantly in late stages
of the disease and contributes to higher mortality (Aziz et al., 2008). Severe sleep and circadian
rhythm disturbances affect HD patients, which are likely caused by dysfunction of the superchi-
asmatic nucleus (Wulff et al., 2010). Sleep impairment can increase irritability and anxiety, pre-

cipitating the mental decline of HD patients (Aziz et al., 2010).
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Figure 1-2 Neuronal loss in HD.

Coronal brain sections of three HD brains (B, D, F) compared to a control case (A, C, E). B Atrophy of the striatum
(arrow) and cortex. D Atrophy of the globus pallidus (double arrows) and cortex. F Atrophy of the thalamus and cortex.
Scale bar=1 cm. cg, cingulate gyrus; CN, caudate nucleus; GPe, globus pallidus externus; GPi, globus pallidus internus;
hp, hippocampus; LGB, lateral geniculate body; P, putamen; Thal, thalamus. Modified from Bates et al., 2014.



1.1.3 The genetic mutation causing HD

The work of MacDonald and colleagues (1993) localized the HD gene to the short arm of
chromosome 4. This was later confirmed by the joint effort of “The HD Collaborative Research
Group”. After studying the biggest HD kindred community in Venuezuela, they identified the
genetic locus as 4p16.3a, and named the HD gene Huntingtin (HTT) (Wexler, 2004). HTT contains
67 exons and encodes for a soluble, large protein of 348 kDa (Mangiarini et al., 1996). HTT con-
tains a CAG trinucleotide expansion lying in the first exon of the gene, which encodes an ex-
tended glutamine (polyQ) tract (Kremer et al., 1994). In non-affected individuals the CAG region
spans 9-35 CAG repeats. Individuals with the condition carry a mutated copy of HTT (mHTT) with
a stretch of CAG that can reach 250 repeats. Clinical manifestations of HD emerge beyond a
threshold of 35 repeats, with the disease being fully penetrant when HTT contains more than 40
CAG repeats. In individuals with 36-39 CAG repeats, HD is incompletely penetrant and the symp-
toms might not manifest (Brinkman et al., 1997). The initial studies (Andrew et al., 1993; Duyao
et al., 1993; Rubinsztein et al., 1993; Snell et al., 1993) identified an inverse correlation between
the repeat length and the age of onset of the disease, i.e. a higher expansion leading to a faster
progression of the pathology (Figure 1-3). In the majority of the cases the onset is in mid-life,
however ~10% of HD cases are represented by the juvenile HD form, in which CAGs are above
70 and symptoms manifest before the age of 20 (Byers et al., 1973). Clinical manifestations of
juvenile cases are slightly different from those of adult onset; for instance, the motor symptoms
are characterized by rigidity. Juvenile cases occur in patients with a positive family history of HD
and are caused by anticipation. The CAG tract is unstable and shows a tendency to increasing its
length if transmitted through the paternal line (Merritt et al., 1969).

Interestingly, even among patients carrying the exact same number of repeats, there is a
huge variability in terms of age of onset and disease manifestation (Wexler, 2004). In fact, the
number of CAG repeats only accounts for ~47%-72% of the risk of developing disease, the rest
depends upon environmental (up to ~62%) and genetic factors (up to ~¥38%) (Rosenblatt et al.,
2001). Natural variants of genes that modify the progression of the disease are called genetic
modifiers. These can delay or accelerate the appearance of the first symptoms, especially in the
low range of expanded CAG alleles, whereas when the CAG tract is very long, genetic modifiers
have less of an effect (Gusella & MacDonald, 2009). The search for genetic modifiers has been
the intense focus of the research in HD field, as identifying them could provide targets for ther-
apeutic intervention, and deepen our knowledge about the molecular mechanisms relevant for

HD.
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Figure 1-3 Variability in the age of onset of HD.

Age of onset and number of CAG repeats are inversely correlated in HD. Repeat length >70 leads to juvenile HD, with
the age of manifestation of the first symptoms below 20 years. Importantly, the variability of the age of onset within
patients carrying the same number of repeats inversely correlates the repeats. Image taken from Wexler, 2004.



1.1.4 Huntingtin

HTT is a protein of 3,144 AA, with a molecular weight of 348 KDa, and a characteristic
polyQ expansion at the N-terminus. By assuming different conformations, such as a-helix, ran-
dom coil, and extended loop, which are shown to improve the protein solubility, the polyQ tract
is essential in mediating interactions with other proteins (Kim et al., 2009). The conformation of
the polyQ tract is influenced and stabilized by an adjacent poly proline (polyP) tract (Figure 1-4).
The polyQ expansion in HD hampers the adoption of correct HTT secondary structures, stimu-
lating aggregation of mHTT, which in turns affects the protein solubility and the protein interac-
tion network, having profound consequences on its cellular functioning (Crick et al., 2006). An
important feature of HTT is represented by 16 HEAT domains. HEAT is an acronym that stands
for 4 proteins in which this repeat structure is found: HTT, Elongator Factor 3, Protein Phospha-
tase2A and TOR1 (Figure 1-4). In HTT, these are organised in 4 clusters and postulated to serve
as coordinators for protein-protein interactions (Andrade & Bork, 1995; Tartari et al., 2008). HTT
also possesses a C-terminus nuclear export signal (NES), a N-terminus nuclear localisation signal
(NLS) and several post-translational sites (Bates et al., 2014 and Figure 1-4). Post-translational
modifications include ubiquitination, which targets HTT to the proteasome and therefore is es-
sential for maintaining HTT homeostasis in the cells (Kalchman et al., 1996); SUMOQylation, which
modulates HTT stability, function and subcellular localization (Steffan et al., 2004); phosphory-
lation and acetylation, which are essential for HTT proteosomal and autophagy-lysosomal clear-
ance (Aiken et al., 2009; Jeong et al., 2009); and palmitoylation, which plays an essential role in
HTT vesicular trafficking (Yanai et al., 2006). Post-translational modifications are impaired in HD,
leading to proteosomal dysfunction, HTT aggregation and toxicity, axonal transport defects and
impaired autophagy (Zuccato et al., 2010). HTT possesses several cleavage sites, which enable
the proteolytic cleavage of HTT. The best-known proteolytic events are catalysed by caspases
(Bates et al., 2014 and Figure 1-4). HTT proteolysis plays a major role in HD pathogenesis, as N-
terminal mHTT fragments potentiate toxicity and are proposed to play a major role in HD path-

ogenesis (see below).
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Figure 1-4 Representation of the wild type HTT primary structure zooming in on the first exon.

Post-translational modification, cleavage sites and the 4 HEAT doamins are annotated. Threonine (T) and serine (S)

are phosphorylated. Lysine (K) on the first exon are the target of either ubiquitination or SUMOylation, whereas in
the rest of the protein are acetylated. HTT is palmitoylated at the cysteine (C) 214. The sequence of the first exon
shows the polyQ tract (with annotation of the pathogenic threshold) and the adjacent polyP tract. NES, nuclear export

signal; NLS, nuclear localisation signal. Image redrawn from Mort et al., 2015.



HTT is ubiquitously expressed throughout the human body, with the highest levels being
reported in the central nervous system (CNS) and the testes (Cattaneo et al., 2005). Although
found in the nucleus (Kegel et al., 2002), HTT is expressed primarily in the cytoplasm, where it is
associated with synaptic vesicles, the late endosomes, autophagic vesicles, the endoplasmic re-
ticulum (ER), the Golgi complex, clathrin-coated vesicles (CCV), microtubules and mitochondria
(Cattaneo et al., 2005; DiFiglia et al., 1995; Hoffner et al., 2002; Velier et al., 1998), highlighting
essential functions in the cell.

HTT is required in early developmental stages, such as gastrulation. Early studies per-
formed in mice reported embryonic lethality for homozygous HTT knockout mice (Hdh-/-) (Nasir
et al., 1995; Zeitlin et al., 1995; Duyao et al., 1995). Reduced levels of HTT led also to severe
brain deficiency as demonstrated in heterozygous knockout mice (Hdh+/-) (Nasir et al., 1995;
O'Kusky et al., 1999; White et al., 1997). These findings have also been recapitulated in zebrafish,
where morpholino-induced HTT knock-down led to neurodevelopmental defects (Henshall et
al., 2009). Recent studies, moreover, have elucidated the role of HTT in neurulation (Lo Sardo et
al., 2012), its involvement in cortical neurogenesis (Godin et al., 2010), and brain development
(Reiner et al., 2003; Tong et al., 2011). Both in humans and in mice, HTT exists in multiple forms:
the full-length protein and truncated forms, the latter deriving from alternative splicing (Hughes
et al., 2014; Kegel et al., 2002; Lin et al., 1993; Lin et al., 1994). In HD, mis-splicing of mHTT
produces an exon 1 pathogenic variant, which, together with the small fragments derived from
the proteolytic cleavage of full-length mHTT, is believed to trigger cellular and nuclear toxicity
(Sathasivam et al., 2013; Landles & Bates, 2004; Hughes et al., 2014).

1.1.5 The molecular mechanisms leading to HD pathogenesis

1.1.5.1 mHTT misfolding and aggregation

The propensity of mHTT to form intracellular aggregates is the pathological hallmark of
HD. In post-mortem brains of both human and mice, early immunocytochemical analyses have
highlighted the presence of cytoplasmic inclusion bodies (IBs) and neuronal intranuclear inclu-
sions (NllIs), which were immunopositive for the N-terminus fragment of HTT (Davies et al., 1997;
DiFiglia et al., 1997; Ordway et al., 1997; Scherzinger et al., 1999; Schilling et al., 1999). mHTT is
able to acquire a B-sheet conformation, which favours oligomerization and acts as a seed for the
further fibrillation, a process that culminates in the formation of IBs and NllIs (Poirier et al., 2005

and Figure 1-5). Misfolding and aggregation influence significantly the pathology, the onset, and
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Figure 1-5 Schematic representation of mHTT aggregation process.

Aggregation is a multi-step process leading to IBs, which is believed to be neuroprotective. Misfolded mHTT assumes
a B-sheet conformation, which favours the formation intermediate toxic species, before the assembly in amyloid like
fibers. Inclusions are characterized by a diverse range of size, varying form very small aggregates in the range of 100
nm to large IBs of 5 um (Sahl et al., 2012; DiFiglia et al., 1997). Image taken from Zuccato et al., 2010.
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the progression of HD (Bates et al., 2014). They lead to a loss-of-function state, where the mis-
folding creates a non-functional protein and consequent loss of the molecular activities funda-
mental for the survival and functioning of neurons, and to a gain-of-function state, where the
misfolded protein becomes toxic for the cell (Cattaneo et al., 2005). Most work suggests that
the gain-of-function role is the predominant contribution to pathogenesis (Gusella & MacDon-
ald, 2000). In the aggregation process, mHTT sequesters transcription factors and various pro-
teins such as chaperones, synaptic constituents, proteins implicated in neurotransmission and
in the ubiquitin-proteasome system, depleting the cell of functional components (Davies et al.,
1997).

Molecular chaperones assist in the folding of newly synthetized proteins into their native
state, where they have a well-defined secondary and tertiary structure that confers solubility
and stability. Correct protein folding ensures that the protein hydrophobic groups and a large
portion of the polypeptide backbone are not exposed. When a globular protein partially or glob-
ally unfolds, it loses its native conformational state exposing those regions that would normally
be hidden inside. Consequently, the protein gains high conformational flexibility, which en-
hances intramolecular interactions, leading to the formation of B-sheet-rich amyloid fibrils
(Soto, 2003). Using Forster Resonance Energy Transfer (FRET), Caron and co-workers found that
the N-terminal region of HTT can fold back onto its polyP region (Caron et al., 2013). They also
discovered that when the polyQ tract is more than 37Q, this conformation is altered due to a
diminished intrinsic flexibility of the polyQ region itself, which loses the capacity to fold due to
increased rigidity (Caron et al., 2013). As a result, mHTT unfolds, a phenomenon that seems to
underlie the structural changes favouring the assembly of mHTT in 3-sheets, the first step in the
formation of amyloid-like structures (Nagai et al., 2007). Molecular chaperones and co-chaper-
ones can assist in refolding (Morimoto, 2011), and when this process fails, the quality control
system of the cell ensures that improperly folded proteins are targeted to the ubiquitin pro-
teasome system (UPS) (Amm et al., 2014). However, in HD this pathway is impaired (Figure 1-6).
While initially IBs were proposed to physically “clog” the proteasome (Bence et al., 2001), recent
evidence suggest that non-aggregated mHTT is responsible for overwhelming the chaperone
system, leading to an increased flux of ubiquinated proteins “queuing” to be degraded by the
UPS (Hipp et al., 2012). With a dysfunctional UPS, proteins can be alternatively degraded by
macroautophagy (hereafter simply referred to as autophagy). In HD autophagy is impaired due
to alteration in cargo recognition, which produces empty vesicles (Martinez-Vicente et al., 2010

and Figure 1-6), hence, instead of being degraded, mHTT accumulates and aggregates.
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Figure 1-6 Summary of the main pathways disrupted by mHTT.

Chaperones activity ensures that newly synthetized proteins are correctly folded in their native state (1). However, in
the presence of an expanded polyQ tract mHTT is misfolded (2). Misfolded mHTT undergoes proteolytic cleavage,
which produces toxic N-terminal fragments, able to enter the nucleus (3). Proteins are triaged by the cellular quality
control system, which would normally target misfolded proteins and cleaved fragments to the UPS for degradation;
this is impaired in HD (4a). Deterioration of the lysosome-autophagy system prevents the clearance of misfolded and
aggregated mHTT (4b). In the cytoplasm mHTT interacts and sequester a variety of proteins causing dysfunction of
clathrin-mediated endocytosis, of vesicle transport and mitochondrial toxicity (5). Further aggregation results in cy-
toplasmic IBs and in NlIs (6). In the nucleus, mHTT sequester a variety of transcription factors leading to transcriptional
dysregulation (7). Modified from Landles & Bates, 2004.
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Similarly to other neurodegenerative disease, such as Alzheimer’s disease, Parkinson’s
disease and amyothrophic lateral sclerosis, in HD aggregates can spread between neurons in a
prion-like fashion, causing non-cell autonomous damage. This propagation occurs in neuronal
networks and, although largely elusive, appears to be dependent upon the release of synaptic
vesicles hence requiring both the exocytotic and endocytic machieneries (Babcock & Ganetzky,
2016; Pecho-Vrieseling et al., 2014).

Although IBs were initially associated with neuronal death (Davies et al., 1997; DiFiglia et
al., 1997; Ordway et al., 1997) other studies found evidence of a neuroprotective role (Cum-
mings et al., 1999; Saudou et al., 1998; Taylor et al., 2003), opening a long-term debate about
the role of aggregates in HD pathogenesis. Inhibition of aggregation has been shown to be pro-
tective in a variety of HD models, equally, manipulation in the opposite direction produced pos-
itive effects (Sisodia, 1998). In a milestone study, Arrasate and colleagues used an automated
microscopy system to examine a primary culture of rat striatal neurons transfected with N-ter-
minal fragments of mHTT (Arrasate et al., 2004). They measured IBs formed in relation to aver-
age neuronal survival, concluding that neuronal death was not associated with IBs formation
and that neurons formed IBs earlier were also the most long-lived (Arrasate et al., 2004). In their
study the authors proposed that aggregation leading to IBs formation could be a mechanism for
coping with ubiquitous toxic mHTT species. With the two main cellular degradative pathways
impaired, IBs represent a neuroprotective process to confine toxic mHTT species into a compact

structure reducing the toxic burden for the cell.

1.1.5.2 Transcriptional dysregulation and its role in the loss of function of brain-derived neuro-
tropic factor (BDNF)

Early microarray studies in R6/2 mice, which express the first exon of mHTT (Mangiarini
et al., 1996), have identified altered global transcription upon mHTT overexpression (Cha, 2000;
Luthi-Carter et al., 2000). As already mentioned, N-terminal fragments of mHTT are able to enter
the nucleus where they interact and sequester a large number of transcription factors into ag-
gregates, leading to transcriptional defects (Figure 1-6). Moreover, loss of functional wild type
HTT contributes to transcriptional dysregulation in HD. One of the main roles of HTT is the tran-
scriptional regulation of brain-derived neurotropic factor (BDNF), a regulator of neuroplasticity,
growth and survival of neurons (Zuccato et al., 2001). As reported by Zuccato and colleagues,
overexpression of HTT led to higher levels of BDNF mRNA, both in immortalized ST1A cells and
in a mouse model of HD (Zuccato et al., 2001). Conversely, constitutive or conditional Hdh+/-
mice, showed decreased level of BDNF mRNA (Zuccato et al., 2003; Zuccato & Cattaneo, 2007).

Similarly, BDNF levels in patients affected by HD were 50% lower compared to a control sample,
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demonstrating the inability to sustain normal BDNF production (Zuccato et al., 2008). As BDNF
is essential for neurons, BDNF transcriptional dysregulation is considered central in HD patho-
genesis.

1.1.5.3 Axonal and synaptic activity impairment

In HD, morphological abnormalities in the most vulnerable neurons of the brain can man-
ifest even 20 years before the actual neuronal death and are responsible for the neuronal de-
fects associated with the symptoms of the disease (Bates et al., 2014). Several studies have im-
plicated HTT in microtubule-based axonal transport. Reduction in endogenous HTT leads to ves-
icle and mitochondrial trafficking impairment in Drosophila (Gunawardena et al., 2003). More-
over, knocking down HTT in mice and in the giant axon of squid compromises axonal transport
(Szebenyi et al., 2003; Trushina et al., 2004). Wild type HTT participates in the assembly of motor
complex on microtubules. It interacts with dynactin (an essential component of the axonal
transport) via HTT-associated protein 1 (HAP1), regulating vesicular trafficking, including that of
BDNF (Saudou & Humbert, 2016). In HD, this interaction is altered due to HAP1 binding prefer-
entially to mHTT, leading to a reduced anterograde and retrograde axonal transport rate, as
observed in a variety of HD models (Gunawardena et al., 2003; Trushina et al., 2004). Moreover,
phosphorylation of HTT at serine 421 is crucial in promoting the anterograde transport of vesi-
cles along microtubules. Lack of mHTT phosphorylation further impairs vesicle trafficking (Colin
et al., 2008; Zala et al., 2008).

Defects in synaptic components have been linked with HD. They have been attributed to
various factors such as decreased expression or mislocalisation of several proteins regulating
vesicle traffic to the membranes (Smith et al., 2005). HTT is itself involved in clathrin-mediated
endocytosis via interaction with HTT-interacting protein 1 (HIP1) (Li & Li, 2004). This association
is decreased upon polyQ expansion and underlies impairment in vesicular transport (Kalchman
etal., 1997). The expanded polyQ protein has also been associated with a key molecule involved
in synaptic transmission, namely post-synaptic density 95 (PSD95). mHTT has been shown to
have lower affinity for PSD95 compared to wild type HTT. As a consequence, PSD95 binds more
strongly with the glutamate receptor N-methyl-D-aspartate (NMDAR), an ionotropic receptor
for glutamate, increasing its presence at the membrane (Sun et al., 2001). This results in exci-
totoxicity, namely a toxic effect due to excessive glutamatergic transmission. In fact, when neu-
rons are over-activated, they are also more permeable to Ca** influx in the cytoplasm, which in

turn impairs the function of mitochondria and leads to neuronal death (Fan & Raymond, 2007).

15



1.1.5.4 Mitochondrial dysfunction and oxidative stress

The pathological susceptibility of cortico-striatal neurons in HD is influenced by mitochon-
drial dysfunction (Lin & Beal, 2006). Much evidence has shown that morphological and electro-
physiological defects of mitochondria, resulting in reduced activity of the mitochondrial respir-
atory complexes in the most vulnerable regions of the brain and in body muscles (Lin & Beal,
2006 and Figure 1-6). On the one hand, mHTT is responsible for mitochondrial transcriptional
dysregulation. This affects the biogenesis of the mitochondria as well as the expression levels of
mitochondrial components, with consequent reduction in the number of organelles in the cell
(Bossy-Wetzel et al., 2008). On the other side, there is evidence that mHTT N-terminal fragments
can cause defects in healthy mitochondria, which are similar to those observed in HD (Panov et
al., 2002). In HD dysfunctional mitochondria cause alteration in Ca®* buffering, a drop in ATP
production and an overproduction of reactive oxygen species (ROS), which generate oxidative
stress (Bossy-Wetzel et al., 2008). Moreover, mHTT has been found at the mitochondrial mem-
brane, where it is believed to stimulate the release of cytochrome c, with the consequent acti-
vation of the apoptotic pathway (Orr et al., 2008).

1.1.6 Autophagyin HD

Autophagy is a catabolic process that is of fundamental importance in the clearance of
toxic misfolded mHTT. Through the formation of a double-membrane vesicle (autophagosomes)
a small portion of cytoplasm is isolated from the rest of the cell. The subsequent fusion of the
autophagosome with a lysosome produces an autophagolysosome, where proteases degrade
the engulfed material. The canonical autophagic core machinery is composed of the Atg (Au-
tophagy-related) proteins, which coordinate the cargo recognition and sequestration into the
phagophore, direct the maturation of the phagosomes into autophagosomes and their fusion
with the lysosomes (Jung et al., 2010; Kroemer et al., 2010; Klionsky & Emr, 2000). The im-
portance of autophagy in HD was greatly emphasised by a series of early investigations con-
ducted by DiFiglia and colleagues over two decades ago. Analysis of post-mortem brains of hu-
man patients revealed that mHTT accumulates in endosomal-like structures in cortical and stri-
atal neurons (Sapp et al., 1997). mHTT has also been found associated with endosomes in pa-
tient primary fibroblasts (Velier et al., 1998) and the expression of full-length HTT carrying 100Q
in clonal mouse striatal cells stimulates the production of autophagic vacuoles, lysosome-like
bodies and tubulation of endosomal membranes (Kegel et al., 2000). Similarly, an early report
by Li and co-workers in 2001 demonstrated accumulation of autolysosomes in the lateral globus
pallidus striatal projections of R6/2 HD model mouse brains. Since then, many lines of investiga-
tion have demonstrated that autophagy is impaired in HD. Expression levels of the autophagic

core proteins are altered in HD (Hodges et al., 2006; Martin et al., 2015). Moreover, a prominent
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effect of defective autophagy is represented by mHTT-triggered apoptosis. In this process,
caspases, such as caspase-3 are activated, resulting in the targeting and destruction of au-
tophagic factors such as Beclinl (BECN1), AtgdD and Atg5, enhancing mHTT toxicity (Wirawan
et al., 2010). In fact, the defective degradative pathway impacts not only on the clearance of
toxic mHTT species, but also on the degradation of damaged organelles, e.g. mitochondria, ulti-
mately exacerbating cellular dysfunction. Thus, one strategy of intervention for HD has been
largely centred on modulation of autophagy, in the attempt to improve the cellular degradative
pathway and enhance cellular clearance. Induction of autophagy, via administration of rapamy-
cin and subsequent inhibition of the Tor (Target of rapamycin) signalling pathway, has been
shown to reduce mHTT accumulation and to ameliorate HD symptoms in Drosophila and in
mouse model of HD (Ravikumar et al., 2002; Ravikumar et al., 2004). However, the human side
effects of rapamycin paved the road for the search of compounds, which more selectively en-
hance cellular autophagic levels. Tor-independent induction of autophagy was identified
through a screen conduced in yeast, which led to the discovery of a class of molecules called
small-molecule enhancers of rapamycin (SMERs) which are able to stimulate autophagy and the
consequent clearance of mHTT in HD model cells (Sarkar & Rubinsztein, 2008). In recent years,
the Rab GTPase family has been the focus of intese attention, as a variety of its members have
also been identified as modulatars of autophagy (Szatmari & Sass, 2014). Rabs are coordinators
of vesicle trafficking and their role in up-regulating the degradative clearance of mHTT has just

begun to emerge as therapeutically relevant for HD (Agola et al., 2011).

1.2 Rab proteins

Rab proteins belong to the Rat sarcoma (Ras) small GTPase superfamily, a group of pro-
teins involved in a variety of cellular signal transduction cascades, comprising about 150 mem-
bers belonging to 5 major subfamilies: Ras, Rab, Rac, Rho, and Arf. Rabs are highly related to the
yeast Yptl and Sec4 proteins (Zhen & Stenmark, 2015) and they were first isolated from a rat
brain cDNA library (Rab stands indeed for Ras-related proteins in brain) by means of oligonucle-
otide probes (Touchot et al., 1987).

Rabs are a family of monomeric G proteins that play key roles in eukaryotic cells as major
regulators of intracellular communication. They coordinate all the events in vesicle trafficking,
from vesicle budding and motility, to its fusion and its target compartment (Figure 1-7). Rabs
show a high degree of conservation sharing an identity of ~55-75% across species. With over 70
Rabs being identified in humans, 33 in flies and 11 in yeast, the members of this family show an

extremely specific compartmentalization within the cell and an increasing complexity along the
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Figure 1-7 Schematic representation of Rabs location and function in the cell.

Rabs are involved in the coordination of vesicular trafficking in specific compartments of the cell. Trafficking at the
endoplasmic reticulum exit site (ERES) and at the Golgi intermediate compartment (IC) is mediated by Rab1l. Rab2
localizes at IC and mediates the trafficking to the Golgi. A number of Rabs, namely, Rab6, Rab19, Rab30, Rab33, Rab36,
Rab39, Rab40, Rab41 and Rab43 are involved in the intra-Golgi trafficking. The secretory trafficking from the tans-
Golgi network (TGN) to the membrane surface is regulated by Rab8, which, together with Rab10 and Rab14, coordi-
nates also the glucose transporter type 4 (GLUT4) vesicle trafficking. Moreover Rab8 and Rab23 participate in cilio-
genesis. Rab2, Rab3, Rab7, Rab26, Rab27, Rab37 direct secretory vesicles and granules to the plasma membrane.
Rab27is also involved in the apical translocation of melanosomes, whose biogenesis is mediated by Rab32 and Rab38.
Rab13 mediates the regulation of tight junctions. Lipid droplets formation is controlled by Rab18. The TGN-early en-
dosome bidirectional trafficking is mediated by Rab22. Rab5 is found at the early endosome, where it regulates en-
docytosis and clathrin-coated vesicles (CCVs) fusion. With Rab34, it participates to macropinocytosis, and with Rab14,
Rab21, Rab22 and Rab31, it mediates phagocytosis. Another Rab localizing at the early endosome is Rab4, which
mediates the fast endocytic recycling at the recycling endosomes. Rab15 and Rab12 mediate vesicle delivery to the
recycling endosomes. At the apical recycling endosomes Rab15 regulates the trafficking to the basolateral membrane,
whereas with Rab17 and Rab25, it mediates the trafficking to the apical membrane. The slow endocytic recycling is
mediated by Rab11 and Rab35. Rab24 and Rab33 are involved in the autophagosomes formation, whereas Rab7 me-
diates the fusion of the autophagosomes with the lysosomes. Rab9, which localises at the late endosome, directs the
vesicle trafficking to the TGN, and with Rab7 and Rab27, it directs vesicles to the lysosomes. Rab21 regulates endo-
somal trafficking of integrin. Mitochondrial fission is mediated by Rab32. Image modified from Zhen & Stenmark,
2015.
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evolutionary scale (Colicelli, 2004; Zhang et al., 2007; Chan et al., 2011). By localising each one
in a different compartment, Rab GTPases control the specificity and directionality of their car-
gos, according to the transport route that they control. Figure 1-7 illustrates the complexity and
the specificity of the Rab vesicular trafficking in the cell.

The mechanisms of action of the Rab GTPases lie in their ability to switch between active
GTP- and the inactive GDP-bound forms. These conformation changes are facilitated by guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), two effectors that,
acting in opposite directions, catalyse GDP dissociation and trigger GTP hydrolysis respectively
(Zhen & Stenmark, 2015 and Figure 1-8). In addition, the Rab nucleotide cycling is further tuned
by their reversible interaction with membranes, which is coordinated by two further effectors:
GTP dissociation inhibitor (GDI) and GDI displacement factor (GDF). In their inactive form, Rabs
bind to Rab Escort Protein (REP) and are geranylgeranylated by a geranylgeranyl tranferase
(GGT). This modification is possible thanks to the carboxy-terminal cysteine residues, typically
being xxCC, xCxC or CCxx (where C represents the cysteine and the x any aminoacid) (Shen &
Seabra, 1996). Once prenylated, Rabs recruit GDI, which, by preventing the release of GDP, fa-
vour the Rabs disassociation from membrane and their recycle back to the cytosol. On the other
hand, the membrane association is favoured by GDF, which by recognizing the Rab-GDI com-
plexes, promotes the release of GDI and allows the Rab to accumulate on the target membrane
(zhen & Stenmark, 2015). The fine tuning of Rab activity ensures the efficient spatio-temporal

delivery of the membrane-bound cargos to their correct destinations (Figure 1-8).
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Figure 1-8 Overview of the Rab function and role in the cell.

Top panels: Schematic representation the two Rab activating mechanisms: regulation of Rab localisation by prenyla-
tion, and Rab GTPase cycle. For details, see text. Bottom panel: Schematic representation of Rab involvement in ve-
sicular traffic. In the multi-step process that goes from the budding of a newly synthetized vesicle to its fusion with
its acceptor membrane, Rab GTPases mediates the cargo sorting, the vesicle uncoating, the motility along microtu-
bules, the tethering and the finally the fusion of the vesicle with the target membrane. Image taken from Zhen &
Stenmark, 2015.
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Intracellular communication is fundamental for neurons. Neuronal polarization, release
of neurotransmitters, receptor uptake and recycling, and axonal transport are all events medi-
ated by the Rab GTPases, and mutations of Rabs or of their effectors has been linked with neu-
ropathologies that might manifest as mental retardation, peripheral neuropathy or neurological
abnormalities (Ng & Tang, 2008; Szatmari & Sass, 2014). Moreover, impaired vesicle trafficking
has been implicated in the pathogenesis of several neurodegenerative diseases (Agola et al.,
2011). In HD, the activity and/or the localisation of Rab5, Rab8 and Rab11 have been reported
to be defective, possibly contributing to the progression of the neuropathology (del Toro et al.,
2009; Li et al., 2009b; Li et al., 2009a; Li et al., 2012; Ravikumar et al., 2008). Overexpression of
Rab5 and Rab11 has been shown to ameliorate HD-induced phenotype in both flies and cell
models (Li et al., 2009b; Li et al., 2010; Ravikumar et al., 2008; Richards et al., 2011; Steinert et
al., 2012). Conversely, manipulation in the opposite direction, i.e. knock down of Rab5, was
shown to synergistically exacerbate mHTT toxicity. The ability of Rab5 to rescue HD-relevant
phenotypes has been explained by up-regulation of autophagy (Ravikumar et al., 2008). Given
their role in vesicular trafficking, it is not surprising that Rabs are also involved in several steps
of the autophagic-lysosomal pathway. A list of the Rabs that so far have been found to be in-
volved in autophagy is provided in Table 1-1. Among these, Rab8, the focus of this work, has also

been shown to be involved in autophagy.
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Table 1-1 List of Rab proteins involved in autophagy.

Atg, Autophagy-related; PIK3, Phosphatidylinositol-4,5-bisphosphate 3-kinase; BECN1, Beclin 1; LC3, Light chain;
TORC1, Target of Rapamycin Complex. Adapted from Szatmari & Sass, 2014.

Rab Localization/role Role in autophagy
Rab1l ER-Golgi transport Phagophore assembly by regulating Atg9 localization
Regulation of TORC1 activity
Rab4 Early endosomes, cargo recy- | Autophagosome formation
cling
Rab5 Early endosomes Regulation of PIK3-BECN1 complex
Regulation of TORC1 activity
Rab7 Transport of secretory and Microtubular transport of autophagosomes
recycling vesicles toward Autophagosome maturation
plasma membrane Autophagic lysosome reformation

Autophagosome formation
Regulation of TORC1 activity

Rab8 Recycling from late endo- Autophagy-based secretion
somes to TGN Autophagosome maturation during antimicrobial au-
tophagy
Rab9 Secretory pathway (yeast), Autophagosome maturation during antimicrobial au-
recycling endosomes tophagy

Autophagosome formation during Atg5- and Atg7-in-
dependent noncanonical autophagy

Rabll  ER, cis-Golgi Providing RE-derived membrane source for autoph-
agy

Maturation of autophagosomes

Regulation of TORC1 activity

Rab24  Biogenesis of lysosome-re- Co-localization with LC3 upon autophagy-induction
lated organelles, regulation
of ER-mitochondria contact
Rab32  Biogenesis of lysosome-re- Required for autophagosome formation
lated organelles, regulation
of ER-mitochondria contact
Rab33  Medial Golgi Role in autophagosome formation and maturation

1.3 Rab8

Rab8 is a protein with a molecular weight of 24 KDa (Chavrier et al., 1990). In mammals
the gene encodes for two isoforms Rab8a and Rab8b, sharing 80% of identity. The two isoforms
are ubiquitously expressed throughout the body, and despite some differences in their tissue
expression patterns, they have been shown to play similar roles in cells (Armstrong et al., 1996).
Contrary to the majority of the Rab GTPase members, which carries two cysteine at their C-ends,
Rab8 ends with a Caax motiv (where a is any aliphatic aminoacid and x any amino acid), resulting
in only one geranylgeranylation (Joberty et al., 1993; Wilson et al., 1998).

As its yeast counterpart Sec4, Rab8 is involved in the post-Golgi trafficking, highlighting
the conserved role across species. Early ICC studies have confined Rab8 localisation at the cell
periphery, specifically in the Golgi region and in cytoplasmic vesicles (Chen et al., 1993; Huber

et al., 1993b; Huber et al., 1993a). Subsequent ICC studies combined with electron microscopy
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micrographs have extended Rab8 localisation to the recycling endosome (Ang et al., 2003;
Perdnen et al., 1996; Hattula et al., 2006).

Functionally, Rab8 is a major regulator of the vesicle trafficking to the basolateral mem-
brane, in polarized epithelial cells (Huber et al., 1993b; Peranen et al., 1996; Nachury, 2008), to
the dendrites in neurons (Huber et al., 1993a) and in photoreceptor cells (Deretic et al., 1995;
Moritz et al., 2001). In particular, Rab8 has been demonstrated to direct vesicle trafficking be-
tween the TGN and the recycling endosome (RE), and from the TGN to the plasma membrane
(Ang et al., 2003; Henry & Sheff, 2008). Additionally, a great amount of evidence has demon-
strated Rab8 involvement in regulating cellular morphogenesis and shape (Armstrong et al.,
1996; Chen & Wandinger-Ness, 2001; Hattula & Perdnen, 2000; Hattula et al., 2002; Perdnen et
al., 1996; Perdanen & Furuhjelm, 2001). In neurons Rab8 has been implicated in the transport of
receptors such as a-amino-3-hydroxy-5-methyl-4- isoxazolepropionic acid (AMPA) (Brown et al.,
2007; Gerges et al., 2004), a2B- and B2- adrenergic receptors (Dong et al., 2010) and the
metabotronic glutamate receptor 1 (mGIuR1) (Esseltine et al., 2012).

Beside its well-known role in vesicular traffic, Rab8 has been recently implicated in au-
tophagy. Rab8b and its interacting partner, TANK-binding kinase 1 (TBK-1), are required for the
maturation of the autophagosome into autophagolysome (Ao et al., 2014; Bento et al., 2013;
Pilli et al., 2012). Moreover, Rab8a is involved in the regulation of the so-called unconventional
autophagy-based secretion (Dupont et al., 2011; Jiang et al., 2013). This pathway enables the
extracellular delivery of proteins without entering the conventional ER-to Golgi secretory path-
way, and it is dependent upon some components of canonical core autophagic machinery, such
as Atg5 and LC3 (Light Chain 3; Dupont et al., 2011; Jiang et al., 2013). A schematic representa-

tion of the diverse pathways in which Rab8 is involved is shown in Figure 1-9.

1.3.1 Rab8 and HTT

The first evidence of a connection between HTT and Rab8 was provided by Hattula and
Peranen (2000), who demonstrated the binding of both proteins to Optineurin (OPTN). Subse-
guently, it was shown that Rab8 co-localises with the motor protein Myosin VI at the perinuclear

region of the Golgi (Au et al., 2007; Sahlender et al., 2005).
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Figure 1-9 Schematic overview of Rab8 cellular pathways.

Rab8 is involved in the canonical vesicle secretory pathway via the ER and Golgi (left). It is also required for conven-
tional autophagy, where it mediates lysosomal trafficking and fusion of lysosomes with autophagosomes (right).
Lastly, Rab8 mediates the extracellular delivery of proteins via the unconventional autophagy-based secretion (mid-
dle). Vesicles directed both to the autophagy degradation route and to the unconventional-based autophagy are im-
munopositive for LC3-1I/Atg8-Il. Redrawn from Bento et al., 2013.
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Sahlender and colleagues proposed a model which explains how OPTN connects Rab8 to
Myosin VI and to the HTT/HAP1/Dynein complex, mediating vesicle membrane trafficking from
the TGN to the cell surface (Figure 1-10). Del Toro and co-workers (2009) provided the first link
between Rab8 and HD. Their study revealed that in cells expressing mHTT vesicular trafficking
to lysosomal compartments is impaired due to the de-localisation of Rab8/OPTN/HTT complex
from the Golgi (del Toro et al., 2009), linking therefore Rab8 to HD neuropathology. Together
these evidences suggest that depletion/mis-localisation of Rab8 might aggravate the progres-

sion of the disease, possibly by impairing autophagy-lysosomal pathway.

1.4 Modeling HD in Drosophila

Modifiers relevant to HD have been found in several large genetic screens using simple
models, i.e. yeast or cell culture. Many of these genes have been tested in animal models to
validate their function in vivo (Gusella & MacDonald, 2009; Mason & Giorgini, 2011). The mouse
is one of the most useful models in science, especially for human related research. However, its
long generation time and the associated costs, makes it very challenging, if not impossible, to
test a large numbers of candidate genes in a reasonable amount of time. These challenges can
be overcome by reducing the number of candidate genes to a smaller proportion. This screening
process can be achieved by using invertebrate models (Green & Giorgini, 2012; Mason & Gior-
gini, 2011).

D. melanogaster has proven to be an excellent model organism in many research fields.
This small insect can be conveniently manipulated in the laboratory, allowing the application of
many molecular, genetic and behavioral approaches. Its powerful and relatively easy genetics
coupled with a short generational time and its unsurpassed molecular toolkit (see below), ren-
ders Drosophila suitable for dissecting the basis of complex processes, such as neurodegenera-
tion, both at the molecular and at the behavioural levels (O’Kane, 2003). Importantly, compar-
ative genetic analyses have shown a high degree of conservation between the human and the
insect genomes: 50% of the fruit fly genes have a human ortholog and almost 80% of the genes
are implicated in human diseases are conserved in flies, hence sharing the same cellular and
molecular pathways (Bonini & Fortini, 2003). One of the main advantages in using Drosophila
resides in its nervous system, which allows the animal to perform complex behaviours, such as
memory and learning, courtship, aggression and locomotor activity, some of which can be con-

veniently used as outputs for monitoring neurological damages (Neckameyer & Bhatt, 2016).
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Figure 1-10 Carton showing the relationship between Rab8 and HTT at the TGN as proposed by Sahlender et al. (2005).

Motility along actin filaments is the result of the interplay between the Rab8/HTT/OPT complex and myosin VI. Image

taken from Sahlender et al., 2005.
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In Drosophila genetic manipulation is usually achieved via the GAL4/UAS system (Brand &
Perrimon, 1993). Briefly, a fly promoter with a convenient pattern of expression is cloned up-
stream of the coding sequence of the yeast transcription factor GAL4; this constitutes the
“driver line”. The “reporter” line is generated by cloning the cDNA of the gene of interest down-
stream of the yeast regulatory sequence UAS. The expression of the cDNA is achieved in the
progeny of the cross of driver and reporter lines. In those flies the UAS sequence is recognised
by GAL4, driving the overexpression of the gene of interest in the spatial pattern determined by
the chosen promoter (Duffy, 2002 and Figure 1-11). Moreover, temporal transgenic expression
can be achieved through the TARGET and the gene-switch systems, the first relying on the tem-
perature modulation of the GAL4 (called GAL80) and the latter exploiting drugs to induce tran-
scriptional activation of the UAS (McGuire et al., 2004). Driver and reporter lines are generated
using either P element random insertion — the trasposone used to stably incorporate exoge-
nous sequences in Drosophila’s genome — or using site-specific chromosomal insertion, the
latter mediated by the @C31 integrase system (Bischof et al., 2007; Rubin & Spradling, 1982;
Spradling & Rubin, 1982). The recent discovery of the CRISPR/CAS9 system has greatly expanded
the possibility of genome editing even further (Gratz et al., 2013). Bloomington, Kyoto, Harvard
and Vienna stock centres are the main Drosophila strain collections, possessing collectively
thousands of fly lines readily available and easily accessible (FlyBase Consortium, 2003).

The degenerative nature of HD pathology can be modelled in flies expressing mHTT, which
produces phenotypes that recapitulate the main human pathogenic features. For instance ex-
pressing mHTT with the pan-neuronal elav-GAL4 driver results in neurodegeneration of the pho-
toreceptors present in the eye, progressive impairment of locomotor activity and ultimately in
premature death, phenotypes which are all easy to score (Green & Giorgini, 2012; Marsh &
Thompson, 2006).

Several models of HD flies are available (Green & Giorgini, 2012), however flies pan neu-
ronally expressing mHTT exon 1 containing 93Q (hereafter simply referred as to HTT93Q) are
most commonly utilized to mimic HD pathogenesis and to screen for modifiers, namely genes
that intervene to modulate the phenotypic outcome of mHTT overexpression. Indeed, as al-
ready discussed, the proteolytic cleavage of full-length mHTT produces N-terminal fragments of
the mutant protein (including those comprising the first exon of the protein), which are ex-
tremely toxic for cells. These fragments induce two of the most important HD clinical features:
formation of IBs and neuronal death, which is a consistent model of the neuropathology (Slepko

et al., 2006).
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Figure 1-11 GAL4/UAS system.
In the driver line, the yeast GAL4 transcription sequence that is cloned downstream of an endogenous promoter

sequence that ensures tissue specific transcription for the transgene of interest carried by the reporter line. Image
modified from Mugit & Feany, 2002.
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Thanks to the reverse genetics approaches available in Drosophila, the HD research com-
munity has gained remarkable insights onto the disease. Undoubtedly, one of the major contri-
butions to the field was the implication of metabolites derived from the kynurenine pathway
(KP) degradation of tryptophan in HD. An initial screening, performed in yeast (Giorgini et al.,
2005), was followed up by study in HD flies, which found that modulation of KP metabolites is
protective against HD induced phenotypes (Campesan et al., 2011). These results have been
subsequently confirmed in mice (Zwilling et al., 2011), leading to promising results for potential
therapeutics. More recently, genome wide screening led to the discovery of overexpression sup-
pressors of mHTT phenotypes in yeast, among which Glutathione Peroxidase (GPx) was identi-
fied. Genetic and pharmacological manipulation of the GPx activity in mammal cells and Dro-
sophila have confirmed a protective role for the enzyme in the neuropathology (Mason et al.,
2013). It is also worth mentioning that two studies have uncovered a protective role of Rab11 in
HD cell and Drosophila models (Richards et al., 2011; Steinert et al., 2012), confirming the para-
digm that the highly conserved nature of molecular processes across models of a diverse com-
plexity can lead to the identification of putative therapeutic targets for HD.

1.4.1 Rab8 as a putative modifier for HD

A recent unpublished screen in mammalian cells in the Giorgini laboratory identified Rab8
as a putative modifier for HD (Mason and Giorgini, unpublished). Specifically, HEK293T cells ex-
pressing HTT103Q, which reduced the viability of these cells by ~50%, were co-transfected with
individual siRNAs from the Dharmacon siGENOME® siRNA Human Membrane Trafficking Library,
enriched to include the vast majority of Rab GTPases (177 genes in total). The WST-1 assay (a
colorimetric assay to quantify cell proliferation and cell viability) was used to identify genes that
significantly increased or decreased cell viability in the HTT103Q transfected cells. RNAi knock-
down of human RAB8 (hRAB8A) significantly aggravated mHTT-induced toxicity. Following this
initial finding, this work aims at further characterizing the in vivo role of Rab8 in HD model fruit
flies. In this work mHTT expression was driven either pan-neuronally, using the elav-GAL4 driver,
to test the ability of Rab8 to ameliorate mHTT-induced phenotypes, or in a specific subset of
clock cells, the PDF neurons, where mHTT induces circadian rhythm defects (Mason et al., 2013;

Sheeba et al., 2010).
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1.5 Aims and objectives

In line with a putative role for Rab8 as a modifier of HD, this work aims at developing the

following goals:

1.

Explore the role of Rab8 in HD pathogenesis using two different models: Drosophila and
mammalian cells

Dissect the nature of the interaction between HTT and Rab8

Characterize the relevance of Rab8 in the autophagic clearance of mHTT in Drosophila

Studying neurodegeneration in the PDF-expressing neurons of Drosophila
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2.1 Materials

2.1.1 Oligonucleotides

Chapter 2

Materials and methods

Table 2-1 Oligonucleotides used in this study.

All DNA oligonucleotides were synthetized and purified in standard desalted quality by Sigma-Aldrich. AT, annealing
temperature used in the PCR reaction.

Name . Sequence 5> 3’ AT
Genotyping

HTTQs check_F . AGCGCCGGAGTATAAATAGA L 60°C

HTTQs check_R . GGCTGAGGAAGCTGAGGAG . 60°C

dRab8 check_F . CAAGTGCGAATTGACCGATA - 60°C

dRab8 check_R . CCTGGACAACCAACTGTCCT . 60°C

DsRed check_F . TGAGCGTTTGTATCCTCGTG . 60°C

DsRed check_R . CGTCCCTCGGTTCTTTCATA - 60°C

. Cloning into pIREShyg3 .

GA RatRABSA_F . ACCGAGCTCGGATCTGTACAGCCACCATGGCGAAGACC . 68°C

GA RatRABSA_R GGCGCCTTCGAAGCGCTAGCTCACAGGAGACTGCACCG 68°C

GA RatRABSB_F ACCGAGCTCGGATCTGTACAGCCACCATGGCGAAGACG 68°C

GA RatRABSB_R GGCGCCTTCGAAGCGCTAGCTCAAAGCAGAGAACACCGG 68°C
Cloning into plet2.1

dRab8_F ATGGCCAAAACCTACGACTATC 58°C

dRab8_R CAGACTGCACCTGGACAAC 58°C
Cloning into pcDNA3.1

GA dRab8(dRab8-VC)_F = CTGGCTAGCGTTTAAACTTAAGGCCACCATGGCCAAAACCTAC - 63°C

GA dRab8(dRab8-VC)_R | CCACCAAGCAGACTGCACCTGGACAAC 63°C

GA VC(dRab8-VC)_F GCAGTCTGCTTGGTGGCGGTGGATCTGGTG- 65°C
GAGGCGGTAAGAACGGCATCAAGGCC

GA VC(dRab8-VC)_R GGTTTAAACGGGCCCTCTAGATTACTTGTACAGCTCGTCCATG 65°C

GA dRab8(VC-dRab8)_F = TGTACAAGTGGTGGCGGTGGATCTGGTGGAGGCGGTATGGCCAAAACC- & 63°C
TACGAC

GA dRab8(VC-dRab8)_R = GGTTTAAACGGGCCCTCTAGATTAAAGCAGACTGCACCTGGACAAC 63°C

GA VC(VC-dRab8)_F CTGGCTAGCGTTTAAACTTAAGGCCACCATGAAGAACGGCATCAAGGCC  66°C

GA VC(VC-dRab8)_R CCGCCACCACTTGTACAGCTCGTCCATG 66°C
Sequencing

pJET1.2_F . CGACTCACTATAGGGAGAGCGGC L 64°C

pJET1.2_R . AAGAACATCGATTTTCCATGGCAG . 64°C

T7_F - TAATACGACTCACTATAGGG - 45°C

BGH_R . TAGAAGGCACAGTCGAGG . 53°C

31



2.1.2 Plasmids

Table 2-2 Plasmids used in this study.

VC, C-terminus of Venus; VN, N-terminus of Venus.

Construct | Vector . Description . Source
Expression in HEK293T cells
DJ-1-GN pcDNA3.1 BiFC construct expressing the first exon of M Repici
human DJ-1 C-terminal tagged with resi- University of Leicester
dues 1to 172 of GFP (GN)
HTT19Q-VN pcDNA3.1 BiFC construct expressing the first exon of F Herrera
human HTT containing 19Q, N-terminal ITQB, Lisboa
tagged with residues 1 to 158 of Venus (VN)
HTT97Q-VN pcDNA3.1 BiFC construct expressing the first exon of F Herrera
human HTT containing 97Q, N-terminal Universidade de Lisboa
tagged with residues 1 to 158 of Venus (VN)
HTT25Q-VC pcDNA3.1 BiFC construct expressing the first exon of F Herrera
human HTT containing 25Q, N-terminal ITQB, Lisboa
tagged with residues 159 to 238 of Venus
(VN)
HTT97Q-VC pcDNA3.1 BiFC construct expressing the first exon of F Herrera
human HTT containing 97Q, N-terminal Universidade de Lisboa
tagged with residues 159 to 238 of Venus
(VN)
VC-dRABS8 pcDNA3.1 BiFC construct expressing D. melanogaster This work
RABS8 N-terminal tagged with residues 159
to 238 of Venus (VC)
VN pcDNA3.1 BiFC construct expressing the residues 159 F Herrera
to 238 of Venus (VN) Universidade de Lisboa
mRFP pcDNA3.1 Construct expressing mRFP used as trans- R Mason
fection control for BiFC University of Leicester
Stable transfection of HTT14A2.5 cells
rRABSA . pIREShyg3 . Rat RAB8 isoform A . This work
rRABSB . pIREShyg3 . Rat RAB8 isoform B . This work
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2.1.3 Antibodies

Table 2-3 Antibodies used in this study.

IB, immunoblot; ICC, immunocytochemestry.

Name Species Application | Dilution Source

a-Atg8 Rabbit B 1:3000 ETKHOEEL?Ch

Z;G].T;ZZ Rabbit :(E;C 15(5)80 Invitrogen

;:;;374 Mouse :gc 1;?880 Millipore

:;;:Zi Mouse :(E;C 15380 BD Bioscience

a-PDF Rabbit Icc 1:100 2;:&';‘:;:;? Bniversity
z;PDF Mouse IcC 1:50 DSHB

:;;;::Iin Mouse 1B 1:1000 Santa-Cruz

:;;l;t;ulin Mouse 1B 1:5000 Sigma

:I-r;g;;e HIRP Horse 1B 1:10000 | Vector

::f::;t HRP Goat 1B 1:10000 | Vector

2;e::;;luor® 488 a-mouse Rabbit ICC 1:200 ThermoFiscer Scientific
zlze;(:sl;luor® 647 a-mouse Goat ICC 1:500 ThermoFiscer Scientific
zﬁ(g;zuor@ 488 a-rabbit Goat ICC 1:500 ThermoFiscer Scientific
gzz:“-:\ouse Goat ICC 1:200 AbCam

g;:;to-;z;bbit Goat ICC 1:200 AbCam
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Table 2-5 List of lines generated in this study.

Following conventional crossing schemes, FM7 was used to remove in yw mutation from yw UAS-Rab8, yw UAS-Rab8CA
and yw UAS-Rab8DN (Table 2-4), whereas Cyo/Sco; TM6B/MKRS (Table 2-4) were used to produce the double UAS lines.

Genotype

Hereinafter

w*; P{UASp-YFP.Rab8}45
w*; P{UASp-YFP.Rab8.Q67L}05
w*; P{UASp-YFP.Rab8.T22N}12

w*; P{UASp-YFP.Rab8}45; pUAST-HTT93Qex1
w*; P{UASp-YFP.Rab8.Q67L}05; pUAST-HTT93Qex1
w*; P{UASp-YFP.Rab8.T22N}12; pUAST-HTT93Qex1
w*; pUAST-HTT93Qex1,P{UAS-AUG-DsRed}A

UAS-dRab8
UAS-dRab8CA
UAS-dRab8DN

UAS-HTT93Q,UAS-dRab8
UAS-HTT93Q,UAS-dRab8CA
UAS-HTT93Q,UAS-dRab8DN
UAS-HTT93Q,UAS-DsRed

2.1.5 Celllines

Table 2-6 List of cell lines used in this study.

Cell name Hereinafter Description Source
Adherent cells derived from a pheo-
chromocytoma of the rat adrenal
medulla (PC12 line), which upon Pon-
. . L Thompson
HTT14A2.5 HTT103Q asterone A (PA) induction expresses University of California
the 1% exon of human HTT contain- ¥
ing 103Q fused to EGFP (Apostol et
al. 2003)
HTT14A2.5 HTT14A2.5 stable transfected with
HTT103Q rRAB8A.1 This stud
RABSA.1 Qar rat RAB8A (pool number 1) 15 study
HTT14A2.5 HTT14A2.5 stable transfected with .
RABSA.2 HTT103QrRABBA.2  \ RABSA (pool number 2) This study
HTT14A2.5 HTT14A2.5 stable transfected with .
RABSB.1 HTT103QrRAB8B.1  \ RABSB (pool number 1) This study
HTT14A2.5 HTT14A2.5 stable transfected with .
RABSB.2 HTT103QrRAB8B.2 RABSB (pool number 2) This study
HEK293T HEK293T Adherent cells derived from human M Repici

embryonic kidneys

University of Leicester
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2.2 Methods

The following protocols describe the general methodologies employed throughout the
thesis work, with a list of chapter-specific techniques provided in the respective individual
chapters.

2.2.1 Drosophila husbandry

Drosophila stocks were raised on maize meal food (72gr/l maize meal, 80gr/| glucose,
50gr/| brewer’s yeast, 8.5gr/l agar, 2gr/l nipagin) in a 12 hours light-dark regime (LD 12:12) at
25°C.

2.2.2 Cell culture

Cell lines were routinely cultured at 37°C, 5% CO, in a high glucose Dulbecco modified
Eagle’s medium (DMEM) (Thermo Fisher Scientific) supplemented with 10% heat inactivated fe-
tal bovine serum (FBS), 100 U/ml penicillin/streptomycin and 2 mML-glutamine.

2.2.3 Molecular methods

2.2.3.1 Diagnostic genotyping

Diagnostic genotyping was performed on fly genomic DNA, which was extracted as de-
scribed by Gloor and Engels (1992). Briefly one CO, anaesthetized fly was transferred in a 0.2 ml
PCR tube containing 50 ul of squishing buffer (10 mM tris-HCl pH 8.2, 1 mM EDTA, 25 mM NacCl,
200 pg/ul Protease K) and mashed using a pipette’s tip. The sample was incubated at 37°C for
30 min and then at 95°C for 2 min. PCR reactions were performed with KAPA Taqg and buffer A
(Kapa Biosystems) according to manufacturer’s instructions. Primers (Table 2-1) were designed
with Primer3 (Koressaar and Remm 2007, Untergasser et al. 2012). Amplifications were carried
out on G-Storm GS4 thermal cycler (Agilegene Technologies) using the annealing temperatures
reported in Table 2-1. PCRs were run in 0.8-2% agarose gels, prepared by dissolving the appro-
priate amount of agarose in Tris-Borate-EDTA (TBE) (89 mM tris-base, 89 mM boric acid, 2 mM
EDTA), supplemented with 0.004% ethidium bromide (EtBr). DNA loading dye (5% glycerol,
0.04% bromophenol blue) was added to the DNA samples, which were subsequently loaded
onto the gel along with the HyperLadder™ (Bioline). Gels were run in 1x TBE, with running volt-
age and times being tailored to the gel concentration. Visualisation of amplicons was achieved
using the Gene Genius apparatus (Synoptics).
2.2.3.2 Cloning

Cloning PCRs were performed using Phusion® High-Fidelity DNA Polymerase and buffer B
(New England Biolabs) according to the manufacturers’ instruction. Inserts were amplified with

cloning primers sharing 15-18 bp with the respective vector (Table 2-1) which were designed
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with the NEBuilder® HiFi DNA Assembly Tool (New England Biolabs). At this stage the Kozak con-
sensus sequence — CACC —, the start and the stop codons were incorporated. PCRs were carried
out on G-Storm GS4 thermal cycler, using the annealing temperatures reported in Table 2-1.

Backbones (Table 2-2) were linearized using the appropriate restriction enzymes (New
England Biolabs)as recommend by the supplier. Following the cloning PCR and the vector line-
arization, inserts and the backbones were run and extracted from the agarose gel using the
E.Z.N.A.® Gel Extraction Spin (Omega Biotek) according to manufacturer instructions. Ligation
was performed with Gibson Assembly® Cloning Kit (New England Biolabs) as instructed by man-
ufacturer. 2 pl of a 1:3 diluted ligation product was transformed in 40 pl of XL1-MRF’ blue E. coli
cells (Stratagene), which were made chemically competent and transformed by using the
method described in (Mandel and Higa 1970). 100 pl of cells were spread on a LB plate (10 g/I
tryptone, 10 g/l NaCl, 5 g/| yeast extract, 15 g/l agar) supplemented 100 pg/ml of ampicillin and
incubated overnight at 37°C. Single colonies were inoculated in 5 ml of LB medium (10 g/l tryp-
tone, 10 g/l NaCl, 5 g/l yeast extract) and let grown overnight at 37°C. Plasmid DNA was purified
using the E.Z.N.A Plasmid Miniprep Kit | (Omega Biotek) following the manufacturer’s guidelines.
Positive constructs, identified via restriction analysis, were sent for Sanger sequencing analysis
at GATC (GATC Biotech AG), with sequencing primers listed in Table 2-1.

2.2.4 Biochemical methods

2.2.4.1 Protein extraction from Drosophila heads

50-100 flies per genotype were collected in 15 ml tubes and immediately frozen in liquid
nitrogen. Heads were separated from the bodies by alternating 3 times 10 sec of vigorously vor-
texing with flash freezing in liquid nitrogen. Heads were then sieved and collected on a dry-iced
metal plate and moved into fresh 1.5 ml tubes.

For both immunoblots and co-immunoprecipitation, 50 heads were homogenized with an
electric pestle in 30 pl of extraction buffer (10 mM tris-HCl pH 7.5, 150 mM NacCl, 0.1% NP-40)
supplied with protease inhibitor cocktail (Roche) and centrifuged at 12,100 x g for 10 min at 4°C.
Surnatant was moved into a new 1.5 ml tube.

For mHTT aggregate extraction, 100 heads were extracted in 100 pl of PBS supplied with
protease inhibitor cocktail and then were sonicated in 5 cycles of 30 sec ON/30 sec OFF as indi-
cated with Bioruptor® (Diagenode). Samples were centrifuged at 200 x g for 5 min at 4°C and
the surnatant was carefully moved into a new 1.5 ml tube.

Protein quantification was carried out by diluting the protein extracts 1:1000 in the Brad-
ford reagent (Sigma-Aldrich) allowing the mixture to settle for 15 min at RT. Protein concentra-

tion was estimated by measuring the optical density (OD) at 595 nm (ODsgs).
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2.2.4.2 Protein extraction from cells

HEK293T cells were seeded at a density of 1.5 x 10° cells/well in a 6-well plate pre-coated
with 0.01% poly-L-Lysine and incubated O/N at 37°C, 5% CO,. The following day, cells were
washed twice with PBS and then incubated for 10 min on ice with 100 ul of lysis buffer (20 mM
trizma acetate pH 7.0, 270 mM sucrose, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 5 mM sodium
pyrophosphate decahydrate, 200 mM Na-orthovandate pH 10, 10 mM B-glyceroposphatase, 1
mM DTT, 1% tritonX-100) supplemented with protease inhibitor cocktail. Cells were then
scraped from each well, collected in a new 1.5 ml tube and then centrifuged at 12,100 x g for 10
min at 4°C. Surnatant was carefully moved in a new 1.5 ml tube.

PC12 cells were maintained in T-25 culture flask. Once reaching the confluency, cells were
washed twice in PBS, treated with 3 ml of trypsine, incubated at 37°C for 3 min and then resus-
pended in 12 ml of DMEM. Cells were collected in a 15 ml tube and then were centrifuged at
700 x g for 4 min at 4°C. Pellets were resuspended in 120 ul of CelLytic M (Sigma-Aldrich) and
incubated for 10 min on ice. Lysates were moved in a in a new 1.5 ml tube and then centrifuged
at 12,100 x g for 10 min at 4°C. Surnatant was carefully moved in a new 1.5 ml tube.

Protein concentration was quantified with NanoDrop 2000 (Thermo Fisher Scientific).

2.2.4.3 SDS-Polyacrilamyde gel electrophoresis (SDS-PAGE) and transfer

25 ug of cell lysates or 20 pl of 0.25 ODsgs fly extracts were mixed with 5X Laemmli protein
loading buffer (62.5 mM tris-HCl pH 6.8, 5% B-mercaptoethanol, 50% glycerol, 2% SDS, 0.1%
bromophenol blue) and boiled for 5 min at 95°C. Following denaturation, proteins were sepa-
rated by SDS-PAGE consisting of 12-15% resolving gels (12-15% bis-acrylamide, 375 mM tris-HCI
pH 8.8, 0.1% SDS, 0.1% APS, 0.06% TEMED) and of 4% stacking gel (4% bis-acrylamide, 125 mM
tris-HCI pH 6.8, 0.1% SDS, 0.05% APS, 0.1% TEMED). Broad Range (7-175 kDa) (New England
Biolabs) was the primary ladder chosen as weight size markers. Gels were run in SDS-PAGE run-
ning buffer (25 mM tris, 192 mM glycine, 0.1% SDS), with running voltage and times being tai-
lored to gel size and concentration.

Following SDS-PAGE separation, proteins were electro-transferred on a nitrocellulose
membrane with a pore size of 0.2 um (Amersham). Gels were transferred in transfer buffer (25
mM tris, 192 mM glycine and 20% methanol), with amperage and times being tailored to the gel
concentration and size. Transfer of proteins onto membrane was confirmed by ponceau S stain-
ing (2% ponceau S dye, 5% acetic acid).

2.2.44 Immunoblotting
Membranes were washed once in TBST buffer (20 mM tris, 150 mM NaCl, 0.1% tween-20)

and subsequently blocked in blocking buffer (5% non-fat milk, 20 mM tris, 150 mM NacCl, 0.1%
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tween-20). Membranes were incubated overnight at 4°C with the primary antibody dissolved in
blocking buffer according to the concentrations listed in Table 2-3. The following day, mem-
branes were washed 3 times with TBST buffer for 15 min at RT, incubated for 2 h at RT with the
secondary antibody dissolved in blocking buffer according to the concentrations listed in Table
2-3, and washed 3 times with TBST buffer for 15 min at RT.

Proteins were detected with ECL Primer Western blotting detection reagent (Amersham)
according to manufacturer’s instruction and then exposed to radiographic film (Fuji) for the ap-
propriate lengths of time. Films were developed in developer agent (RG Universal) until bands
became visible, immersed in stop solution (ThermoFisher Scientific), and finally fixed in the fix-
ation fluid (RG Universal). After scanning the films, quantification of the band intensity was

measured and analysed with Imagel (Schneider et al., 2012).

2.3 Statistical analyses

Statistical analyses were performed with GraphPad Prism version 6.00 (GraphPad Soft-
ware, Motulsky 2007). For all the analyses the a significance level was set as 0.05. The choice
between parametric or non-parametric statistics was based on the outcome of the D’Agostino
& Pearson normality test. Based on the assumption that the data followed a Gaussian distribu-
tion, the one- and the two-way analysis of variance (ANOVA) was used to compare the mean of
3 or more independent variables, the latter being used to account for the interaction between
genotypes when considering the time factor. The Newman-Keuls was used as post-hoc test due
to its high statistical power. A one-sample t-test was used to compare the means of one variable
with a hypothetical value. Details on the choice of the hypothetical values are given in the
respective result chapters. Chi square-tests were performed for comparison of categorical vari-
ables expressed as percentages. When comparing two groups, the significance level was set as
0.=0.05, whereas it was corrected with Bonferroni post-hoc for multiple comparisons. To
evaluate a correlation between 2 factors, a linear regression test was used. The Kruskal-Wallis
was used as nonparametric statistics for comparing 3 unmatched groups and multiple compari-
sons were performed with Dunn’s post-hoc test. Survival distribution were evaluated by per-

forming a log-rank test and the Bonferroni was used as a post-hoc test.
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Chapter 3
dRABS8 rescues HD-relevant phenotypes in Drosophila

melanogaster

3.1 Introduction

As discussed above, Rab8 plays a critical role in trafficking of protein from the Golgi to the
plasma membrane (Ang et al., 2003; Huber et al., 1993; Moritz et al., 2001). Indeed, Rab8 is
found at the trans-Golgi network (TGN) and at the recycling endosome (RE), orchestrating the
cargo delivery from the TGN to the plasma membrane (Ang et al., 2004; Hattula et al., 2006;
Perdnen et al., 1996) and the membrane trafficking at recycling endosomes (RE) (Henry & Sheff,
2008).

Recent evidence showed that, in Hela cells, Rab8 is involved in the formation of a complex
with HTT that is required for the normal vesicular trafficking from the Golgi network to the
plasma membrane and lysosomes (del Toro et al., 2009; Ying & Yue, 2016). In the HD context,
however, mHTT is not correctly located in the Golgi apparatus, causing misplacement of mHTT
that in turns leads to an impaired stabilization of Rab8, which results in the accumulation of
cargo vesicles and reduced lysosomal activity (del Toro et al., 2009).

A RNAi screen of Rab GTPases and other vesicle trafficking genes identified a number of
candidate genes which modulated mHTT toxicity in HEK293T cells (Mason and Giorgini, un-
published). The Dharmacon siGENOME® siRNA Human Membrane Trafficking Library was used
to identify genes able to modify toxicity in HEK293T HTT103Q-expressing cells. Among these,
Rab8, significantly decreased cell viabililty suggesting that knockdown of this GTPase aggravates
mHTT induced toxicity (Mason and Giorgini, unpublished, see Section 1.5.2). How Rab8 is in-
volved in this process is not yet clear and there are several studies demonstrating that overex-
pression of Rab8 modifies different neuropathologies. In fact, Rab8 has been shown to provide
substantial rescue against Parkinson’s disease-induced degeneration of dopaminergic neurons
in C. elegans (Gitler et al., 2008), and to ameliorate behavioural defects in Drosophila models of
Parkinson’s disease and frontotemporal dementia (Yin et al., 2014; West et al., 2015), although
the mechanism remains elusive.

To validate the positive effect of Rab8 on HD pathogenesis in vivo, a Drosophila model of
HD (Steffan et al., 2001) was used to drive mHTT expression in the central nervous system to
mimic HD-like phenotypes (Marsh & Thompson, 2006). The aim of this chapter is to evaluate the

protection of Drosophila Rab8 (dRAB8) overexpression, exploiting three well-established assays
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collectively referred to as “standard assays” (Green & Giorgini, 2012): the eclosion assay, the
pseudopupil analysis and longevity analysis. The eclosion assay scores the emergence of adult
flies from the pupal case. Several previous studies have shown that only a fraction of flies pan-
neuronally overexpressing mHTT reaches adulthood and that modifier genes are able to ame-
liorate this phenotype (Campesan et al., 2011; Richards et al., 2010; Vittori et al., 2014; Wolf-
gang et al., 2005). The pseudopupil analysis evaluates the neurodegenerative progression in
photoreceptor cells of the fly eye. The Drosophila compound eye is a highly sophisticated visual
structure, which consists of about 800 repetitive units, called ommatidia. Each ommatidium con-
tains 8 microvillar photoreceptor cells (or rhabdomeres) projecting into the central cavity which
bundle together in a trapezoidal pattern. Of these only 7 are visible by light microscopy and their
presence/absence constitutes the metric for this assay, which has been largely employed for
testing modifiers of HD (Mason et al., 2013; Richards et al., 2010; Campesan et al., 2011; dos
Santos et al., 2014; Varadarajan et al., 2015; Vittori et al., 2014; Vittori et al., 2013; Sajjad et al.,
2014; Ravikumar et al., 2004; Steffan et al., 2001). Finally the longevity analysis measures the
total lifespan of a cohort of flies. Indeed, pan-neuronal mHTT expression leads to a dramatic
decrease in fly viability, shortening the median survival, namely Ts, (time at which the popula-
tion is halved), and has been previously used to test modifers of HD (Steffan et al., 2001; Vittori
et al., 2014; Richards et al., 2010). Due their fast and reliable read-out, these assays were used
as an initial in vivo screen.

To fully explore dRABS8 expression in HD flies in relation to its GDP/GTP exchange cycle,
the effects of two dRAB8 mutants — a dominat negative (DN) form and a constitutively active
(CA) form — were explored in the context of the standard assays. The dominant negative mutant
has a threonine to asparagine substitution at the residue 22 (T22N; Figure3-1), which results in
a lower affinity for GTP than for GDP (Feig & Cooper, 1988). Moreover, as the mutation has been
reported to sequester GEFs (Guanine nucleotide exchanging factors), which catalyse the ex-
change of GDP for GTP, dRAB8DN has a dominant negative effect on the endogenous GTPase.
dRAB8CA, on the other hand, has a glutamine to leucine substitution at the residue 67 (Q67L;
Figure 3-1), which, by inhibiting the catalysers of GTP hydrolysis, i.e. GAPs (GTPase-activating
proteins), renders dRAB8 constitutively active (Der et al., 1986).

All in all, my results support the idea of a beneficial role of dRAB8 overexpression in HD

model flies and and that dRAB8 rescue depends on the nucleotide-binding state of the GTPase.
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Highlighted aminoacids represent the T22L and the Q67L mutations, whereas consensus_ss indicates o-helics (h) or B-sheets (e).
Alignment and prediction of the secondary structures were performed with MultAlin (Corpet, 1988).
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3.2 Materials and methods

3.2.1 Drosophila crosses

Pan-neuronal expression of the genes was achieved by crossing UAS females (Table 2-5)
with the X-chromosome driver elav-GAL4 (Table 2-4), resulting in F1 progeny whereby only the
females express the reporters as shown in Table 3-2. UAS and GAL4 control crosses were gener-

1118 1118 .
males or w " females with elav-GAL4 males

ated by crossing UAS females (Table 2-5) with w
(Table 2-4) respectively as shown in Table 3-1. Crosses were set up on maize food and kept at

25°C for 10 days.

Table 3-1 Parental crosses and their F1 progeny genotypes of experimental lines.

DN, dominant negative; CA, constitutive active.

Parental crosses F1 progeny

elav>UAS

Q elav>HTT93Q

& HTT93Q UAS ctrl

Q elav>HTT93Q,DsRed

& HTT93Q,DsRed UAS ctrl

Q elav>HTT93Q,dRab8

& HTT93Q,dRab8 UAS ctrl

Q elav>HTT93Q,dRab8CA

& HTT93Q,dRab8CA UAS ctrl
Q elav>HTT93Q,dRab8DN

& HTT93Q,dRab8DN UAS ctrl

Q UAS-HTT93Q x & elav-GAL4

Q UAS-HTT93Q,UAS-DsRed x & elav-GAL4

Q UAS-HTT93Q,UAS-dRab8 x 3 elav-GAL4

Q UAS-HTT93Q,UAS-dRab8CA x & elav-GAL4

Q UAS-HTT93Q,UAS-dRab8DN x & elav-GAL4

UAS ctrl

pR—— gimuaussen

Q UAS-HTT93Q,UAS-DsRed x 3 w''* g :Egiggzﬁzg 322 z:::

Q UAS-HTT93Q,UAS-dRab8 x & w'™* g :Egigji:gz 322 z::

Q UAS-HTT93Q,UAS-dRab8CA x 3 w''*® g :Egigji:gzgﬁ 322 z:::
1118 @ HTT93Q,dRab8DN UAS ctrl

UAS-HTT93Q,UAS-dRab8DN
Q Q a xgw & HTT93Q,dRab8DN UAS ctrl

GALA4 ctrl
Q GAL4 ctrl

1118
Qw " x& elav-GAL4 3 GAL4 ctrl

3.2.2 Diagnostic genotyping

Diagnostic PCR was performed as described in Section 2.2.3 with primers (HTT93Qs check
F and R, dRab8 check F and R, DsRed check F and R) listed in Table 2-1.
3.2.3 Eclosion assay

10 parallel vials containing 5 females and 5 males each were set up as reported in Table

3-1. Parents were removed after 5 days and the number of females and males hatching from
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each tube was recorded, until all the viable F1 had eclosed. The percentage of eclosion was
calculated as the ratio between females and total number of eclosed flies for each vial. One-way
ANOVA followed by Newman-Keuls multiple comparisons test was performed using GraphPad
Prism.
3.2.4 Pseudopupil analysis

Females expressing the transgenes, ie. elav>HTT93Q, elav>HTT93Q,DsRed,
elav>HTT93Q,dRab8, elav>HTT93Q,dRab8CA and elav>HTT93Q,dRab8DN (Table 3-1) and UAS
control males from the same parents, i.e. HTT93Q UAS ctrl, HTT93Q,DsRed UAS ctrl,
HTT93Q,dRab8 UAS ctrl, HTT93Q,dRab8CA UAS ctrl, HTT93Q,dRab8DN UAS ctrl (Table 3-1) were
collected at day 1 and day 7 post-eclosion, with day 0 indicating the day of eclosion. 15 to 40
heads per genotype were glued on a slide for analysis by light microscopy, and the number of
rhabdomeres for 30 to 90 ommatidia was scored for each head. Eyes were analysed at on a
Nikon Optiphot-2 microscope (Nikon), using an immersion-oil Plan Apo 40x/1.0NA objective.
Two-way ANOVA followed by Newman-Keuls multiple comparisons test was performed using
GraphPad Prism.
3.2.5 Longevity assay

For each genotype (elav>HTT93Q, elav>HTT93Q,DsRed, elav>HTT93Q,dRab8,
elav>HTT93Q,dRab8CA and elav>HTT93Q,dRab8DN, Table 3-1), 100 females were collected
within 6 h of emergence, equally allocated into 10 vials, and kept at 25°C. The number of surviv-
ing flies was recorded daily and fresh food was provided to the animals every other day. Lifespan
and survival curves were plotted following Kaplan-Meier survival analysis, and statistical signifi-
cance of curves was assessed using the log-rank (Mantel-Cox) test using GraphPad Prism. After
comparing the 5 test groups, genotypes were compared two at a time, with the significance

being adjusted with Bonferroni, to account for multiple comparisons.

3.3 Results

3.3.1 Overexpression of dRAB8 ameliorates impaired eclosion in HD Drosophila model

To test whether dRAB8 improves failure of emergence from the pupal case, flies carrying
HTT93Q and dRAB8 were mated to elav-GAL4 males (Table 3-1) and the F1 progeny hatching
from this cross — where only the females express the transgenes — were scored as described in
the previous Section (3.2.3).

As expected, a one-way ANOVA (F(11,105)=18.92, p<0.0001, Figure 3-2) showed that the
elav>HTT93Q sex ratio significantly deviated from the ~50% exhibited by control strains (post-
hoc Newman-Keuls, elav>HTT93Q vs HTT93Q UAS ctrl, p<0.0001; elav>HTT93Q vs GAL4 ctrl,
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p<0.0001, Figure 3-2). The overexpression of dRAB8 ameliorated this phenotype, showing a ~1.4
fold increase in eclosion levels (post-hoc Newman-Keuls, elav>HTT93Q vs elav>HTT93Q,dRab8,
p<0.05, Figure 3-2).

To determine whether the ability of dRAB8 to switch between its GDP/GTP state was re-
quired for the observed rescue, | also assayed flies expressing either the dominant negative
(dRAB8DN, Table 2-5), or the constitutive active (ARAB8CA, Table 2-5) forms (Zhang et al., 2007),
elav>HTT93Q,dRab8DN and elav>HTT93Q,dRab8CA respectively. | found comparable sex ratio
values between elav>HTT93Q,dRab8DN and elav>HTT93Q (elav>HTT93Q,dRab8DN vs
elav>HTT93Q, p>0.05, Figure 3-2), suggesting that the dominant negative mutant does neither
improve nor worsen the emergence of flies from their pupal case. | also found comparable val-
ues between elav>HTT93Q,dRab8CA and elav>HTT93Q,dRab8 (post-hoc Newman-Keuls,
elav>HTT93Q,dRab8CA vs elav>HTT93Q,dRab8, p>0.05, Figure 3-2), suggesting that the consti-
tutively active form of dRABS8 increases the eclosion levels similarly to the wild type form.

In order to exclude potential GAL4 titration from the UAS-HTT93Q site as the reason for
dRABS8 rescue, | adopted the strategy of Steinert et al. (2012), who co-expressed HTT93Q with
DsRed.

In line with my expectations, the number of elav>HTT93Q females was comparable to its
titration control counterpart (post-hoc Newman-Keuls, elav>HTT93Q vs elav>HTT93Q,DsRed,

p>0.05, Figure 3-2), suggesting that dRAB8 ameliorates the eclosion phenotype.
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Figure 3-2 Overexpression of dRABS8 partially rescues adult emergencies failure of HD flies.

Sex ratios of eclosing flies calculated as % of females/total number of flies over 9 days. Triangles represent tests flies (elav>HTT93Q,
elav>HTT93Q,DsRed, elav>HTT93Q,dRab8, elav>HTT93Q,dRab8DN, elav>dRab8DN, elav>HTT93Q,dRab8CA,) whereas circles repre-
sent UAS and the GAL4 controls. For graphic simplicity, asterisks above UAS ctrl indicate a statistical difference with their elav-GAL4
counterpart. Data are mean +SEM. One-way ANOVA, F11,105=18.92, p<0.0001. Post-hoc Newman-Keuls: elav>HTT93Q vs HTT93Q
UAS ctrl, p<0.0001, elav>HTT93Q vs GAL4 ctrl, p<0.0001, elav>HTT93Q vs elav>HTT93Q,dRab8, p<0.01, elav>HTT93Q vs
elav>HTT93Q,DsRed, p>0.05, elav>HTT93Q,DsRed vs HTT93Q,DsRed UAS ctrl, p<0.0001, elav>HTT93Q,DsRed vs GAL4 ctrl, p<0.0001,
elav>HTT93Q,DsRed vs elav>HTT93Q,dRab8, p<0.001, elav>HTT93Q,dRab8DN vs HTT93Q,dRab8DN UAS ctrl, p<0.001,
elav>HTT93Q,dRab8DN vs GAL4 ctrl, p<0.0001, elav>HTT93Q,dRab8DN vs elav>HTT93Q,dRab8, p<0.05, elav>HTT93Q,dRab8DN vs
elav>dRab8DN, p<0.05, elav>dRab8DN vs GAL4 ctrl, p>0.05, elav>HTT93Q,dRab8 vs UAS HTT93Q,dRab8, p<0.05,
elav>HTT93Q,dRab8 vs GAL4 ctrl, p<0.05. N=10 for each genotype, based on the following number of total eclosed flies:
elav>HTT93Q N=896, HTT93Q UAS ctrl N=1006, elav>HTT93Q,DsRed N=940, HTT93Q,DsRed UAS ctrl N=1118, elav>HTT93Q,dRab8
N=851, elav>HTT93Q,dRab8DN N=908, HTT93Q,dRab8DN UAS ctrl N=1282, elav>dRab8DN N=1282, elav>HTT93Q,dRab8CA N=730,
HTT93Q,dRab8CA UAS ctrl N=817, HTT93Q,dRab8 UAS ctrl N=943, GAL4 ctrl N=1091.
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3.3.2 dRABS overexpression ameliorates neurodegeneration in the eyes

To further evaluate dRABS rescue, | scored neurodegeneration of the photoreceptor neu-
rons of Drosophila’s eyes at day 1 and day 7 post-eclosion. Controls flies (HTT93Q UAS ctrl,
HTT93Q,DsRed UAS ctrl, HTT93Q,dRab8CA UAS ctrl, HTT93Q,dRab8DN UAS ctrl and GAL4 ctrl,
Table 3.1) displayed 7 rhabdomeres at both time points (Figure 3-3). A two-way ANOVA showed
a significant effect of age (F(1,233=192.3, p<0.0001, Figure 3-3.C), genotype (F(233=80.47,
p<0.0001, Figure 3-3.C) and a significant interaction age x genotype (F,233=26.24, p<0.0001,
Figure 3-3.C). The Newman-Keuls post-hoc, revealed an age-dependent loss of photoreceptor
cells in elav>HTT93Q flies (dayl vs day7, p<0.0001, Figure 3-3.C). dRAB8 overexpression signifi-
cantly ameliorated degeneration by reducing the loss of rhabdomeres at both day 1 (post-hoc
Newman-Keuls, elav>HTT93Q vs elav>HTT93Q,dRab8, p<0.0001, Figure 3-3.C) and at day 7
(post-hoc Newman-Keuls, elav>HTT93Q vs elav>HTT93Q,dRab8, p<0.0001, Figure 3-3.C).

Interestingly, co-expression of mHTT with dRAB8DN (elav>HTT93Q,dRab8DN) was not sig-
nificantly different from flies expressing mHTT solely at day 1 (post-hoc Newman-Keuls,
elav>HTT93Q vs elav>HTT93Q,dRab8DN, p>0.05, Figure 3-3.C), however, it aggravated the the
loss of photoreceptor cells at day 7 (post-hoc Newman-Keuls, elav>HTT93Q vs
elav>HTT93Q,dRab8DN, p>0.0001, Figure 3-3.C). As dRAB8DN per se (elav>dRab8DN) did not
show a decreased number of rhabdomeres neither at day 1 nor at day 7 (Figure 3-3.C), these
results might suggest a synergistic interaction of the inactive GTPase with the toxic polyQ pro-
tein.

Also elav>dRab8CA flies showed a wild type-like phenotype (i.e. 7 rhabdomeres at both
times points, Figure 3-3.C), whereas co-expression of dRAB8CA with mHTT provided a modest
but significant rescue at day 7 (post-hoc Newman-Keuls, elav>HTT93Q vs
elav>HTT93Q,dRab8CA, p<0.05, Figure 3-3.C), but not at day 1 (post-hoc Newman-Keuls,
elav>HTT93Q vs elav>HTT93Q,dRab8CA, p>0.05, Figure 3-3.C). No GAL4 titration effect was ob-
served at day 1, as no difference was observed between elav>HTT93Q and elav>HTT93Q,DsRed
flies (post-hoc Newman-Keuls, p>0.05, Figure 3-3.C). However, a minor rescue was observed at
day 7, with elav>HTT93Q,DsRed flies displaying a significant higher number of rhabdomeres
compared to mHTT flies (post-hoc Newman-Keuls, elav>HTT93Q vs elav>HTT93Q,DsRed, p<0.05,
Figure 3-3.C), which could underlie a slight titration effect. However, the fact that
elav>HTT93Q,dRab8 flies displayed significantly more rhabdomeres than elav>HTT93Q,DsRed
flies at day 7 (post-hoc Newman Keuls, p<0.0001, Figure 3-3.C) further supports the beneficial
role of dRAB8 in ameliorating neurodegeneration in the eyes and highlights that the wild-type,

fully functional protein is required to provide protection.
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Figure 3-3 Overexpression of dRAB8 slows down HD neurodegeneration in the rhabdomeres.

A Drosophila’s head showing composite eyes, scale bar=250 um. B Representative pseudopupil images at day 7 of WT flies and
elav>HTT93Q. In control flies 7 rhabdomeres are visible (left panel), whereas overexpression of HTT93Q induced loss of neuronal
photoreceptor cells (right panel). Scale bar=10 um. C Quantification of average rhabdomeres per ommatidium calculated for at least
30 ommatidia per fly head at day 1 and day 7 in elav>HTT93Q, elav>HTT93Q,DsRed, elav>HTT93Q,dRab8, elav>HTT93Q,dRab8CA
and elav>HTT93Q,dRab8DN flies. Data are mean +SEM. Two-way ANOVA, Interaction Age x Genotype F,233=26.24, p<0.0001, Age
F(1,233=192.3, p<0.0001, Genotype F,33=80.47, p<0.0001. Post-hoc Newman-Keuls, Genotypes comparison: DAY1: elav>HTT93Q vs
elav>HTT93Q,dRab8, p<0.0001, elav>HTT93Q vs elav>HTT93Q,DsRed, p>0.05, elav>HTT93Q vs elav>HTT93Q,dRab8DN, p>0.05,
elav>HTT93Q vs elav>HTT93Q,dRab8CA, p>0.05, elav>HTT93Q,DsRed vs elav>HTT93Q,dRab8, p<0.0001, elav>HTT93Q,dRab8DN vs
elav>HTT93Q,dRab8, p<0.0001, elav>HTT93Q,dRab8CA vs elav>HTT93Q,dRab8, p<0.0001; DAY 7: elav>HTT93Q vs
elav>HTT93Q,dRab8, p<0.0001, elav>HTT93Q vs elav>HTT93Q,DsRed, p>0.05, elav>HTT93Q vs elav>HTT93Q,dRab8DN, p<0.0001,
elav>HTT93Q vs elav>HTT93Q,dRab8CA, p<0.01, elav>HTT93Q,DsRed vs elav>HTT93Q,dRab8, p<0.0001, elav>HTT93Q,dRab8DN vs
elav>HTT93Q,dRab8, p<0.0001, elav>HTT93Q,dRab8CA vs elav>HTT93Q,dRab8, p<0.0001. Post-hoc Newman Keuls, Ages compari-
son: elav>HTT93Q DAY1 vs DAY7, p<0.0001, elav>HTT93Q,DsRed, DAY1 vs DAY7, p<0.0001, elav>HTT93Q,dRab8, DAY1 vs DAY7,
p<0.01, elav>HTT93Q,dRab8CA DAY1 vs DAY7, p<0.01, elav>HTT93Q,dRab8DN, DAY1 vs DAY7, p<0.0001. Numbers within columns
represent N values (number of heads analysed).
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3.3.3 dRABS overexpression improves shortened lifespan in HD flies

To further examine the protective role of dRABS8, | investigated the effects of the overex-
pression of this small GTPase on a cohort’s viability.

The log-rank analysis (Mantel-Cox x2(4)=115.8, p<0.0001) showed that early lethality was
moderately rescued by dRAB8 overexpression (post-hoc Bonferroni, elav>HTT93Q vs
elav>HTT93Q,dRab8, p>0.001, Figure 3-4 and Table 3-3). In addition | found that while the sur-
vival curve of elav>HTT93Q was not significantly different compared to elav>HTT93Q,dRab8DN
(elav>HTT93Q vs elav>HTT93Q,dRab8DN, p>0.05, Figure 3-4 and Table 3-3),
elav>HTT93Q,dRab8CA showed an increased lifespan compared to HD flies (elav>HTT93Q vs
elav>HTT93Q,dRab8CA, p<0.01, Figure 3-4 and Table 3-3), yet significantly shorter than the
lifespan of elav>HTT93Q,dRab8 flies (elav>HTT93Q,dRab8 vs elav>HTT93Q,dRab8CA, p<0.01,
Figure 3-4 and Table 3-3), suggesting once again a beneficial effect of wild-type dRAB8 versus

the constitutely active form.
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Figure 3-4 Overexpression of dRAB8 extends the lifespan of HD flies.

elav>HTT93Q

elav>HTTI93Q,dRab8DN
elav>HTT93Q,dRab8CA

elav>HTT93Q,dRab8
elav>HTTI93Q,DsRed

Female longevity data plotting survival percentages versus time of elav>HTT93Q, elav>HTT93Q,DsRed, elav>HTT93Q,dRab8,
elav>HTT93Q,dRab8CA and elav>HTT93Q,dRab8DN flies. Flies were kept at 25°C. Log-rank (Mantel-Cox test), df=4, p<0.0001. Me-
dian lifespan (Tso): elav>HTT93Q=6 days, elav>HTT93Q,DsRed=16 days, elav>HTT93Q,dRab8=17 days,elav>HTT93Q,dRab8CA=9 days
and elav>HTT93Q,dRab8DN=5 days. Pairwise comparison corrected with Bonferroni for multiple comparison test: elav>HTT93Q vs
elav>HTT93Q,DsRed, p<0.001, elav>HTT93Q vs elav>HTT93Q,dRab8DN, p>0.05, elav>HTT93Q vs elav>HTT93Q,dRab8CA, p<0.001,
elav>HTT93Q vs elav>HTT93Q,dRab8, p<0.001, elav>HTT93Q,DsRed vs elav>HTT93Q,dRab8, p>0.05, elav>HTT93Q,dRab8DN vs
elav>HTT93Q,dRab8, p<0.001, elav>HTT93Q,dRab8CA vs elav>HTT93Q,dRab8, p<0.01. N=100 flies per genotype.

Table 3-3 Log-rank (Mantel-Cox) analysis for pairwise comparison of survival curves.

Survival curves are compared and significativity was adjusted with Bonferroni post-hoc. * p<0.05, ** p<0.01, *** p<0.001, n.s.

p>0.05.
Genotypes elav>HTT93Q elav>HTT93Q,DsRed elav>HTT93Q,dRab8
elav>HTT93Q -
elav>HTT93Q,DsRed Hokk -
elav> HTT93Q,dRab8 Hxx n.s -
elav>HTT93Q,dRab8CA ** **
elav>HTT93Q,dRab8DN n.s. Hokk
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Interestingly, since no statistical difference between elav>HTT93Q,DsRed and
elav>HTT93Q,dRab8 was observed (elav>HTT93Q,DsRed vs elav>HTT93Q,dRab8, p>0.05, Figure
3-4 and Table 3-3) a series of analyses were carried out to validate these results.

Firstly, to exclude the possibility of contamination between the fly lines, the assay was
replicated and death flies were genotyped by PCR. This confirmed that the survival curves al-

ready obtained (Appendix, Figure 8-1 and Table 8-1) as derived from correct genotypes (Figure
3-5).

51



H 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 W

600 bp—
400 bp—

200 bp—

<« 458 bp

HL 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 W

600 bp—
400 bp-

200 bp- <4— 219 bp

12 13 14 15 W

HL 1 2 3 4 5 6 7 8 9 10 11

600 bp—
400 bp-

200 bp-

<— 563 bp
< 247 bp

Figure 3-5 PCR results confirming the genotype of flies tested.

Representative PCR genotyping for elav>HTT93Q (1-5), elav>HTT93Q,DsRed (6-10) and elav>HTT93Q,dRab8 (11-15) flies used in the
longevity assay. A Reaction including primers to amplify HTT93Q from UAS-HTT93Q (458 bp). B Reaction including primers to amplify
DsRed from UAS-DsRed (219 bp). C Reaction including primers to amplify dRab8 from genomic UAS-dRab8 DNA (563 bp and 247 bp
respectively). HL, Hyperladder molecular weight marker; W, water (negative control). Arrows indicate the molecular weights of the
bands of interest.
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If the observed prolonged elav>HTT93Q,DsRed flies lifespan was a result of the GAL4 be-
ing titrated from the UAS-HTT93Q site, then one should expect a significantly lower mHTT ex-
pression in elav>HTT93Q,DsRed flies compared to elav>HTT93Q flies. However, immunoblot
analysis revealed comparable HTT93Q expression levels in the three fly lines (one-way ANOVA,
p=0.0473, post-hoc Newman-Keuls, p>0.05, Figure 3-6), thereby arguing against a titration ef-
fect, both for DsRed and for dRAB8. A remote possibility was represented by the w;;UAS-
HTT93Q,UAS-DsRed line having accumulated modifiers over time that might have contributed
to the phenotype observed. However, replicates of pseudopupil analysis and eclosion assay (Ap-
pendix, Figure 8-2) indicated that this was not the case or at least that the accumulated modifi-
ers influenced the longevity solely.

Finally, a plausible explanation could rely on DsRed’s ability to provide rescue, acting as a
non-inert protein (see discussion for more details).

As the spectrum of possibilities was vast to explore and the answer of this question was
beyond the scope of this work, | have concluded that elav>HTT93Q,DsRed is not a good titration
control and given the immunoblot results, | have decided to remove it from further analyses in

subsequent chapters.
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Figure 3-6 HTT expression is not titrated by the presence of a second UAS-transgene.

A Representative immunoblot showing HTT93Q expression in elav>HTT93Q, elav>HTT93Q,DsRed and elav>HTT93Q,dRab8 flies at
day 1. B Protein quantification revealed comparable HTT relative abundance in all three fly lines. Data are mean +SEM. One-way
ANOVA, F;6=5.297, p=0.0473. Post-hoc Newman-Keuls, n.s. N=3.
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3.4 Discussion

Following an initial screen performed in mammalian cells (Mason and Giorgini, un-
published), | sought to determine whether dRAB8 overexpression improved mHTT-induced neu-
rodegeneration in a Drosophila model of HD. This aim was approached by performing three well-
established neurodegenerative assays: assessing eclosion, pseudopupil analysis and lifespan
analysis.

Failure of eclosion was partially rescued by dRAB8 overexpression, implicating a beneficial
role of this modifier in HD pathogenesis from early developmental stages. It is worth noting that
the constitutive active form of dRAB8 (dRAB8CA), but not the dominant negative one
(dRAB8DN), provided a rescue comparable to the wild type protein, thus highlighting the im-
portance of the activated state of the GTPase.

Neurodegeneration in the eyes was also partially rescued by dRAB8 overexpression, with
a trend that over time suggested a slowing down of the neurodegeneration process. Interest-
ingly mHTT loss of rhabdomeres at day 7 was enhanced when HTT93Q was co-expressed with
dRAB8DN, suggesting a synergistic effect between the two proteins. Remarkably, in the frog
Rana berlandieri, Rab8 has been proposed to play a role in the post-Golgi transport of rhodopsin
(Deretic et al., 1995), which plays a structural role also in Drosophila photoreceptor develop-
ment (Kumar & Ready, 1995). Later studies have shown that a Rab8 inactive mutant caused
retinal degeneration in the toad Xenopus laevis (Moritz et al., 2001), therefore it is tempting to
link dRAB8DN overexpression also to abnormalities in rhodopsin transport in Drosophila. If that
was case, the lack of rhabdomere loss in elav>dRab8DN flies could be explained by testing too
early of a time point (day 7), and would therefore be interesting to score rhabdomere number
at later stages. dRAB8CA (elav>HTT93Q,dRab8CA) provided no (day 1) or little (day 7) rescue,
suggesting that the cycling of dRAB8 between GTP- and GDP-bound forms is crucial for confer-
ring protection.

dRABS8 overexpression extended the median lifespan of HD flies by about one week. Sim-
ilarly, elav>HTT93Q,dRab8CA flies showed a prolonged lifespan, whereas no difference was ob-
served in elav>HTT93Q,dRab8DN flies. These data suggest once again that a functional dRAB8
protein is required for the observed beneficial effects. Indeed the mechanism of action of the
GTPases is superimposed onto their GTP/GDP exchange cycle, which is responsible for the asso-
ciation/disassociation from the subcellular membranes. In their inactive form, GDP-bound Rabs
are found in the cytoplasm, where they interact with GDI (GDP Dissociation Inhibitor) proteins,
forming cytosolic Rab-GDI complexes that are targeted to specific membrane compartments.

Once in the membrane, Rabs are activated by GEFs (guanine nucleotide exchange factors) which
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catalyse the exchange of GDP to GTP. In their active GTP-bound form, Rabs recruit their effectors
thus driving downstream functions, i.e. migration, docking and fusion of vesicles to the acceptor
membrane. Rabs are recycled back to the donor membrane when GAPs (GTPase-Activating Pro-
teins) hydrolyse GTP to GDP (Zhen & Stenmark, 2015). Therefore the Rab dominant negative
mutant — whose inability to switch to its active form, constrains the Rab to a permanent “off”
state — and the Rab constitutively active mutant — whose recycle is abolished due to its inability
to switch to an “off” state — function as negative regulators in protein transport, suggesting how
the impairment of “fine-tuning” dRABS8 function could compromise cellular trafficking which
produces detrimental consequences in the HD context (Peranen et al., 1996).

To ensure that the rescue observed by dRAB8 co-expression with HTT93Q was genuine
and not a titration effect, | generated a reporter line carrying two UAS, i.e. UAS-HTT93Q,UAS-
DsRed (Table 2-5). The advantage of having the two UAS inserts of interest already in the same
fly line compared to having the driver and the reporter in the same line, is that it eliminates the
need of generating multiple stocks for different drivers. Moreover, a GAL4>UAS stock that con-
stantly expresses the reporter gene, could potentially accumulate background modulators and
distort the phenotypical analysis. In my hands, the titration control elav>HTT93Q,DsRed showed
a modest rescue of rhabdomeres at day 7 (although not as marked as in elav>HTT93Q,dRab8
flies) and a survival curve comparable to elav>HTT93Q,dRab8, raising uncertainty about dRAB8
protection and about the titration control’s legitimacy. Although a clear explanation for the
DsRed rescue is not currently available, this could reflect a line-specific position effect deriving
from the random P element. Indeed genomic insertions of UAS-dRab8 and UAS-DsRed might
disrupt different genes having pleiotropic effects on both phenotypes. This hypothesis could be
tested by using a different UAS-HTT93Q,UAS-DsRed fly line.

Another possibility is that the DsRed rescue could reflect a protective action exerted by
the fluorophore itself, perhaps acting as a scavenger of reactive oxygen species (ROS). There is
much evidence for a role of oxidative stress in HD pathogenesis (Ross & Tabrizi, 2011; Bates et
al., 2014) and of the positive effects of antioxidants slowing down disease progression in model
systems (Gil-Mohapel et al., 2014). The Discosoma sp. fluorescent protein, might affect the RE-
DOX state of the cells via light induced electron transfer in a GFP-like manner (Bogdanov et al.,
2009). Although purely speculative, it is plausible that in flies the overexpression of DsRed may
constitutively activate the anti-ageing/anti-ROS cellular response, thus behaving as an antioxi-
dant protein (Funahashi et al., 2016; Palmer et al., 2009). This would provide protection against
oxidative stress derived from the expression of mHTT and ultimately improve lifespan (Besson
et al., 2010; Sun & Tower, 1999). Measuring ROS production in flies exprerssing mHTT, would

provide a direct test to this hypothesis.
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Given all this, a titration effect is unlikely to underlie the rescue observed by dRABS8 over-
expression, as its mutants, dRAB8DN and dRAB88CA, showed consistently a predictable pheno-
type in all the assays when co-expressed with HTT93Q. In the pseudopupil assay, moreover,
dRAB8DN expression on its own did not lead to evident phenotypic changes, thus arguing
against any tritation artefacts. Indeed, if co-expression of dRAB8DN and HTT93Q titrates the
GAL4 from the UAS sites of both HTT93Q and dRAB8DN, then one would expect to find more
rhabdomeres in elav>HTT93Q,dRab8DN flies compared to elav>HTT93Q flies at day 7 and not
viceversa as observed. Most importantly the immunoblot analysis confirmed similar HTT93Q ex-
pression levels in all the experimental fly lines, de facto eliminating the need of a titration control
line.

In conclusion, these assays provided an initial, yet robust and reproducible, support for
dRAB8 as modifier of polyglutamine toxicity in Drosophila melanogaster. While, the actual
mechanism of neuroprotection against HD-relevant phenotypes is far from clear, it is plausible
that overexpression of dRAB8 could rescue the lysosomal pathway that has been shown to be
disrupted in a HD cell model (del Toro et al., 2009). In the following chapters, | sought to inves-
tigate a putative interaction between dRAB8 and mHTT — as well as other parameters — to pro-
vide a mechanistic understanding on how this GTPase exerts its protective action against mutant

HTT toxicity.
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Chapter 4

Exploring Rab8-HTT interaction dynamics

4.1 Introduction

The work presented in this chapter extends the findings of the previous chapter by
exploring the role of Rab8 as a modifier for HD in a well-characterized mammalian neuronal cell
model. Here | exploited a mHTT inducible cell line derived from a pheochromocytoma of rat
adrenal medulla (PC12 cells), which was developed by Apostol and colleagues (2003). This
inducible gene switch system consists of a clonal PC12 cell line constitutively expressing an
ecdysteroid hybrid receptor (No et al., 1996). The two required ecdysone receptor proteins, the
ecdysone receptor (VgEcR) and the retinoid X receptor (RXR), are transcribed from a bicistronic
cytomegalovirus (CMV) expression cassette (Wyborski et al., 2001; Galimi et al., 2005). Once
translated, the two proteins form a dimer that, in the presence of the ecdysone analogue
Ponasterone A (PA), binds to a hybrid ecdysone/glucocorticoid responsive element (GRE) of a
second integrated vector, activating the transcription of a truncated form of mHTT exonl
(HTT103Q; Galimi et al., 2005 and Figure 4-1).

Following mHTT expression by PA induction, these cells exhibit visible aggregates and
increase of caspase-3 and -7 activity, both key features of early events in HD progression
(Apostol et al., 2006; Li et al., 2000; Sanchez Mejia & Friedlander, 2001). Different caspases are
implicated in apoptotic-mediated cell death; however, caspase-3/7 activities are of particular
interest, because they are downstream effector caspases, implicated in the cascade of events
leading to cellular apoptosis (Budihardjo et al., 1999). Caspases belong to a family of cysteine
proteases (Cysteinyl Aspartate-Specific Proteases) that cleave their substrates through
recognition of a specific cleavage site. They are expressed as zymogenes (inactive enzyme
precursors) and biochemical changes, such as proteolytic processing, are required for their
activation. Caspases are broadly dived in two functional groups: the initiators of apoptosis
(caspase-1, -2, -4, -5, -8 and -9, -10, -11 and -12) and the executioners of apoptosis (caspase-3,
-6 and -7). Activation of initiators of caspases results in the cleavage of the activation sequence
of the executioner caspases, which process the subsequent cleavage of cellular key targets,
resulting in programmed cell death.

How mHTT triggers apoptosis has not yet been elucidated, however, there is growing

evidence that different initiators of apoptosis caspases - such as caspase-1, -2, -6, -8 and -9 - play

58



pVgRXR

RXR VgECcR

&

PA

pIND

Figure 4-1 Schematic representation of mHTT induction process in PC12 cells.

RXR and VgEcR are transcribed from the integrated vector pVgRXR and once translated they dimerise forming an
ecdysteroid hybrid receptor. A second vector, pIND, contains a truncated form of HTT103Q (including the first 17 AA
of the exon 1 containing 103Q) fused at the C-terminus to an enhanced GFP (EGFP). This is cloned downstream the
ecdysone/glucocorticoid responsive element (GRE). The ecdysteroid hybrid receptor in presence of Ponasterone (PA)
form a complex that binds to GRE, promoting HTT103Q-EGFP transcription. Adapted from Galimi et al. (2005).
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a role in HD neurodegeneration (Chen et al., 2000; Graham et al., 2011; Hermel et al., 2004;
Kiechle et al., 2002; Li et al., 2000; Majumder et al., 2007; Ona et al., 1999; Sanchez Mejia &
Friedlander, 2001; Sawa, 2001; Wang et al., 2015; Warby et al., 2008; Zhang et al., 2003). All the
different apoptotic signaling pathways converge upon caspase-3/7 activation, two executioner
caspases, which therefore can be used as a read out of cellular dysfunction. As such, the measure
of caspase-3/7 activation allows the study of mechanistic aspects of HD pathogenesis relevant
to neuronal dysfunction, making this assay particularly suitable for determining the effects of
candidate HD modulating genes or compounds (Apostol et al., 2003; Mason et al., 2013; Smalley
etal., 2016).

For this purpose, an apoptotic assay based on caspase-3/7 activation was performed on
HTT103Q model PC12 cells, which were stably transfected with rat Rab8 (rRAB8). Contrary to
insects, in mammals Rab8 consists of two closely related isoforms, (Rab8a and Rab8b), encoded
by two different genes (Armstrong et al., 1996). The proteins share ~80% of homology
(Armstrong et al. 1996 and Figure 4-2) and are expressed at similar levels (Sato et al., 2014),
making it difficult to distinguish them from each other and thereby understand their individual
functions. As the two isoforms could play different roles, HTT103Q model PC12 cells were stably
transfected with either rRAB8SA or rRABS8B.

In this chapter, | also explored the interaction dynamics between HTT and dRABS. Several
pieces of evidence have linked HTT to Rab8. HTT is primarily a cytoplasmic protein, abundantly
found in subcellular membranes, including the trans-Golgi network (DiFiglia et al., 1995; Hoffner
et al., 2002; Imarisio et al., 2008). It localizes in vesicles, endosomes and plasma membrane, and
interacts indirectly with Rab8 (Hattula & Peranen, 2000). Del Toro and coworkers (2009) have
recently shown that Rab8 and its effectors recruit HTT to the Golgi forming a complex. This is
essential for maintaining Golgi organization and functional post-Golgi vesicular trafficking (PGT)
in healthy neurons (Sahlender et al., 2005). Del Toro and coworkers (2009) transfected M213
primary striatal cultures with full-length HTT75Q (FL-HTT75Q), and observed that mHTT showed
reduced localization in the Golgi apparatus. That in turn affected normal PGT by delocalising
Rab8 from the Golgi, which resulted in overall altered lysosomal function. The authors also

showed reduced binding between FL-HTT75Q and Rab8 (del Toro et al., 2009).
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Figure 4-2 Sequence alignment between rRAB8A and rRAB8B.
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Alignment of the amino acid sequences of rRAB8A and rRAB8B performed with EMBOSS Needle, showing the
similarity between the two proteins. Identity = 83.6%, Similarity = 93.2%. NCBI Accession numbers, rRAB8A:
AAIO5864.1, rRAB8B: AAA99782.1.
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In this chapter, | combine immunohistochemistry (ICC) and Bimolecular Fluorescent
Complementation (BiFC) to assess whether the dynamic of the interactions between Rab8 and
HTT resembles that described by del Toro et al. (2009), namely decreased binding of Rab8 to
mHTT. The BiFC is an approach that allows visualization of protein interactions in living cells, by
exploiting the reconstitution of a fluorophore that is split into two fragments, each fused to a
potential interaction partner. When the proteins interact, the two fragments come together
reconstituting the fluorophore (Kerppola, 2008 and Figure 4-3). This technique is of interest for
two reasons. First, the BiFC allows the study of protein-protein interactions in living cells,
allowing direct in vivo visualization of the complexes within their natural environment. Second,
once formed, the BiFC complexes are irreversible (Shyu & Hu, 2008), giving the significant
advantage of detecting weak and transient protein-protein interactions.

Below | provide evidence that mHTT binds to dRABS8 and that their interaction is enhanced

by mutant forms of HTT.

4.2 Materials and Methods

4.2.1 Immunoblotting

Immunoblotting was performed as described in Section 2.2.4.4 with no modifications.
Quantification was performed using ImageJ (Rasband, 2008).

4.2.2 Generation of constructs

For molecular cloning of rat Rab8a and rat Rab8b (hereafter referred to as rRAB8A and
rRAB8B) into pIREShyg3 (Table 2-2), rRab8A and rRab8B were amplified from a cDNA library
generated by Dr Robert Mason (Giorgini group) with the pIREShyg3 primers listed in Table 2-1.
Inserts were subsequently cloned in pIREShyg3 using BsrGl/Nhel restriction sites as described in
Section 2.2.3.2.

For cloning of dRab8-VC and VC-dRab8 into pcDNA3.1 (Table 2-2), the transgenic coding
region of Drosophila melanogaster Rab8 (dRab8) was amplified from genomic DNA of UAS-
dRab8 flies (Table 2-4) using the plet2.1 primers listed in Table 2-1. The amplicon was inserted
into the vector plet2.1 (Thermo Fisher Scientific) according to the instructions of the
manufacturer. Once sequenced, dRab8 was re-amplified specific pcDNA3.1 primers (Table 2-1),
whereas the sequence coding for the C-terminus of Venus (VC) was amplified from HTT19Q-VC
— a construct kindly provided by Dr Federico Herrera (Herrera et al., 2011) — using the same
flanking pcDNA3.1 primers as above (Table 2-1). pcDNA3.1 was digested with Aflll/Xbal and

dRab8 and VC were cloned into the backbone by three-way ligation (see also Section 2.2.3.2).
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Figure 4-3 Reconstitution of a fluorophore by BiFC.

X and Y proteins are fused respectively to the N- and the C-terminus fragments of a fluorophore (FP). Interaction
between X and Y allows reconstitution of the FP (yellow). Image taken from Kodama & Hu (2012).
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4.2.3 Stable transfection of HTT103Q model PC12 cells

PC12 cells carrying an inducible HTT103Q construct (line HTT14A2.5, in this study simply
referred to as HTT103Q, Table 2-6) were cultured as described in Section 2.2.2. One day before
transfection, 4x3 ml of cells in DMEM (Dulbecco modified Eagle’s medium) at a density of 1.5 x
10° cells/ml were seeded into a 6-wells plate and incubated at 37°C, 5% CO,. Each well was then
transfected with a reaction mix containing 4 pg of either rRAB8A or rRAB8B and TurbofectTM
(Fermentas) following the manufacturer’s instructions. 24 h post-transfection, the medium was
replaced with serum-free DMEM. Cells were then incubated for further 24 h, after which 300
pug/ml of Hygromycin B (Invitrogen) were added to each well. Cells were maintained for two
weeks by replacing the serum-free DMEM medium supplied with 300 pg/ml Hygromicin B, until
few dozens of Hygromycin B resistant colonies appeared. All the colonies from a same well were
moved to a new T25 flasks and gently resuspended in 5 mL of serum-free DMEM to form a pool.
The four pools, hereafter referred as HTT103Q rRAB8A.1, HTT103Q rRAB8A.2, HTT103Q
rRAB8B.1, HTT103Q rRAB8B.2 (Table 2-6), were incubated overnight with serum-free DMEM.
Then 300 ug/ml of Hygromicin B were added to the medium, which thereafter was maintained
with the selection agent. Each pool was assayed by Western immunoblot to confirm the stable
expression of rRAB8A/B proteins.
4.2.4 Caspase assay

For each pool described above and for un-transfected HTT103Q (hereafter referred as
WT), 2500 cells in 200 pl of DMEM were seeded per well in a 96-wells plate (Greiner). These
were incubated at 37°C, 5% CO, for 24 h. Then half of the wells — hereafter referred as “induced”
— were treated with 1 mM Ponasterone (PA) in DMSO to induce mHTT expression, whereas the
other half — hereafter referred as “non-induced” — were treated with DMSO (vehicle) as a
control, see Figure 4-4. After 5 days, the cells were incubated 1 h at room temperature (RT) with
Caspase-Glo® 3/7 reagent (Promega) following the manufacturer’s instructions. This kit is based
upon the cleavage of the tetrapeptide sequence DEVD. This is a proluminescent caspase-3/7
substrate, which, once cleaved, releases aminoluciferin. The addition of luciferase to the
samples produces a “glow-type” luminescent signal that is proportional to the amount of the
luciferin in the sample and that therefore correlates with the levels of caspase activity.

Luminescence was measured with a FIUOstar Omega Plate Reader (BMG LABTECH) using
the following settings: top optic, emission filter lens, gain 3600, positioning delay 0.2. MARS
software (BMG LABTECH) was used for data analysis.

For each induced well (A-E, 1-4, Figure 4-4) readings were corrected using the average of

the non-induced wells (A-E, 5-8, Figure 4-4). The relative activation of caspase-3/7 was
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calculated by normalizing the corrected luminescence against the average signal of HTT103Q
cells (E, Figure 4-4), thus HTT103Q was set as 1. The assay was replicated four times. For each
pool, the relative activation of caspase-3/7 was averaged across the four technical replicates
and compared to the hypothetical value of 1 using a one sample t-test. One sample t-test and
linear regression analysis were performed using GraphPad Prism.

4.2.5 ICCon cells

HEK293T cells were grown on poly-lysine coated coverslips (Sigma-Aldrich), placed at the
bottom of wells of a 6 wells-plate. Before seeding the coverslip had been washed in 12.5% HClI,
47% HNOs in H,0 and sterilized in 100% IMS. Cells were transfected as described in Section 4.2.3
with a reaction mix containing 0.4 pug of HTT25Q-VC or HTT97Q-VC (Table 2-2). 48 h post
transfection, coverslips were washed once in phosphate buffer solution (PBS) and then fixed in
4% filtered paraformaldehyde-phosphate buffer solution (PFA-PBS) for 20 min at RT. Cells were
subsequently washed 3 times with PBS and blocked with blocking solution (PBS with 1% BSA,
0.2% triton X-100) for 30 min at RT. Cells were incubated with the appropriate primary antibody
(a-HTT and a-Rab8, Table 2-3) diluted in blocking solution overnight (O/N) at 4°C. Afterwards,
cells were washed 3 times in PBS, stained with Hoechst 33342 (Invitrogen) for 2 min and washed
3 times in PBS, all at RT. Cells were then incubated with the appropriate secondary antibodies
(AlexaFluor®488 and AlexaFluor®647, Table 2-3) for 2 h at RT. Cells were washed again 3 times
in PBS and mounted onto a glass slide with a drop of Mowiol which was allowed to settle O/N
at RT.

Cells were imaged on an Olympus FV1000 confocal laser scanning microscope. An
immersion-oil UPLSAPO 60x/1.35NA objective was used. Green fluorescence was excited using
the 488 nm argon laser line, and detected at 500-600 nm. Far red fluorescence was excited using
a 635 nm laser line, and detected at 655-755 nm. Hoechst signal was imaged using a laser line
excitation of 405 nm and emission at 425-475 nm. Images were taken using the same voxel
(volume pixel) resolution (XY dimension 85 nm, Z dimension 250 nm). Co-localisation analyses
were carried out with ImarisColoc (Bitplane). ROls, as well as determination of the intensities to
include in the analysis, i.e. the threshold selection, were selected manually. To obtain a fair
comparison between conditions, the Manders correlation coefficient (MCC) was calculated for
each channel (Manders et al., 1993). The MCC measures for each channel the portion of intensity
overlapping with the other channel. M1 refers to the proportion of green signal (HTT)
overlapping the far-red signal (hRRAB8) and M2 refers to the proportion of far-red signal (hRABS8)
overlapping the green signal (HTT). The MCC is primarily sensitive to co-occurrence of the two

signals, whereas it is not sensitive to intensity variations in the image analysis, as it takes into
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A B C D
HTT103Q HTT103Q HTT103Q HTT103Q
1 rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 TR
HTT103Q HTT103Q HTT103Q HTT103Q
2 rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 REE!
HTT103Q HTT103Q HTT103Q HTT103Q
3 rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 REE!
HTT103Q HTT103Q HTT103Q HTT103Q
4 rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 AR
5 rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 WT
6 | rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 WT
7 rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 WT
8 | rRAB8A.1 rRAB8A.2 rRAB8B.1 rRAB8B.2 WT

Figure 4-4 Schematic representation of the caspase assay layout.

Grey shades indicate mHTT induced wells, white shades indicate non-induced wells that express only rRAB8. WT

refers as to the non-induced HTT103Q cell line.
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account the fraction of voxel with positive values for both channels, regardless of signal
intensities. This coefficient allows therefore the ability to measure the overlap between two
probes, regardless of the signal intensity. The MCC varies from 1 to 0, where 1 is perfect overlap
and 0 is complete non-overlap. A MCC of 0.4, for example, indicates that 40% of the probes in
the sample overlap. The Manders coefficient used for correlation analysis was calculated with
ImarisColoc.
4.2.6 BIFC assay

HEK293T cells were cultured as described in Section 4.2.3. One day before transfection,
1.5 x 10° cells in 2 ml of DMEM were seeded per well in a 6-well plate pre-coated with 0.01%
poly-L-Lysine and incubated at 37°C, 5% CO,. Cells were transfected with Effectene’ (Quiagen)
following the manufacturer’s instructions. The transfection mix contained 0.16 ug each of the
BiFC constructs (Table 2-2) and 0.08 pug of a mRFP construct (Table 2-2) used as transfection
control. The transfection medium was removed after 24 h and replaced with 2 ml DMEM,
supplemented with 10% FBS and 2 mM L-glutamine. 48 h post-transfection, cells were washed
once in PBS, and covered with 2 ml of phenol red-free DMEM supplemented with 10% FBS, 2mM
L-glutamine, 1000 U/ml penicillin and 100 pg/ml streptomycin. BiFC and the mRFP signals were
detected on live cells with an Olympus ScanR microscope system, keeping the settings constant
across the whole experiment. While imaging, cells were kept at 37°C, 5% CO,. BiFC signal was
detected with FITC 492/18 nm excitation filter and hgFITC (Dichroic 505LP) 535/50 nm emission
filter. mRFP was detected with an mRFP excitation filter at 556/20 nm and an emission triple
bandpass filter (DAPI/FITC/TRITC). The experiment was conducted as optimized by Repici et al.
(2013). Briefly, 100 images/well were acquired and analysed using ScanR software (Olympus),
using an Olympus 20X/0.45NA LUCPlanFLN objective. The intensity of the BiFC signal was
calculated only on cells expressing mRFP. Red cells were identified by the software using
intensity detection; neighbouring cells with similar intensity were considered as a single unit
(Figure 4-5). The intensity of mRFP and BiFC signals were adjusted for background using settings
suggested by the software (Olympus). Overexposed cells were automatically excluded from the
analysis. The ratio between BiFC and RFP intensity was calculated for each single unit and then

averaged for each well.

67



'

Figure 4-5 Example of ScanR software cell recognition output.

White rectangles identify single units of neighbouring cells emitting similar RFP intensity. The green selected area
inside one of the white rectangles represents the edges of a single unit used in the quantification of the red and green
signals. The white arrow shows an overexposed red cell excluded from the analysis. Scale bar=10 um.
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4.3 Results

4.3.1 mHTT induced cellular toxicity is affected by rRAB8 expression levels

To validate rRAB8 as a modifier for HD in a mammalian system | exploited PC12 cells, a
well-characterized neuron-like HD model derived from rat pheochromocytoma. These cells
express a truncated form of the first exon of HTT103Q upon Ponasterone A (PA) induction
(Apostol et al., 2003, Table 2-6 and Figure 4-1). Initially | cloned the rat orthologous of Drosophila
dRab8, rRab8A and rRab8B, in pIREShyg3, a vector utilised for stable transfection of HTT103Q
cells. This approach was favoured due to the poor transient transfection efficiency of PC12 cells.
After plasmid integration and selection of stable clones, | combined clones expressing either
rRAB8A or rRAB8B into pools, namely rRAB8A.1, rRAB8A.2, rRAB8B.1, rRAB8B.2, respectively.
This approach reduces variability by preventing the accidental selection of high or low rRABSA/B
expressing clones, which would bias the results. The expression of rRAB8A/B was confirmed by

immunoblot analysis (Figure 4-6).
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Figure 4-6 Expression of rRAB8A and rRAB8B in PC12 cells.

PC12 cells (HTT103Q line) constitutively over-expressing rRAB8A (rRAB8A.1 and rRAB8A.2) and rRAB8B (rRAB8B.1 and
rRAB8B.2) show a larger band compared to the non-induced HTT103Q line (WT) expressing only endogenous
RAB8A/B. This confirms the success of the stable transfection of the rRABA/B pools. Tubulin was assayed as a loading
control. Primary antibodies: o-Rab8 1:2500 (BD Bioscience, Table 2-3), a-Tubulin 1:5000 (Sigma, Table 2-3).
Secondary antibody: a.-mouse HRP (Vector, Table 2-3).
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A first hypothesis to explain the protective role of Rab8 is that its overexpression (i.e.,
either rRAB8A or rRAB8B) could interfere with the induction of programmed cell death by mHTT;
thus, | measured the amount of caspase-3/7 in the cells. This is a well-characterized and reliable
apoptotic assay that has been widely employed for the screening of modifier genes and of
compounds with anti-HD activity (Apostol et al., 2003; Apostol et al., 2006; Apostol et al., 2008;
Mason et al., 2013; Smalley et al., 2016).

The experiment was performed four times and a certain degree of variability was
observed among the biological replicates. Thus, each biological experiment was analyzed
independently and the readings of each technical replicate were considered as a single data
point to compare to the other three. Each data point was normalized to the average (from four
measures) obtained for HTT103Q, which therefore was set to 1. Surprisingly, a one-sample t-
test revealed that none of the HTT103Q rRAB8A/B transfectant pools conferred protection
towards HTT103Q induced-apoptosis, while in some cases the apoptotic response was
enhanced. Compared to HTT103Q, HTT103Q rRAB8A.2 and HTT103Q rRAB8B.1 induced higher
apoptotic responses two times out of four. HTT103Q rRAB8A.1 was less variable, driving higher
apoptosis in three biological replicates out of four. Finally, HTT103Q rRAB8B.2 was always
significantly more apoptotic than HTT103Q (Table 4-1).

To provide a broader overview of the pools the data for the technical replicates of each
biological experiment were averaged, and the analyses were repeated. A one-sample t-test
confirmed that toxicity levels of cells overexpressing HTT103Q rRAB8A.2 and HTT103Q
rRAB8B.1, were comparable to HTT103Q cells (HTT103Q rRAB8A.2 vs HTT103Q p=0.1526 and
HTT103Q rRAB8B.1 vs HTT103Q p=0.8232, Figure 4-7), whereas HTT103Q rRAB8A.1 and
HTT103Q rRABS8B.2 displayed higher toxicity compared to HTT103Q cells (HTT103Q rRAB8A.1 vs
HTT103Q p<0.05 and HTT103Q rRAB8B.2 vs HTT103Q p<0.05, Figure 4-7), therefore indicating

that rRAB8 might increase cellular toxicity, regardless of which isoform is overexpressed.
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Table 4-1 Biological variation in the caspase assay.

The table indicates the biological variability of rRABS8 transfectant pools (columns) in the caspase assay. Levels of
caspase-3/7 activation were measured in four independent experiments. Each biological replicate was analysed
independently. The values of the caspase-3/7 activation of HTT103Q rRAB8 pools were compared to those of
HTT103Q cells. Based on the results of a one sample t-test, each biological replicate was assigned to one of the
following category: “significantly protective”, “neither protective nor toxic”, “significantly toxic”. Finally, results were
combined in this table, which indicates the total number of biological replicates falling in each category. One sample
t-test: HTT103Q rRAB8A.1: b, t=2.370, p=0.0985, b, t=5.684, p=0.0108, b; t=26.51, p=0.0001, b, t=14.89, p=0.0007;
HTT103Q rRAB8A.2: b; t=16.05, p=0.0005, b, t=0.8912, p=0.4385, b; t=0.2707, p=0.8042, b, t=4.982, p=0.0155;
HTT103Q rRAB8B.1, b; t=2.833, p=0.0660, b, t=6.346, p=0.0079, bs t=6.949, p=0.0061, b, t=0.1587, p=0.8840;
HTT103Q rRAB8A.2, b; t=18.91, p=0.0003, b, t=5.782, p=0.0103, bs t=6.621, p=0.0070, b, t=17.38, p=0.0004. (b,, b,,
b; and b, are the different biological replicates). N=4 for each biological replicate.
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Figure 4-7 rRAB8 overexpression does not confer protection against mHTT induced toxicity in PC12 cells.

Relative caspase-3/7 activation levels in HTT103Q rRAB8A.1, HTT103Q rRAB8A.2, HTT103Q rRAB8B1 and HTT103Q
rRAB8B.2 cells compared to HTT103Q cells. The data shown are ratio of the mean values between caspase-3/7
activation of rRABS8 pools and caspase-3/7 activation of HTT103Q. One sample t-test with the hypothetical value=1.
HTT103Q rRAB8A.1, t=3.185, p=0.0499, HTT103Q rRAB8A.2 t=1.907, p=0.1526, HTT103Q rRAB8B.1 t=0.2437,
p=0.8232, HTT103Q rRAB8B.2, t=3.274, p=0.0466, N=4. Data are mean +SEM.
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Finally, | examined whether rRABA/B expression was toxic in cells not induced with PA,
i.e. in pools expressing rRABA/B but not HTT103Q. Non-induced HTT103Q cells (WT) were
included as a control. A one-way ANOVA revealed no significant differences among samples
(ANOVA F4,15=0.3715, p=0.825, Figure 4-8), suggesting that the levels of caspase-3/7 activation
were similar among non-induced cells and supporting the idea that rRABS8 is toxic only in an HD
context.

While the reasons for the increased toxicity in presence of mHTT is unclear, one possible
scenario is that expressing rRAB8A/B at high concentrations might have an impact on cellular
homeostasis, exacerbating mHTT toxicity (see discussion for more details). | tested this
possibility by quantifying the rRAB8A/B proteins extracted from the four pools by immunoblot.
The results indicated a positive correlation between the levels of rRABS8A/B expression and the
relative activation of caspase-3/7 (linear regression, R?=0.4437, F1,19= 11.17, p<0.01, Figure 4-
9).
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Figure 4-8 Absolute caspase-3/7 activation levels of non-induced cells are not toxic.

Comparison of absolute caspase-3/7 activation levels in non-induced HTT103Q model PC12 cells (WT) and in PC12
cell pools expressing rRAB8A.1, rRAB8A.2, rRAB8B.1 and rRAB8B.2. The data shown represent the mean +SEM of the
mean values obtained from four technical replicates. One-way ANOVA F, 15=0.3715, p=0.825, ns, N=4.
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Figure 4-9 Caspase-3/7 activation correlates with rRAB8 expression levels.

Linear regression based on the relative caspase-3/7 activation of HTT103Q rRAB8A.1, HTT103Q rRAB8A.2, HTT103Q
rRAB8B1 and HTT103Q rRAB8B.2 cells reported in Figure 4-8, plotted against the relative expression of rRAB8. rRAB8
expression was normalized against Tubulin and then corrected for WT endogenous rRAB8 expression. Relative rRAB8
expression is presented as ratio of the mean value obtained from WT cells. R’=0.4437, Fi1,14= 11.17, p=0.0048.
Caspase assay N=4, Western blot N=3.

74



In the four rRAB8A/B pools examined, toxicity was associated with a 3- to 5-fold increase
in rRAB8 expression compared to endogenous levels. Inference from the linear regression
(Y=0.3552*X + 0.09786, Figure 4-9) might suggest that a 2-fold increased rRAB8 expression could
be less detrimental, or even protective and that overexpression levels could be critical with
regards to conferring protection. Due to time constraints, new pools expressing rRAB8A/B at
lower levels were not generated and this hypothesis was not tested. However, | checked the
level of overexpression in dRABS flies (i.e. elav>HTT93Q,dRab8) to provide a parallel between
the two systems. Immunoblot analysis on head protein extracts revealed that exogenous dRAB8
was expressed at lower levels than the endogenous protein (mean 0.7+0.13, Figure 4-10).
Though, these results should be interpreted with caution. In flies, overexpression of dRAB8 was
driven by elav, which is present at high levels in neurons and eyes. However, proteins were
extracted from the whole head, which comprises neuronal and non-neuronal tissues, de facto

averaging dRAB8 expression across the whole fly head.
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Figure 4-10 dRABS8 in flies is not expressed at higher levels compared to the endogenous dRABS.

A Representative immunoblot of elav>HTT93Q,dRab8 head extracts, showing the endogenous (23 KDa) and the
overexpressed YFP tagged-dRAB8 (46 KDa). dRAB8 endogenous levels are comparable to w8 fly extracts. Primary
antibody: a.-Rab8 1:2500 (BD Bioscience, Table 2-3). Secondary antibody: a-mouse HRP 1:10000 (Vector, Table 2-3).
B Quantification of exogenous dRAB8 overexpression. The data shown are ratio of the mean value obtained from
endogenous dRABS8 and are presented as mean +SEM of three experiments.
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4.3.2 ICC on HEK293T cells suggests co-localisation between hRAB8 and mHTT
aggregates

Next, | investigated how the distribution of endogenous Rab8 was affected in the
presence of wild type HTT (HTT25Q) or mutant HTT (HTT97Q). Due to the experimental
difficulties encountered with PC12 cells stably expressing rRAB8, and because the rate of
transient transfection of PC12 is poor, | used HEK293T cells as an alternative cell model.

First, | tested whether the a-Rab8 antibody (raised against dRABS8, Table 2-3) could
recognize the native conformation of human Rab8 (hRAB8). Immunolabelling of hRAB8 (Figure
4-11) revealed cytoplasmic and perinuclear distribution, in accordance with published literature

(Chen et al., 1993; Hattula et al., 2006; Just & Perdnen, 2016; Rowe et al., 2008).

77



hRABS8 Hoechst Merge

Figure 4-11 Endogenous distribution of hRABS.

HEK293T cells showing the distribution of endogenous hRABS8. In green hRABS, in blue nuclei (Hoechst). Primary
antibody: a-Rab8 1:200 (BD Bioscience, Table 2-3). Secondary antibody: AlexaFluor®488 1:500 (ThermoFisher
Scientific, Table 2-3). Single optical confocal section. Scale bar=10 pum.
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Next, | transfected HEK293T cells with a plasmid encoding either wild-type or mutant HTT.
Because HEK293T cells express endogenous HTT, | used tagged constructs, namely HTT25Q-VC
and HTT97Q-VC (Table 2-3 and Figure 4-14). VC represent amino acid 159-238 of Venus —a YFP
derived fluorophore — which is recognised by any a-GFP polyclonal antibody (Repici, personal
communication), therefore limiting detection to exogenous HTT.

As expected, the distribution of hRAB8 was comparable to that of non-transfected cells,
(cfr. Figure 4-11 and Figure 4-12) and overlapped extensively with HTT25Q, which was limited
to the cytoplasm (Herrera et al., 2011 and Figure 4-12).

Interestingly, cells transfected with HTT97Q exhibited small and large aggregates. In single
optical sections, small aggregates appeared as foci of *1 um diameter. However, the vast

majority were large aggregates appearing as rings of diameter >3.5 um (Figure 4-12).
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The overlap between hRAB8 and HTT97Q appeared reduced compared to hRAB8 and
HTT25Q. To support this, | quantified the correlation between hRAB8 and HTT. Cells were
imaged using ad hoc settings for each image and the Manders correlation coefficient (MCC) was
calculated for each channel.

An unpaired t-test revealed that the proportion of signal from HTT correlating with the
signal from hRAB8 (M1) was significantly lower in cells transfected with HTT97Q compared to
cells transfected with HTT25Q (t=2.814, df=18, p=0.0115, Figure 4-13.A). Likewise, the
proportion of signal from hRABS8 correlating with signal from HTT (M2) was lower in cells
transfected with HTT97Q than with HTT25Q (t=3.919, df=18, p=0.001, Figure 4-13.B). This
suggests that in cells transfected with mutant HTT, the overall correlation with hRABS is

reduced, supporting previous co-localisation analyses (Figure 4-12).
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Figure 4-13 Correlation between hRAB8 and HTT is polyQ dependent.

Comparison of correlation (measured as Manders coefficient) between overexpressed HTT and endogenous hRABS.
HEK293T cells were transfected with either HTT25Q-VC (HTT25Q) or HTT97Q-VC (HTT97Q). A MCC indicating the
proportion of HTT signal correlating with hRAB8 signal (M1). Unpaired two-tailed t-test t=2.814 df=18, p=0.0115.
N=10. Data are mean +SEM. B MCC indicating the proportion of hRABS8 signal correlating with HTT signal (M2).
Unpaired two-tailed t-test t=3.919 df=18, p=0.001. N=10. Data are mean +SEM.
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Although the correlation between HTT97Q and hRAB8 was reduced, overall, the co-
localisation channel revealed a perfect overlap between the hRABS8 speckles and small aggregate
foci of mutant HTT (Figure 4-12, yellow arrow). Conversely, the cytoplasmic distribution of
hRAB8 was interrupted by black circular patches, which overlapped the immunonegative
structure at the centre of large mutant HTT aggregates (Figure 4-12, red arrows). This could be
either a result of hRAB8 being at the centre of the inclusion, yet unable to be detected by the
antibody — similarly to HTT — or it could be that hRABS8 is not a constituent of the aggregates.
Interestingly, however, the co-localisation channel revealed a positive signal between hRABS8
and mHTT at the periphery of the aggregates.

4.3.3 BiFC assay reveals interaction between mHTT and dRABS8 in HEK293T cells

| next investigated a potential interaction between dRAB8 and mHTT by Bimolecular
Fluorescent complementation assay (BiFC), a technique employed for the visualisation of
protein interaction in living cells (Kerppola, 2008; Kodama & Hu, 2012).

If HTT (either the wild type or the mutant form) interacts with Rab8, the two non-
fluorescent fragments would associate, forming a fluorescent protein that is detectable in vivo,
without the use of antibodies. Since BiFC required the overexpression of the two interacting
partners, and since the ultimate goal of this study was to study the role of Rab8 in a Drosophila
model of HD, | investigated the interaction between HTT and dRABS.

The coding sequence of Drosophila melanogaster Rab8 was amplified from UAS-dRab8
flies (Table 2-4) and fused with the C-terminus (159-240 AA) of Venus (VC), a variant of yellow
fluorescent protein (YFP), as described in Section 2.2.3. Venus was chosen because of its strong
fluorescence intensity (Shyu et al., 2006). To minimize potential steric constraints that might
prevent BiFC formation due to the two non-fluorescent fragments facing opposite sides of the
complex, VC was cloned either at the C- or at the N-terminus of dRAB8 (Table 2-2 and Figure
4-14). Moreover, to reduce steric constraints further, a GGGGSGGGG flexible linker was cloned

between dRAB8 and VC (Figure 4-14).

83



HTT19Q-VN | P86 L] VN |
A

HTT970-N [/ 9 /.| VN |

vearats  [ve I I
B

craceve T I | ¢ |
c |preN | Di1 [ T—

Figure 4-14 BiFC constructs used in this study.

Representation of BiFC constructs used in this study. A HTT19Q and HTT97Q are fused to the N-terminus fragment of
Venus (1-158 AA). B dRABS is fused to the C-terminus of Venus (159-240 AA) either at its N-terminus (top construct)
or at its C-terminus (bottom construct). C DJ-1 is fused to the N-terminus of GFP (1-172). L=linker, VN=Venus 1-158

AA, VC=Venus 159-240 AA, GN=GFP 1-172 AA.
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Each construct was co-transfected either with wild-type HTT (HTT19Q-VN) or with mutant
HTT (HTT97Q-VN). Moreover, to check whether the tag itself could influence dRABS localisation,
the dRab8 BiFC constructs were co-transfected with VN alone. In this condition, the
reconstitution of Venus depends on the random collision between VC (fused to dRAB8) and VN,
which diffuses in every compartment of cells, including the nucleus. Even though the resulting
signal intensity is not informative per se and cannot be used as background control (Kodama &
Hu, 2012), the fluorescence allows the visualization of dRAB8 distribution — which would be
otherwise only possible by ICC — fulfilling the purpose of localisation control. Furthermore, as a
background control, | co-transfected dRAB8 with a construct encoding a protein expressed in
the same cellular compartment as dRAB8, but not known to interact with dRAB8. Based on the
BiFC constructs already validated in our laboratory, | chose DJ-1-GN (Repici et al., 2013) (Table
2-2 and Figure 4-14), whose localization is predominantly cytoplasmic (Nagakubo et al., 1997).
DJ-1-GN was fused to the N-terminus (1-172 AA) of GFP (Figure 4-14), a non-fluorescent
fragment that could complement VC (Shyu et al., 2006). Moreover, RFP (table 2-2) was co-
transfected in each condition as transfection control. As expected, cells transfected with dRAB8
+ DJ-1 exhibited no detectable fluorescence (Figure 4-15), whereas a BiFC signal was detected
when dRab8 constructs where co-transfected with VN (Figure 4-15) and when co-transfected

with either HTT19Q-VN or with HTT97Q-VN (Figure 4-15).
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Interestingly, the distribution of the BiFC signal showed a different pattern depending on
which side VC was fused to dRAB8 (N-terminus or C-terminus). In fact, the dRab8-VC + VN
combination showed a diffuse cytoplasmic and nuclear BiFC signal, whereas the BiFC signal of
VC-dRab8 + VN was cytoplasmic with the typical perinuclear distribution (Figure 4-15),
resembling the endogenous one (Figure 4-11). This observation led me to conclude that the VC
tag at dRAB8 C-terminus side had a mis-localization effect, and therefore these data were
excluded from further analysis.

Despite this, when dRab8-VC or VC-dRab8 were co-transfected with HTT97Q-VN, which
leads to the formation of aggregates (Herrera et al., 2011 and Figure 4-12) inclusion bodies were
detected for both dRab8-VC and VC-dRab8 (Figure 4-15), suggesting an interaction between
dRAB8 and mutant HTT aggregates.

To determine whether those interactions were polyQ-dependent, the BiFC signal was
quantified and normalised to the RFP signal. A Kruskal-Wallis test performed on the BiFC/RFP
ratio intensities followed by a Dunn’s multi comparison test revealed a significantly increased
signal for the HTT97Q-VN/VC-dRab8 pair compared to the HTT19Q-VN/VC-dRab8 pair (ANOVA
H(2,12392)=5928, p<0.0001, VC-dRab8 + HTT19Q-VN vs VC-dRab8 + HTT97Q-VN, p<0.0001, Figure
4-16).

Note that to allow comparisons among different conditions all the images were taken with
the same settings. In the presence of large mutant HTT aggregates, the intensity of the BiFC
signal was extremely bright (this was observed in about 9.5% of the single units of neighbouring
cells — see Figure 4-5 —, Table 4-2). Cells with bright aggregates resulted in overexposure and
were automatically excluded from the analysis. Adjusting the settings to best detect the bright
aggregates resulted in underexposure of the majority of the cells. Therefore, in the analysis
above the interaction between mutant HTT aggregates and dRABS8 has been underrepresented,

making this interaction even more striking.
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Figure 4-16 BiFC/RFP ratio intensity.
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Average ratio intensity (green/red) per well for dRab8-VC or VC-dRab8 co-transfected alone or with DJ-1-GN, HTT19Q,
HTT97Q or VN in HEK293T cells. Kruskal-Wallis test, H;12392=5928, p<0.0001. Post-hoc Dunn, VC-dRab8 + HTT19Q-
VN vs VC-dRab8 + HTT97Q-VN, p<0.0001, VC-dRab8 + HTT19Q-VN vs VC-dRab8 + DJ-1-GN, p<0.0001, VC-dRab8 +
HTT97Q-VN vs VC-dRab8 + DJ-1-GN, p<0.0001. VC-dRab8 + DJ-1-VN N=4466; VC-dRab8 + HTT19Q-VN N=3946; VC-
dRab8 + HTT97Q-VN N=3980. Data are expressed as mean +SEM.

Table 4-2 Percentages of overexposed cells co-transfected with VC-dRab8 in the BiFC experiment.

Condition Number of Number of overexposed cells % of
selected cells overexposed cells
VC-dRab8 2993 0 0
VC-dRab8 + DJ-1-GN 4466 0 0
VC-dRab8 + HTT19Q-VN 3946 45 1.14
VC-dRab8 + HTT97Q-VN 3980 377 9.47
VC-dRab8 + VN 4299 51 1.19
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4.4 Discussion

To validate the ability of dRAB8 to rescue mutant HTT dependent phenotypes in
Drosophila, | sought to investigate the effects of rRAB8 overexpression in a HD mammalian
system. Results from apoptotic assays on stably transfected cells overexpressing rRAB8A or
rRABS8B revealed that rRAB8A/B did not supress, and in some cases even increased, the level of
caspase-3/7 activation induced by HTT103Q. However, rRAB8 expression was not toxic per se,
as increased caspase-3/7 activation was only observed upon HTT103Q expression. Protein
toxicity is not unusual in overexpression studies and is often caused by overwhelmingly high
protein levels (Moriya, 2015). Highly expressed genes titrate cellular components required by
transcription and translation machineries, creating a metabolic burden for the cell (Moriya,
2015). Moreover, protein expression, whose regulation is fundamental for cellular homeostasis,
relies on a fine balance of space, time and level. Disruption of this physiological equilibrium
impacts on cell proliferation and differentiation and might trigger enhanced apoptotic
responses. In addition, the relative amounts of proteins participating in complexes play a pivotal
role. In fact, according to the balance hypothesis context (Sopko et al., 2006), the relative level
of proteins participating in stoichiometric complexes is more important than their absolute
amount, as changes in expression can affect the stoichiometry of physically interacting proteins.
Thus, overexpression of proteins could be harmful due to an imbalance in the concentrations of
interacting subunits (Veitia, 2005) and this effect could be enhanced in a disease context (Sopko
et al., 2006).

While the mechanism by which rRAB8 overexpression exacerbated apoptotic levels is not
clear, toxicity induced by the overexpression of Rab proteins is hinted at by several high-
throughput studies in yeast. Overexpression of Saccharomyces cerevisiae Rab orthologues such
as Yptl (Rab1), Ypt6 (Rab6), Ypt10 (Rab5), Yptll (Rab11), Ypt31 (Rabl11), Ypt52 (Rab5) and Secd
(Rab8) decreased cell growth (Makanae et al., 2013; Sopko et al., 2006; Yoshikawa et al., 2011),
whereas other defects such as abnormal distribution of the proteins and decreased autophagy
have been described for Ypt7 (Rab7) and Ypt31 (Rab11) (Kim et al., 2016; Lachmann et al., 2012)
and for Sec4 (Rab8) overexpression (Geng et al., 2010), respectively.

Parallel studies in our laboratory have also shown that large changes in rRAB expression
(i.e. when exogenous rRAB expression is on average >50% higher than the endogenous level)
are deleterious for mammalian cells (Mason & Giorgini, unpublished). In these studies, HTT103Q
model PC12 cells stably overexpressing rRABs were generated in the same fashion as described
in the Materials and Methods of this chapter (Section 4.2.3), to obtain pools overexpressing

rRAB1A, rRAB2A, rRAB5A, rRAB8A, rRAB11A and rRAB27A. Decreased cell proliferation and
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activation of caspase-3/7 were observed for all rRAB transfectant pools where HTT103Q was
induced by PA (namely HTT103Q rRAB1A, HTT103Q rRAB2A, HTT103Q rRAB5A, HTT103Q
rRAB8A, HTT103Q rRAB11B and HTT103Q rRAB27A) and in some cases even in pools where
HTT103Q expression was not induced (namely rRAB1A, rRAB5A) (Mason & Giorgini
unpublished).

Interestingly, | found that the average expression levels from pooled rRAB8 stable
transfectants was 3- to 5-fold higher than rRAB8 endogenous levels and strikingly, a positive
correlation was found between rRABS8 expression levels and caspase-3/7 activation. Given this
technical caveat and the time constraints, the characterization of rRAB8 in PC12 cells was not
explored further during the course of this project.

In line with my observations however, extensive work in our laboratory showed that by
changing the optimal Kozak (CCACC) to a weaker one (CCGCC) - known to significantly reduce
the translation efficiency (Kozak, 1986) - in HTT103Q model PC12 cells overexpressing RAB1A,
RAB2A, RAB5A, RAB11B and RAB27A, reduced exogenous rRAB expression was observed, with
average levels <50% relative to the endogenous proteins (Mason & Giorgini, unpublished).
Modulation of rRAB expression, by mean of a reduction of exogenous rRAB expression levels,
led to the rescue of HTT103Q induced toxicity in PC12 cells and to the loss of deleterious
phenotypes in PC12 non-induced cells (Mason & Giorgini, unpublished).

Taken together, these observations suggest that the “window” of overexpression for
rRAB8 protection might be rather modest. Though the molecular and the physiological reasons
why high levels of rRAB8 expression being detrimental were not explored in detail, overall these
results strongly link rRAB8 expression levels with toxic or protective phenotypes.

HTT plays a pivotal role in the localization of Rab8 at the Golgi apparatus (del Toro et al.,
2009). Consistent with the study of del Toro et al. (2009), ICC performed on HEK293T cells
showed that, while the distribution of hRABS8 in un-transfected cells or in cells transfected with
HTT25Q was cytoplasmic with perinuclear staining, the distribution of endogenous hRAB8 was
perturbed in the presence of HTT97Q. Although no Golgi marker was used, | have noticed loss
or reduction of perinuclear hRABS8 staining in cell transfected with HTT97Q, consistent with
mutant HTT delocalising Rab8 from the Golgi (del Toro et al., 2009). Del Toro and co-workers
(2009) also reported a decreased interaction with Rab8 of mutant HTT (FL-HTT75Q) compared
to wild type HTT (FL-HTT17Q). | therefore quantified the correlation between hRAB8 and HTT.
The most common way to calculate correlation is the Pearson correlation coefficient (PCC);
however, as a fundamental requirement, the images must be acquired with identical settings
including the gain. In other words, to compare the correlation of two signals in two conditions

(e.g. condition A and condition B), the gain used for channel 1 in condition A must be identical
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to the gain used for channel 1 in condition B and the same applies for channel 2. While this
requirement was fulfilled when imaging hRABS, bright aggregates in HTT97Q samples precluded
the possibility to use the same setting for cells transfected with HTT25Q. In fact, keeping the
same settings resulted in overexposure of HTT97Q cells, or loss of HTT25Q signal. Moreover, not
every cell transfected with HTT97Q exhibited the same number of aggregates, which also
differed in signal intensity. With these premises, the overlap between hRAB8 and HTT signals
was lower in HEK293T cells transfected with HTT97Q compared to cells transfected with
HTT25Q, in line with what observed by del Toro et al. (2009).

Moreover, analysis of the MCC revealed a reduced correlation coefficient for hRAB8 and
HTT97Q, suggesting a reduced interaction between the two proteins.

A pathological hallmark of HD is the presence of intracellular aggregates (DiFiglia et al.,
1997; Davies et al., 1997; Muchowski, 2002; Sherman & Goldberg, 2001). ICC performed on
HEK293T cells transfected with HTT97Q exhibited aggregates varying in sizes and
immunostaining intensity. In confocal optical sections, small aggregates were detected as
cytoplasmic punctae, whereas large aggregates appeared as empty spheres, where only the
external surface was immunolabelled, possibly because the spatial organization of mHTT in the
aggregate masked the epitope (Chun et al., 2001), or because of the inability of the antibody to
penetrate in the inclusion bodies. Interestingly, while in the presence of small aggregates hRAB8
formed cytoplasmic speckles perfectly overlapping mutant HTT punctae, in the presence of large
aggregates the distribution of hRAB8 resembled that of mutant HTT, i.e. staining at the periphery
but not at the center of the aggregate. As HTT signal was expected to be found in the aggregates,
this result raises the question of what is the meaning of Rab8 lack of signal at the center of the
aggregates. One possible interpretation is that hRABS8 interacts with insoluble mHTT, however,
as the aggregates become larger, for unknown reasons, immunolabelling of hRAB8 (and
HTT93Q) cannot be detected and hence the lack of hRAB8 signal would reflect a technical
artefact. A second possibility is that hARABS8 interacts only with small mHTT aggregates, and when
the aggregates become larger, the interaction persists at the aggregate’s periphery. Either way,
the ICC has proven to be an approach with some technical limits, deriving from the need to label
proteins with antibodies.

These limitations have however been overcome by using the BiFC assay, which unveiled a
significant polyQ-dependent interaction dynamics of dRAB8 with HTT. When VC-dRab8 was co-
expressed with HTT97Q-VN, the BiFC signal was about 1.7-fold higher than the signal produced
by the co-expression of VC-dRab8 + HTT19Q-VN. However, only results relative to one
orientation (VC-dRab8) have been analysed as the BiFC experiments showed that the tag at the

C-terminus (i.e. dRab8-VC), but not at the N-terminus (i.e. VC-dRab8), suffered a localization
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problem. Indeed, when cells were co-transfected with dRab8-VC + VN, the BiFC signal exhibited
an evenly diffused cytoplasmic and nuclear distribution. Moreover, no BiFC perinuclear signal
was detected, indicating that dRAB8 was mis-localized. Conversely, when cells were transfected
with VC-dRab8 + VN the BiFC signal was not detected in the nucleus, and resembled those
already described for the GTPase. How the Rab proteins localize to their target membranes has
not been clarified yet. However, the COOH-terminal hypervariable region has been reported to
be important for the correct targeting of Rab proteins to their final compartments (Chavrier et
al., 1991) and therefore it is plausible that the VC tag the C-terminus of dRAB8 might interfere
with it, preventing dRABS8 correct localization.

Interestingly, imaging of native fluorescence revealed BiFC inclusion bodies of various
sizes without “zones of exclusion”, indicating extensive interaction between dRAB8 and mHTT
aggregates. These results moreover, suggest that the ICC images likely suffered from a technical
artefact, where the lack of the a-Rab8 signal was a false negative, and hence that
immunolabelling of hRABS8 at the aggregate could not be detected via ICC, rendering the study
of endogenous hRABS8 interaction dynamics challenging.

Del Toro and co-workers (2009) were the first to explore the changes of Rab8 dynamic
interactions with HTT. Their study showed a reduced interaction between mutant HTT and Rab8.
The authors however, limited their investigation to soluble mutant HTT and did not explore the
interaction dynamics at the aggregates. The lack of evidence in the literature, of a relationship
between Rab8 and mutant HTT aggregates, raises the question of why this increased interaction
occurs.

Albeit very speculative, a possible explanation could be based on a scenario where, in
the aggregation process driven by mutant HTT, Rab8, as other essential proteins involved in
vesicle trafficking, might be sequestered and removed from its cytoplasmic location (Qin et al.,
2004). The decreased interaction with soluble mutant HTT observed in the ICC and the
interaction with mutant HTT aggregates observed in the BiFC assay could reflect a situation
where dRABS is sequestered by the aggregates. In this scenario, the protection conferred by
dRABS8 overexpression observed in flies could derive from restoring cytoplasmic dRABS8 levels,
which could compensate for the sequestered dRAB8 and recover those pathways that have been
impaired, such as the lysosomal trafficking from the TGN (del Toro et al., 2009). Indeed, this
study found that the presence of a functional Rab8 is necessary for the TGN trafficking to the
lysosome (del Toro et al., 2009). Also, Rab8 has been recently identified as one of the key Rabs
participating in autophagosome maturation into the autolysosome, therefore playing an
essential role in autophagy (Ao et al., 2014). The autophagy-lysosome pathway is crucial for

degradation of pathogenic proteins and has been shown to have a therapeutic effect on HD
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(Ravikumar et al., 2002; Ravikumar et al., 2004; Sarkar & Rubinsztein, 2008; Shibata et al., 2006).
Given the intimate link between Rab8 and the autophagy-lysosome pathway, in the next chapter

| will investigate this in detail using a fruit fly model of HD.
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Chapter 5

Investigating dRAB8 rescue mechanism in a fly model of HD

5.1 Introduction

In this chapter, | address the possible mechanisms by which dRAB8 rescues phenotypes
caused by the expression of mutant HTT in Drosophila with a focus on autophagy. Autophagy is
a catabolic process that is of fundamental importance in the homeostatic balance between
synthesis, degradation and recycling of cellular components. Autophagy is free from the steric
constraints that limits UPS in the degradation of unfolded proteins. Thus, autophagy consti-
tutes a response mechanism that allows the cell to survive critical stress conditions (Klionsky &
Emr, 2000). During autophagy, targeted cellular components, such as organelles, proteins and
aggregates can all be isolated in double membrane vesicles (autophagosomes), and delivered
to lysosomes for degradation (Kroemer et al., 2010). Therefore, autophagy is a key degradative
pathway for toxic mHTT species due to failure of the UPS to efficiently degrade mHTT (Hara et
al., 2006; Komatsu et al., 2006). Pioneering studies carried out in yeast led to the discovery of
the Autophagy-related (Atg) proteins, the group of proteins directing autophagy (Klionsky,
2007). So far more than 30 Atg proteins have been found to constitute the canonical molecular
core of the autophagic pathway, which is highly conserved in all eukaryotes. Autophagy is a
tightly regulated process, which consists of 4 major steps (summarized in Figure 5-1): induction
of autophagy, autophagosome formation, cargo degradation and amino acidic recycling (Xie &
Klionsky, 2007):

e Induction of autophagy: in normal conditions, the class-lI phosphatidylinositol-3-kinase
(PI3K) signalling pathway activates the target of rapamycin (Tor), which functions as a neg-
ative regulator of autophagy. By phosphorylating Atgl, Tor inhibits autophagy induction
and maintains it at basal activity levels. However, stress conditions such a nutrient starva-
tion or rapamycin treatment, repress Tor activity. It follows the dephosphorylation and ac-
tivation of Atgl, which associates with Atg13 consequently inducing autophagy.

e Autophagosome formation: once autophagy is induced, cellular components are seques-
tered by the phagophore, which in its matured form resembles a monolayer cisterna. Alt-
hough the precise mechanism and source of membranes forming the phagophore is still
unclear, Atg9 seems to be pivotal in delivering membranes to form the phagophore. The
formation of the phagophore requires the class Il phosphatidylinositol 3-kinase (PtdIns3K)

complex — which is constituted by Atg6, Vps34, Vsp15 and Atgld — to convert phosphati-
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dylinositol (PtdIns) into phosphatidylinositol 3-phosphate (PtdIns3P). PtdIns3P is a signal
molecule that functions in the recruitment of many other Atg proteins to the phagophore
membrane. The phagophore elongates to sequester the cytoplasmic components, quickly
maturing into a double membrane vesicle, the autophagosome. The phagophore elonga-
tion requires a series of reactions catalysed by 8 different Atg proteins (Atg3, Atg4, Atg5,
Atg7, Atg8, Atgl0, Atgl2 and Atgl6), which engage two-ubiquitin-like conjugation reac-
tions. In the first reaction, the ubiquitin-like molecule Atgl2 is conjugated to Atg5. This
complex then interacts with Atgl16, to form the Atg12-Atg5-Atgl6 complex, which binds to
the outer membrane of the phagosome. In the second reaction, the ubiquitin-like mole-
cule Atg8 is cleaved by Atg4, and then is lipidated by Atg7 via conjugation to phosphatidyl-
ethanolamine (PE). Atg8 is integrated in the autophagosome double phospholipidic layer.
Because Atg8 is synthesised as a precursor and then it is cleaved and lipidated, the free cy-
tosolic (precursor) form is referred to as Atg8-I, whereas its mature, autophagosome-
associated form is referred to as Atg8-ll. The mammalian ortholog of Atg8 is called LC3
(Light Chain 3). Atg8-1I/LC3-1l are considered the most reliable marker of autophagy as
once incorporated into the membrane, Atg8-11/LC3-Il is stably associated with the autoph-
agosome until the cargo degradation (Klionsky et al., 2016). At this stage, the autophago-
some can fuse with multi-vesicular bodies (MVBs) or with a late endosome, forming an
amphisome.

Autolysosome formation: in the final stage of its maturation, the autophagosome (or the
amphisome) fuses with a lysosome, producing an autolysosome. Although largely un-
known, this process is directed by a number of proteins among which class C vacuolar pro-
tein sorting (Vps), endosomal sorting complex required for transport (ESCRTs) and soluble
NSF attachment protein receptors (SNAREs).

Cargo degradation: lysosomal hydrolases degrade the content of the autolysosome and
the inner membrane of the autolysosome itself to macromolecules and aminoacids, which
are released into the cytoplasm. At this stage, the intraluminal Atg8-1l is degraded, where-
as Atg8-ll integrated in the outer autolysosome membrane undergoes an Atg4-mediated
de-lipidation. Atg8 and other macromolecules and amino acids are released into the cyto-

plasm for recycle via permeases found at the autolysosome membrane.
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Figure 5-1 Overview of autophagy and the canonical autophagic core machinery.

Autophagy is induced by the Atgl complex (Atgl-Atgl3) that triggers the formation of a phagophore. The phago-
phore membrane contains Atg9 (which is essential in providing membranes for phagophore formation), Atg8-1, and
two conjugation systems: class Il PtdIns3K complex and Atgl2-Atg5-Atgl6 complex (which are involved in the
phagophore maturation into autophagosome). The autophagosome or the amphisome (the latter resulting by the
fusion of the autophagosome with an endosome) finally fuses with the lysosome, to produce an autolysosome,
where, through the action of acid hydrolases, the engulfed cytoplasmic material is degraded and reintroduced in
the cytoplasm via permeases as amino acids or macromolecules. Adapted from Yang & Klionsky, 2010.
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Numerous studies have shown that at least 10 Rabs — Rab1, Rab4, Rab5, Rab7, Rab8, Rab9,
Rab11, Rab24, Rab32 and Rab33 — are involved in different steps of autophagy (Ao et al.,
2014; Jain & Ganesh, 2016, and Table 1-1). Interestingly, there is growing evidence that over-
expressing Rabs to upregulate autophagy might have therapeutic potential for several neuro-
degenerative disorders. For instance, Ravikumar and colleagues (2008) showed that Rab5 con-
ferred protection in COS-7 cells and fly models of HD by regulating the autophagy-dependent
clearance of toxic mHTT. Studies in our laboratory have confirmed the protective role of Rab5
(more precisely rRAB5A) in the HTT103Q PC12 cell model. Furthermore, they have suggested
an autophagy-related role in the rescue of HD phenotypes mediated by the overexpression of
rRAB2A, rRAB11B and rRAB27A in the same cell system (Mason & Giorgini, unpublished).

Besides its well-characterized role in vesicle delivery from the Golgi to the plasma
membrane, Rab8 is also involved in autophagy, being involved in the fusion of the
autophagosome with the lysosome (Figure 1-10), thus, providing a rationale for investigating
the role of Rab8 in the modulation of autophagy and cellular mHTT cellular clearance.

Moreover, the observation of del Toro and co-workers (2009) that mHTT expression
leads to Rab8 de-localization from the Golgi and subsequent impairment of lysosomal traffick-
ing provides a further rationale for linking Rab8 with autophagy. If overexpression of dRAB8 to
functional cytoplasmic levels restores the normal lysosomal trafficking, autophagy might be
consequently upregulated. On the other hand, dRAB8 overexpression could promote the
unconventional based-autophagy, a pathway where proteins are cleared from the cytosol via
autophagosomal sequestration and extracellular secretion (Lim & Yue, 2015). Either routes are
hence expected to provide cellular clearance of toxic mHTT species: the autophagic route via
mHTT degradation, the unconventional autophagy-based secretion via extracellular delivery of
mHTT.

Based on these observations, it is possible to imagine that a similar scenario might also
occur in Drosophila, owing to the high degree of conservation between fly and mammalian
Rab8 (West et al., 2015). | therefore assessed whether autophagy is abnormal in flies express-
ing mHTT by measuring the levels of processed ATG8 (the homolog of LC3), a key autophagic
core-machinery component. Upon proteolysis by ATG4, the precursor of ATGS8 is converted
into the cytosolic form ATG8-l. Once autophagy is activated, ATG8-1 is
phosphatidylethanolamine (PE)-lipidated, becoming ATG8-Il, which binds to the membrane of
the elongating phagophore, helping to recruit the cargo. ATG8-Il remains associated with the
phagophore until its maturation into autophagolysosome and until complete degradation of
the cargo. Thus, ATGS8 is the most reliable marker to monitor changes in the basal level of au-

tophagy (Klionsky et al., 2016).
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Moreover, to further assess whether dRAB8 contributes to the autophagic degradation
of mHTT, | used two biochemical techniques, the filter retardation assay and AGERA (agarose
gel electrophoresis for resolving aggregates). Both methods allow to quantify cellular aggre-
gated mHTT and hence to assess dRAB8 influence on mHTT clearance.

Overall, my results do not support upregulation of autophagy nor mHTT clearance upon
dRABS8 overexpression in HD flies. On the contrary, dRAB8 overexpression seems to promote

aggregation of mHTT, suggesting a novel mechanism for the Rab GTPase family.

5.2 Materials and Methods

5.2.1 Autophagy assay

The autophagy assay measured the amount of ATGS8-I vs ATGS8-Il via Western immunob-
lot. Female flies expressing HTT93Q or HTT93Q and dRAB8 were generated by crossing females
UAS-HTT93Q (Table 2-4) and UAS-HTT93Q,dRab8 (Table 2-5) to elav-GAL4 males (Table 2-5).
UAS-only and GAL4-only control females were generated by crossing UAS-HTT93Q (Table 2-4)
and UAS-HTT93Q,dRab8 (Table 2-5) to w''*® or to elav-GAL4 males (Table 2-5) respectively (see
Table 3-1). Protein extraction was performed as described in Section 2.2.4 with no modifica-
tion to the protocol. Membranes were incubated with primary and secondary antibodies (a-
Atg8 and a-rabbit HRP, Table 2-3) as described in Section 2.2.4. Immunoblot analysis was per-
formed as described in section 2.2.4.4 with Imagel. Autophagy was monitored measured as
ATGS8-1I/ATG8-I. The means of three independent experiments were used in a one-way ANO-
VA, followed by a Newman-Keuls post-hoc using GraphPad Prism.
5.2.2 Filter retardation assay

Proteins were extracted from fly heads as described in Section 2.2.4.1, using females ex-
pressing HTT93Q or HTT93Q and dRABS as test flies and male flies as UAS controls (see Table
3-1). Total protein concentration was determined with the Bradford assay relative to a bovine
serum albumin (BSA) standard. 300 ul of Bradford reagent were mixed with 10 pl of protein
extract and incubated in the dark for 15 min before reading the absorbance at 595 nm with a
plate reader. Then 100 pg of proteins per sample were resuspended in 150 pl of 2% SDS in PBS.
A cellulose acetate membrane (0.45 pm, Whatman) was equilibrated in 2% SDS in PBS before
loading the samples. These were then blotted onto the membrane by vacuum using a Hy-
bri.Slot 24 slot blotting apparatus (Core Life Science) according to the manufacturer’s instruc-
tions. Each spot was washed 3 times with 150 pl of 2% SDS in PBS and the membrane was sub-
sequently air-dried prior to standard blocking and incubation with antibodies (a-HTT and a-

mouse HRP, Table 2-3). Immunoblot analysis was performed as described in section 2.2.4.4
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with Imagel. The relative abundance of a-HTT signal in elav>HTT93Q,dRab8 flies was normal-
ized to the abundance of the a-HTT signal of elav>HTT93Q samples, the latter thus set as 1.
The means of three independent experiments were used in a one-sample t-test, performed
with Graphpad Prism.

5.2.3 AGERA

The AGERA protocol was adapted for fly samples from Weiss et al. (2008). Proteins were
extracted from 100 fly heads and samples were quantified as described in Section 2.2.4.1. Fe-
males overexpressing HTT93Q or HTT93Q and dRAB8 were used as test flies and males were
used as UAS controls (see Table 3-1). Protein extracts were normalised to ODs95=0.5. For each
sample 30 ul were diluted 1:1 with a non-reducing Laemmli buffer (50 mM tris—HCI pH 6.8,
33% glycerol, 1.2% SDS, 0.001% bromophenol blue) before incubating at 95°C for 5 min. Then
the samples were loaded on an agarose gel (1.5% agarose, 375 mM tris-HCI, pH8.8, 0.1% SDS)
and run in in Gly-Tris buffer (192 mM glycine, 25 mM tris-base, 0.1% SDS) at 20 V O/N. Gels
were blotted on a nitrocellulose membrane using a semi-dry blotter (BioRad) following the
manufacturer’s instructions, the transfer buffer consisted of 25 mM tris, 192 mM glycine, 0.1%
SDS, 15% methanol. Membranes were incubated with primary and secondary antibodies (a-
HTT and a-mouse HRP, Table 2-3) as described in Section 2.2.4.4. Imnmunoblot analysis, relative
abundance of the a-HTT signal and statistical analysis were performed as described in the pre-
vious section.

5.2.4 Fly co-lImmunoprecipitation (Co-IP)

Co-immunoprecipitation was performed with GFP-Trap®_A (Chronotek) with slight mod-
ifications to the manufacturer’s protocol for fly extracts optimization. Proteins were extracted
from 400 heads as described in Section 2.2.4.1. 100 pl of proteins were then diluted in 400 pl
of dilution buffer (10 mM tris-HCl pH7.5, 150 mM NaCl) and incubated 2 h at 4°C with 60 ul of
equilibrated GFP-Trap®_A beads (Chronotek). 50 pl of diluted proteins were mixed with 50 pl
of 4x Laemmli buffer (240 mM tris-HCI pH6.8, 5% -mercaptoethanol, 40% glycerol, 8% SDS,
0.04% bromophenol blue) and used as input fraction. The rest of the lysate was subsequently
washed 3 times with dilution buffer. 50 ul of the last discarded wash was diluted in 50 pl of 4x
Laemmli buffer and used as non-bound fraction (flow through). Washed proteins were diluted
in 100 pl of 2x Laemmli buffer (120 mM tris-HCl pH6.8, 2.5% B-mercaptoethanol, 20% glycerol,
4% SDS, 0.04% bromophenol blue). Samples were heated 10 min at 95°C and then centrifuged
2 min at 2,500 x g at RT for beads removal. Each sample was equally split and loaded onto two
12.5% SDS-PAGE gels, which were transferred onto a nitrocellulose membrane (see Section

1.3.4.3). Membranes were incubated with primary (a-HTT and a-Rab8, Table 2-3) and second-
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ary (a-mouse HRP, Table 2-3) antibodies as described in Section 2.2.4.

5.3 Results

5.3.1 dRABS8 overexpression does not up-regulate basal autophagy

To examine the contribution of dRAB8 overexpression to the autophagy-lysosome
pathway, the autophagy marker ATG8 was quantified via immunoblot using and a-Atg8 anti-
body on elav>HTT93Q, elav>HTT93Q,dRab8 flies and controls (HTT93Q UAS ctrl,
HTT93Q,dRab8 UAS ctrl and GAL4 ctrl). Autophagy and autophagic flux can be monitor in sev-
eral ways (reviewed in Klionsky et al., 2016), however, protein extraction and immunoblot de-
tection of the autophagic marker ATGS8 is certainly the cheapest and quickest way for a prelim-
inary analysis. Indeed, as the cytosolic and the PE-lipidated vacuoles-associated forms (ATG8-I
and ATGS8-Il respectively) differ by ~3 kDa, these can be easily discriminated and quantified via
immunoblotting.

The amount of ATG8-Il was normalized to the amount of its cytoplasmic form, ATG8-I.
This quantification should provide a more sensitive readout compared to the normalization of
ATGS8-1l with a housekeeping protein (e.g. Actin). If in elav>HTT93Q,dRab8 flies the ATGS8 turn-
over is more rapid than in elav>HTT93Q flies, then one should expect not only an increase of
ATGS8-Il, but also a decrease of ATG8-I, and this difference will be emphasised by a higher ratio.

A one-way ANOVA of the average signal intensities of ATG8-1I/ATGS8-I revealed no signif-
icant difference for any of the samples analysed (one-way ANOVA, F10=0.4555, p=0.7667,
Figure 5-2). These data seem to suggest that the autophagic activity is not enhanced in HD flies
overexpressing dRABS8, or at least, that this assay is not suitable for detecting changes in the

autophagic levels.
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Figure 5-2 Autophagic levels of ATG8-Il in HD flies are not enhanced by dRAB8 overexpression.

A Representative immunoblot of head fly extracts from elav>HTT93Q, elav>HTT93Q,dRab8 and their controls
(HTT93Q UAS ctrl, HTT93Q,dRab8 UAS ctrl and GAL4 ctrl), showing the two forms of endogenous ATG8: the cyto-
solic form, i.e. ATG8-1 (15 KDa) and its cleaved, PE-lipidated and autophagosome associated form, i.e. ATG8-Il (12
KDa). Primary antibody: a-ATG8 1:3000 (Dr Koehle, Table 3). Secondary antibody: a-rabbit HRP 1:10000 (Vector,
Table 3). B Quantification of ATG8 expression levels. The data shown are the ratio between ATGS8-Il and ATGS8-I, and
are presented as mean +SEM of three experiments. One-way ANOVA, F410=0.4555, p=0.7667, ns.
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5.3.2 dRABS likely promotes mHTT aggregation

To further clarify the mechanism(s) of dRAB8 rescue of HD phenotypes in flies, filter re-
tardation assays were employed. Protein extracts from elav>HTT93Q flies, elav>HTT93Q,dRab8
flies and their UAS controls (HTT93Q UAS ctrl and HTT93Q,dRab8 UAS ctrl respectively) were
vacuum blotted on a cellulose acetate membrane of pore size 0.45 um, which was subsequent-
ly probed with an a-HTT antibody (Table 2-3). While all proteins, including soluble mHTT, pass
through the pores of the membrane, large aggregates are retained on the membrane due to
their insolubility in SDS and large size. With this assay, it is possible to evaluate the relative
degradation of mHTT aggregates; if dRAB8 overexpression causes more efficient cellular deg-
radation of mHTT aggregates, the amount of aggregated mHTT bound to the membrane
should decrease. Conversely, if, as suggested in the previous section, basal autophagy is not
upregulated by dRAB8 overexpression, then one should expect a comparable signal between
elav>HTT93Q and elav>HTT93Q,dRab8 flies.

Figure 5-3 shows that the average levels of mHTT aggregates were enhanced in flies
overexpressing dRAB8. A weak but discernible background signal was observed also in the
negative controls (HTT93Q UAS ctrl and HTT93Q,dRab8 UAS ctrl, Figure 5-3.A). The a-HTT posi-
tive spots were quantified and normalized to levels detected for elav>HTT93Q. The levels of
aggregated mHTT were on average ~1.5 fold higher in flies overexpressing dRAB8 (Figure 5-
3.B). A one sample t-test on the relative abundance of a-HTT signal revealed a significant dif-
ference between the two genotypes (one sample t-test t=6.907, df=2, p=0.0203, Figure 5-3.B),
confirming that dRAB8 rescue is autophagy-independent and also suggesting that dRAB8 may

actually promote mHTT aggregation.
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Figure 5-3 Filter-blot reveals that overexpression of dRAB8 enhances levels of aggregate form of mHTT.

A Representative cellulose acetate blot of head fly extracts from elav>HTT93Q, elav>HTT93Q,dRab8 and controls
(HTT93Q UAS ctrl and HTT93Q,dRab8 UAS ctrl). Primary antibody: o-HTT 1:2000 (Millipore, Table 2-3). Secondary
antibody: a-mouse HRP 1:10000 (Vector, Table 2-3). B Quantification of aggregate mHTT expression levels. The data
shows mHTT levels normalized to those of elav>HTT93Q flies, and are presented as mean +SEM of three experi-
ments. One-sample t-test, t=6.907, df=2, p=0.0203.
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5.3.3 dRABS likely promotes the formation of larger mHTT aggregates

To further validate dRAB8 aggregation data, | have optimized the AGERA technique for
fly extracts. Protein extracts from elav>HTT93Q, elav>HTT93Q,dRab8 and respective UAS con-
trols (HTT93Q UAS ctrl and HTT93Q,dRab8 UAS ctrl) were run in agarose gel using non-
reducing conditions and the proteins were then transferred onto a nitrocellulose membrane.
Due to the nature of AGERA, mHTT aggregates are separated according to their size, allowing
the detection of heterogeneous mHTT aggregate species (Figure 5-4.A).

Consistent with the filter retardation assay, quantification of the a-HTT signal revealed a
~1.5 fold-increase of mHTT aggregates in flies overexpressing dRAB8 (Figure 5-4.B) and a one-
sample t-test confirmed that this difference was significant (one sample t-test, t=4.395, df=2,
p=0.0481, Figure 5-4.B).

Comparison of the a-HTT signal smears, revealed mHTT species of higher sizes in
elav>HTT93Q,dRab8 (Figure 5-4.A, red arrows), which were not present in elav>HTT93Q flies.
All together, these observations strongly suggest that dRABS8 is able to modulate mHTT aggre-

gation, not only by increasing the levels, but also by increasing the size of mHTT aggregates.
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Figure 5-4 AGERA reveals that overexpression of dRAB8 enhances levels of aggregate form of mHTT .

A Representative cellulose acetate blot of head fly extracts from elav>HTT93Q, elav>HTT93Q,dRab8 and controls
(HTT93Q UAS ctrl and HTT93Q,dRab8 UAS ctrl). Red arrows in elav>HTT93Q,dRab8 sample indicate the presence of
bigger mHTT species, that were not found in the elav>HTT93Q sample. Primary antibody: a-HTT 1:2000 (Millipore,
Table 2-3). Secondary antibody: a-mouse HRP 1:10000 (Vector, Table 2-3). B Quantification of aggregate mHTT
expression levels. The data shows mHTT levels normalized to those of elav>HTT93Q flies, and are presented as
mean of three experiments. One-sample t-test, t=4.395, df=2, p=0.0481.
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5.3.4 Co-Immunoprecipitation in flies revealed no interaction between soluble mHTT
and RABS8

Could it be that the dRAB8/mHTT interaction observed in cells (Chapter 4) underlies the
mechanism by which dRABS8 increases the number of mHTT aggregates observed via filter re-
tardation assay and AGERA? | explored this possibility by investigating a putative interaction
between dRAB8 and soluble mHTT by co-immunoprecipitation (Co-IP) in flies.

Proteins were extracted from elav>HTT93Q,dRab8 flies and YFP-tagged dRAB8 was
pulled down with GFP-trap®, as described in Section 5.2.4. The HTT93Q,dRab8 UAS ctrl was
used as a negative control, whereas flies expressing HTT93Q but not dRABS8 (elav>HTT93Q)
were used to assess dRAB8 beads specificity.

Immunoblots of the total protein fraction (input) revealed a band at 46 KDa in
elav> HTT93Q,dRab8 flies, corresponding to the overexpressed YFP-dRABS8 (Figure 5-5). A very
low a-Rab8 signal was detected in the flow-through fraction (FT), however the majority of
dRABS signal was revealed in the immunoprecipitated fraction (IP), confirming the success of
dRABS8 pull-down. HTT93Q was present only in the input fraction of elav>HTT93Q,dRab8 and of
elav>HTT93Q flies, but not in the IP fraction (Figure 5-5). These results suggest no interaction
between the two proteins, or at least under these experimental conditions, which analyses

proteins either that are in the soluble fraction or that are easily removed from the membrane.
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HTT93Q — 46 KDa

Figure 5-5 Co-IP in flies reveals no direct interaction between soluble HTT93Q and dRABS.

Representative Co-IP immuono-blot. Total extracts from fly heads of elav>HTT93Q,dRab8, HTT93Q,dRab8 UAS ctrl,
and elav>HTT93Q, which were immuno-precipitated using an a-GFP antibody (GFP-trap®). YFP-dRAB8 was revealed
with a-Rab8 antibody in the input fraction (top panel, input), in a small amount in the flow-through fraction (top
panel, flow-through) and in the IP fraction (top panel, IP). a-HTT antibody revealed successful expression of HTT93Q
in elav>HTT93Q,dRab8 (bottom panel, input), however it also revealed no interaction between dRAB8 and HTT93Q,
as HTT93Q was found in the flow-through fraction (bottom panel, flow-through) but not in the IP fraction (bottom
panel, IP). Total extracts from fly heads of HTT93Q,dRab8 UAS ctrl were used as UAS negative control. a-Rab8 and
a-HTT antibodies confirmed neither YFP-dRAB8 nor HTT93 expression (top panel, input and bottom panel, input).
Total extracts from fly heads of elav>HTT93Q confirmed beads specificity for dRAB8 as HTT93Q was revealed in the
input fraction (bottom panel, input), in the flow-through fraction (bottom panel, flow-through), but not in the IP
fraction (bottom panel, IP). This experiment was replicated 3 times. Primary antibodies: a-Rab8 1:2500 (BDbiosci-
ence, 1:2500, Table 2-3), a-HTT 1:2000 (Millipore, Table 2-3). Secondary antibody: a-mouse HRP 1:10000 (Vector,
Table 2-3).
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5.4 Discussion

Autophagy is the main cellular clearance pathway that protects the cells from misfolded
proteins, aggregates and damaged organelles. Its contribution in HD has been highlighted by
numerous studies, which have shown that higher levels of autophagy protect the cell from HD
induced toxicity by reducing the amount of toxic aggregated mHTT (Martin et al., 2015; Mi-
zushima et al., 2008; Ravikumar & Rubinsztein, 2004; Rubinsztein et al., 2007). A great deal of
evidence has highlighted a role for the involvement of Rab GTPases in the autophagic clear-
ance of mHTT. Rab5 was the first GTPase discovered to mediate degradation of mHTT via au-
tophagy-upregulation (Ravikumar et al., 2008). The effects of Rab5 overexpression have been
found to be protective in cells and flies HD models. Studies in our laboratories, moreover, have
demonstrated that also rRAB2A, rRAB11B and rRAB27A have the ability to upregulate autoph-
agy, ameliorating mHTT induced toxicity in cells (Mason & Giorgini, unpublished). In this chap-
ter, | sought to investigate whether overexpression of dRAB8 triggers a similar protective
mechanism that could explain the rescue observed in the flies (Chapter 3). Rab8 has been in-
deed implicated in two key steps of the autophagic pathway: Rab8b mediates the fusion of
autophagosomes with lysosomes, thus forming autophagolysosomes; whereas Rab8a pro-
motes the unconventional autophagy-based pathway, called also secretory way or exocytosis
(Ao et al., 2014; Bento et al., 2013; Dupont et al., 2011; Jiang et al., 2013; Pilli et al., 2012).

The data gathered so far suggest that overexpression of dRAB8 promotes the formation
of mHTT aggregates and not their clearance via a mechanism involving upregulation of au-
tophagy. The autophagosome marker ATG8-Il was indeed not enhanced in flies overexpressing
dRABS, suggesting that, contrary to expectations, autophagy was not upregulated by dRAB8
overexpression.

This has been further confirmed by two independent biochemical assays, the filter re-
tardation assay and the AGERA, whereby overexpression of dRAB8, consistently corresponded
to a 1.5-fold increase in the amount of aggregated mHTT. Notably, while the filter-retardation
assay allows a quantitative measure of the aggregates, it precludes any qualitative analysis as
the threshold for detection is imposed by the membrane pore-size (0.45 pum). Conversely, be-
cause mHTT aggregates are electrophoretically resolved on an agarose gel and subsequently
transferred onto a nitrocellulose membrane, the AGERA technique allows a quantitative and
gualitative analysis of mHTT aggregates (Weiss et al., 2008). The AGERA results indicated that
elav>HTT93Q,dRab8 flies displayed larger aggregates compared to elav>HTT93Q flies, indicat-
ing the ability of dRAB8 to promote mHTT aggregation, a mechanism that could underlie its

ability to rescue HD phenotypes.

108



In the aggregation process, mHTT undergoes conformational changes producing
different species of mHTT: monomer, soluble oligomers and insoluble inclusion bodies (IBs)
(Cattaneo et al., 2005 and see Section 1.1.5.1). To date it is not clear what species of mHTT are
toxic, however protein aggregation leading to IBs formation has been suggested as a
mechanism to detoxify the cytotoxic intermediate mHTT species (Arrasate & Finkbeiner, 2012).
Contrary to initial models, numerous studies have found no correlation between IBs and
cellular death (Arrasate et al., 2004; Arrasate & Finkbeiner, 2012), whereas strategies promot-
ing the formation of IBs have shown potential benefit in HD models. One example is B2, a drug,
which, by boosting the formation of large IBs has been found to have beneficial properties
against HD and PD (Parkinson’s disease) phenotypes in PC12 model cells (Bodner et al., 2006).

How dRABS8 promotes aggregation is yet to be determined, however, | speculate it could
be via a positive feedback mechanism following the first interaction with the aggregates. The
BiFC data in Chapter 4 do not contradict this view: dRAB8 interacted more strongly with mHTT
rather than wtHTT, and the brightest signal was associated with IBs (Figure 4-16). This in-
creased interaction could reflect a protective cellular mechanism to cope with polyQ toxicity
(induction of aggregates) rather than sequestration into IBs as discussed in the previous chap-
ter.

The aggregation process could be triggered by dRABS interacting with soluble, yet not
aggregated mHTT. Alternatively, dRAB8 could interact with mHTT aggregates promoting their
aggregation even further. To distinguish between these two possibilities, | performed a Co-IP
on flies overexpressing dRAB8. Large mHTT aggregates are insoluble in SDS, and do not enter
the SDS-PAGE stacking gel. This allows one to investigate specifically the interaction between
dRABS8 and soluble mHTT. Co-IP analysis revealed that dRAB8 does not interact with soluble
mHTT, suggesting that the dRAB8/mHTT interaction involves exclusively with aggregates. To
conclude this set of experiments, it would have been interesting to probe the filter-retardation
membranes with an a-Rab8 antibody, unfortunately | encountered technical difficulties that
prevented me from addressing this question.

In the literature, there are additional examples of proteins with higher affinity for mHTT
aggregates than wtHTT (Davranche et al., 2011). Once bound to the aggregates, these proteins
can promote post-translational modifications interfering with the formation of aggregates. For
example, in a study published by Subramaniam et al. (2009), the small guanine nucleotide—
binding protein Rhes has been reported to have a higher affinity for mHTT compared to wtHTT,
in conditionally immortalized mHTT knock-in striatal neuronal cells (STHdh®*'¥?*) in HD
transgenic mice and in vitro. Contrary to what | observed for dRAB8, Rhes has an anti-

aggregation effect, which, increased neurotoxicity in several cell lines, including HD model
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HEK293 cells, mHTT knock-in striatal cells (STHdh®*'¥?%*), and HD model PC12 cells. Rabs,
which is also a G protein, could have a similar propensity for binding to aggregates, but causing
aggregation of mHTT instead (Seredenina et al., 2011; Subramaniam et al., 2009). Rab8 could
act like GAPDH (glyceraldehyde-3-phosphate dehydrogenase) which has been shown to have
increased affinity for mHTT aggregates, promoting aggregation even further (Lazarev et al.,
2015). If that was true, GCK (Germinal Center Kinase), also known as MAP4K2 (Mitogen-
activated protein kinase kinase kinase kinase 2), is an attractive candidate to bridge the gap
between dRAB8 overexpression and IBs formation. Rab8 interacts with and might regulate ac-
tivation of GCK, a serine/threonine-protein kinase that acts as an essential component of the
MAP (Mitogen-activated protein) signal transduction pathway (Chuang et al., 2016; Kyriakis,
1999; Ren et al., 1996). GCK is an upstream regulator of MEKK1 (MAP/extracellular signal-
regulated protein kinase (ERK) kinase kinase 1), a kinase that has been shown to stimulate the
formation of IBs in HD models of Hela, HEK293 and rat hippocampal neuronal cells (Meriin et
al., 2001). Interestingly, the authors have demonstrated that MEKK1 co-localises with IBs, but
it is not associated with soluble mHTT, this is similar to what | found for dRAB8 (Meriin et al.,
2001). More importantly, the authors have shown that MEKK1 promotes an early nucleation
step that triggers the formation of IBs (Meriin et al., 2001).

Given this, | believe that is possible that overexpression of dRAB8 could activate GCK
leading to a cascade of events that involves activation of MEKK1, ultimately triggering nuclea-
tion of mHTT aggregates and IBs formation. The novel possibility that dRAB8 could enhance
mHTT aggregation by modulating MEKK1 activity and the downstream MAPK signalling path-
way that catalyses nucleation of polyQ aggregates, would be in line with the BiFC and Co-IP
results, as well as with the filter-retardation assay and the AGERA data. In addition, as IBs have
been found to be protective in HD, this hypothesis could explain the rescue of the relevant HD
phenotypes observed in Chapter 3. Unfortunately, due to time constraints, | was not able to
pursue this hypothesis further.

In conclusion, these results seem to provide evidences for dRAB8 stimulating induction
of mHTT aggregation that could underlie a novel mechanism of HD protection within the Rab

GTPase family.
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Chapter 6
Investigating neuronal dysfunction in PDF-expressing cells of

Drosophila melanogaster

6.1 Introduction

Following the initial characterization of dRAB8 using a pan-neuronal driver (elav-GAL4),
the data presented in this chapter sought to explore dRAB8 function in a subset of clock cells:
the PDF" neurons, i.e. s-LNvs (small-lateral ventral neurons) and I-LNvs (large-lateral ventral
neurons). The s-LNvs are considered key pacemaker neurons controlling self-sustained
rhythms — rhythms that are sustained even in the absence of external stimuli — whereas the |-
LNvs are involved in sleep and arousals (Sheeba et al., 2008; Nitabach et al., 2006; Grima et al.,
2004). Manifestation of circadian rhythms requires precise coordination of molecular compo-
nents within cells and synchronisation among cells, hence it provides an exquisite and sensitive
model to look at the relationship between neuronal dysfunction and behaviour. Thus, expres-
sion of mHTT leading to deterioration of neuronal function, should impact on the daily cycle of
locomotor activity, for instance on the ability of self-sustain rhythmicity.

6.1.1 Drosophila circadian rhythms

Daily rhythms of physiology and behaviour are controlled by an endogenous circadian
oscillator (pacemaker). This system likely evolved as an adaptation to the daily environmental
cycles driven by the 24 hours rotation of the Earth around its axis. The clock is able to perceive
and to anticipate environmental changes and to act accordingly as the organism’s timekeeper.
Circadian clocks of different organisms share similar properties. For instance, they are en-
trained by external cycling stimuli (Zeitgebers, or time givers) such as light, which is undoubt-
edly the most relevant environmental cue. Moreover, they are self-sustained, meaning they
are able to maintain rhythmicity even in the absence of external cues (free-running condi-
tions), and are temperature-compensated, as their period is independent from the tempera-
ture at which they operate (within physiological limits) (Aschoff & Pohl, 1978).

During the last 40 years the mechanisms that regulate cycling behaviours have been in-
tensely investigated and the molecular basis of the circadian rhythms have found wide ac-
ceptance in the so-called Transcriptional Translational feedback Loop (TTL) model (Figure 6-1),
which is based upon two negative interlocked transcription/translation feedback loops (re-
viewed in Ozkaya & Rosato, 2012). According to the model, the heterodimer CLOCK (CLK)-

CYCLE (CYC) activates the transcription of several clock genes: period (per) and timeless (tim),
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which constitute the first loop, and vrille (vri) and Par domain Protein 1¢ (Pdplg), which form
the second one. per and tim are rhythmically expressed, peaking in the evening, between Zeit-
geber times (ZT) 13-16 (being ZT 0 the time when lights are on, e.g. 8 am). Transcripts are
translocated to the cytoplasm, where their translation takes place. Here, different post-
transcriptional modifications, mediated by several kinases such as DOUBLETIME (DBT), SHAG-
GY (SGG), and CASEIN KINASE II (CKIl), and phosphatases such as Protein Phosphatase 1 (PP1)
and Protein Phosphatase 2A (PP2A), affect TIM and PER stability inhibiting their accumulation
for about 6 hours. It is only in the middle of the night that PER and TIM enter the nucleus
where they repress the CLK-CYC complex thereby inhibiting their own transcription. A second
loop ensures the rhythmic expression of Clk and cry (cryptochrome), a flavo-protein that is the
main circadian photoreceptor. Early in the evening, vri and Pdple are expressed by CLK-CYC.
VRI quickly accumulates, dimerises and binds to the promoter sequences of Clk and cry, there-
after inhibiting their transcription. Late at night PDP1e accumulates and out-competes VRI and
promotes the transcription of Clk and cry, which peak at ZT 1-7. At the beginning of the day,
light activates CRY that in turn binds to TIM. The interaction between the two proteins induces
post-transcriptional modifications that ultimately lead to TIM (and consequently PER) degrada-
tion, resetting the clock (Figure 6-1).

These TTL generate and sustain the rhythmicity of the clock. Many cells express clock
genes in the body and the head. However, only ~150 neurons within the brain are crucial de-
terminants for circadian rhythmicity. They are classified in six main clusters reflecting their an-
atomical position in the brain (Figure 6-1). There are three groups of dorsal neurons (DNs) and
three groups of lateral neurons (LNs). The former is further subdivided in DN1s (16 cells), DN2s
(2 cells) and DN3s (40 cells). The lateral neurons are separated in posterior (LPN, 3 cells), dor-
sal (LNds, 6 cells) and ventral (LNvs), which in turn differentiate into large (I-LNvs, 4-6 cells),
small (s-LNvs, 4 cells) and the 5" small (Sandrelli et al., 2008; Helfrich-Forster et al., 1998 and

Figure 6-2).
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Figure 6-1 Transcriptional/Translational feedback Loops.

Schematic representation of the two interlocked negative feedback loops that regulate the molecular circadian
clock in Drosophila. On the right the “classical” negative feedback loop is depicted. per and tim transcription is pro-
moted by the CLK/CYC heterodimer binding to the E-BOX promoter sequence (CACGTG, enhancer box). PER and
TIM proteins accumulate in the cytoplasm later during the night where they undergo posttranslational modifica-
tions, such as phosphorylation. Phosphorylated PER/TIM dimers, can therefore re-enter the nucleus, where they
inhibit their own transcription. During the day, light activated CRY promotes TIM degradation. On the left the se-
cond loop is shown. CLK-CYC heterodimers trigger the transcription of VRI and PDP1e. During the day, VRI accumu-
lates more quickly than PDP1g and it can therefore inhibit CLK and CRY transcription (1), by binding to the V/P BOX
promoter sequence (TTATGTAA). 4 h later, PDP1e accumulates in the cytoplasm and by inhibiting VRI activity, it
promotes CLK and CRY transcription (2). The whole cycle takes roughly 24 h. Image taken modified Ozkaya & Rosato
(2012).
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6.1.2 Pigment dispersing factors (PDF) neurons and their properties

Pigment dispersing factors (PDFs) are neuropeptides named for their ability to cause reti-
nal screening pigment dispersion, when assayed on the optic stalk of Uca pugilator (Rao &
Riehm, 1989). This resembles the function of the crustacean’s Pigment dispersing hormones
(PDHs) family (Rao & Riehm, 1989). Staining against $-PDH in Drosophila identified different
PDH-immunoreactive neuron clusters in the brain and in the body, observed in larval,
prepupal, pupal and adult stages and this allowed the determination of the distribution of
Drosophila’s PDF expressing neurons (Helfrich-Forster, 1998; Renn et al., 1999).

The first cluster of PDF expressing neurons is represented by four s-LNvs. These neurons
develop in the medulla region, close to larval optic neuropil of the first instar larva, and persist
in the pupal and adult stages in the lateral protocerebrum close to the accessory medulla.
Throughout pupal development two other clusters of PDF expressing neurons mature: four to
five I-LNvs in the lateral protocerebrum, which maintain their structural characteristics also in
adults, and two to four PDFTri (tritocerebrum) neurons, in the anterior-ventral tritocerebrum,
which undergo apoptosis within four days after eclosion.

While the function of PDFTri neurons is poorly understood, LNvs are important media-
tors of complex behaviours such as the circadian locomotor activity rhythm. As shown by Renn
and co-workers (1999), Pdf null mutants (Pdf”’) become rapidly arrhythmic in free-running
conditions, with the few rhythmic flies displaying a shorter period compared to controls, while
in LD conditions mutant flies lose the morning peak and show earlier anticipation of the lights
off event. Interestingly, a similar result was observed by the genetic ablation of the LNvs (Renn
et al., 1999) and by electrically silencing the LNvs (Nitabach et al., 2002). Subsequent analyses
on PER localisation showed that the arrhythmic behaviour of Pdf** flies was not due to a lack of
molecular oscillations within individual clock neurons but rather to an internal desynchroniza-
tion among oscillators. This confirmed a role for PDF as a main circadian neurotransmitter re-
quired to coordinate and maintain synchronization among different oscillators (Lin et al.,
2004). Moreover, electrical hyperexcitation of the LNvs following the expression of NaChBac, a
voltage-gated sodium channel, resulted in complex free-running rhythms showing multiple
components (Nitabach et al., 2006) and a phase shift in the oscillation of clock proteins in the
DN1 and DN2 clusters. These results support the idea that a normal electrical activity of the
PDF cells is required for achieving synchronization of multiple oscillators within the clock. Tak-
en together these observations reveal a hierarchical structure for the circadian clock. The LNvs

(the s-LNvs in particular) act as the main pacemaker that resets the dorsal oscillators daily via
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Figure 6-2 Schematic representation of Drosophila's neuronal pacemaker.

Schematic representation of the left hemisphere of Drosophila’s brain with the main circadian clock neuronal clus-
ters and their projection depicted. PDF neurons (s- and |-LNvs) are annoted in red. The compound eye, the lamina
(peripheral optic neuropil) and the medulla (second optic neuropil) are shown. Image modified from Helfrich-
Forster et al. (2007).
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PDF expression, even in the absence of external stimuli, therefore acting as a cellular Zeitgeber
(Stoleru et al., 2005) in accordance to the dual oscillator model proposed by (Pittendrigh &
Daan, 1976).
6.1.3 Dual oscillator model and clock cells communication

The “classical dual oscillator model” proposed by Pittendrigh & Daan in 1976 posits that
the clock is hierarchically structured as cell-autonomous neuronal clusters with two main neu-
ronal clusters. More recently, the dual oscillator has been generally accepted by fly chronobi-
ologists (Allada & Chung, 2010), who are investigating whether such dual organisation could be
seen also in Drosophila. In this view the PDF positive (PDF") cells control the morning peak of
activity and the remaining more dorsal PDF negative (PDF) neurons control the evening peak
(evening cells). Based on the current model the PDF" cells (s-LNvs in particular) are the clock’s
main pacemaker being able to daily re-set the rhythm of the PDF neurons via PDF expression
(Stoleru et al., 2005). This model, however, has been recently challenged by Yao and Shafer
(2014) and Dissel and colleagues (2014), who introduced the concept of network plasticity and
described the clock as multiple integrated oscillators. Among the PDF cells only half of them
express PDF Receptor (PDFR), suggesting that the activity of the morning cells can only influ-
ence a small proportion of evening cells. By altering the period of PDF" cells expressing a vari-
ant of the DBT gene with reduced kinase activity, DBT', and therefore altering PDF expression,
Yao and Shafer demonstrated that a cluster of evening cells (5th s-LNV and the LNds) are actu-
ally formed by three independent oscillators differently coupled to PDF-expression. Moreover,
Dissel and co-workers have showed, by genetically manipulating individual neuronal clusters,
that endogenous rhythmicity of wild-type flies is the result of the interplay of all clock neurons
and not the dominant effect of a single group (Dissel et al., 2014). Therefore, the circadian
clock appears to consist of multiple oscillators coupled together via activation/inhibition inter-
actions rather than a single cluster of pacemaker neurons (Dissel et al., 2014).
6.1.4 Locomotor activity in Drosophila

There are several approaches for monitoring circadian rhythms in flies. For example,
eclosion, courtship, feeding, sleeping and egg deposition are timed by the endogenous clock
(Allada & Chung, 2010; Tataroglu & Emery, 2014). However, the monitoring of locomotor ac-
tivity is probably the most widely used system to examine daily behaviours of fruit flies
(Schlichting & Helfrich-Foérster, 2015; Allada & Chung, 2010). In standard 12:12 h light:darkness
(LD) laboratory conditions, Drosophila displays two bouts of activity during the day, the first
before the lights are ON and the second in the late afternoon, before the lights are switched

OFF (Collins et al., 2005; Vanin et al., 2012; Helfrich-Forster, 2001). These are called morning
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and evening peaks respectively (Figure 6-3). However, these peaks are preceded by increased
locomotor activity, called morning and evening anticipation, respectively (Helfrich-Forster,
2001; Stoleru et al., 2004; Allada & Chung, 2010). During the day and night, flies tend to re-
duce their activity and remain in sleep-like states (Tataroglu & Emery, 2014; Allada & Chung,
2010). The activity profile is often represented as an actogram, as shown in Figure 6-3. The
highly automated Drosophila activity monitor (DAM) system (see below) permits measure-
ment of fly locomotor activity continuosly for several days (Schlichting & Helfrich-Forster,
2015; Zordan et al., 2007), a feature particularly convenient when monitoring the effects of
neurodegeneration. Here, | monitored adult locomotor activity over a time window of 3 weeks
to evaluate neuronal damage triggered by mHTT on the PDF neurons. in particular, | analysed
the ability of HD flies to self-sustained rhythmicity in absence of light (DD conditions). | also
conduced preliminary immunofluorescence (IF) experiments on brains, to correlate behaviour-
al changes with the physiological state of the neurons.

Results are consistent with the notion that dRABS8 is a modifier for HD-induced pheno-
types and provide support to the emerging concept of a non-autonomous clock organization
(Dissel et al., 2014). Moreover, the data presented here seem in line with the hypothesis that

dRAB8 modulates mHTT aggregation.
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Figure 6-3 Representative actogram of a wild-type fly.

The locomotor activity is presented as actogram, where each histogram shows the average activity collapsed in 30
min bin. Black and white bars on top of each actogram represent the subjective night (black) and the subjective day

(white). X axis=time (h), Y axis=activity.
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6.2 Materials and methods

6.2.1 Drosophila crosses

Expression of the transgenes in the s- and I-LNvs was achieved by crossing UAS males
(Table 2-5) with Pdf-GAL4 females (Table 2-4), whereas UAS and GAL4 control crosses were
generated by crossing UAS males (Table 2-5) with w''*® females or w'**® males with Pdf-GAL4
females (Table 2-4) respectively as shown in Table 6-1. Crosses were set up on maize food and

kept at 25°C.

Table 6-1 Parental crosses and F1 progeny tested.

For the list of parental genotypes, refer to Table 2-4 and Table 2-5.

Parental crosses F1 progeny tested
Pdf>UAS

Q Pdf-GAL4 x & UAS-HTT93Q - & Pdf>HTT93Q

Q Pdf-GAL4 x & UAS-HTT93Q,UAS-dRab8 - & Pdf>HTT93Q,dRab8

Q Pdf-GAL4 x & UAS-dRab8 - & Pdf>dRab8
UAS ctrl

Q w''¥ x 8 UAS-HTT93Q - @ HTT93Q UAS ctrl

Q w''* x & UAS-HTT93Q,UAS-dRab8 - & HTT93Q,dRab8 UAS ctrl

Q w''¥ x 8 UAS-dRab8 . & dRab8 UAS ctrl
GAL4 ctrl

Q Pdf-GAL4 x & w''*® - & GAL4 ctrl

6.2.2 Behavioural assays

All the activity experiments were performed at 25°C, using the TriKinetics® Drosophila
Activity Monitoring System (TriKinetics). Newly eclosed males were individually placed in activ-
ity tubes (5 mm x 80 mm Pyrex glass) provided with sugar food (46 gr/L sucrose, 46 gr/L yeast,
10 gr/L agar, 2 gr/L nipagine) at one end (sealed with a plastic cap to avoid desiccation) and
cotton bung at the other. Each tube was placed in the monitoring apparatus (32
tubes/monitor), consisting of an infrared emitter and detector able to sense the movement of
the fly within a 5 min time bin. Flies were entrained in LD (12 h light:12 h dark) for 3 days and
then tested in DD (constant darkness) conditions for 3 weeks.
6.2.3 Behavioural analysis

The TriKinetics monitor data were collected using DAM System 2.1.3 software (TriKinet-
ics). For each week, results were analysed by running the autocorrelation and CLEAN spectral
analyses, using the MAZ software (Zordan et al., 2007). Flies were considered rhythmic when
autocorrelation and spectral analyses where significant; only periods showing a peak above
99% confidence limit in spectral and autocorrelation analyses were considered rhythmic. Flies

showing multiple peaks, or none peak above the 99% confidence limit were considered ar-
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rhythmic, flies showing exactly 2 rhythms above the 99% confidence limit were considered
having complex rhythms. The robustness of the peaks was calculated by mean of the CLEAN
spectral analysis. The average raw locomotor was collapsed in 30 min activity bins and dis-
played as double-plotted actograms (48 h plots).
6.2.4 Immunofluorescence and confocal microscopy

10-15 flies per genotype were fixed for 2 hours at RT (room temperature) in a 4% fil-
tered PFA-PBS (paraformaldehyde-phosphate buffer solution) with 0.1% triton-X100. Flies
were subsequently washed 3 times for 15 min in PBST (PBS with 0.1% triton-X100) and the
brain dissection was performed in ice cold PBS. Brains were washed 3 times for 15 min in PBST
prior to blocking in blocking solution (PBS with 0.5% triton-X100 and 10% goat serum) O/N at
4°C. Fly brains were then incubated for 3 days at 4°C either with o-HTT, with a-PDF or with o-
PDF and a-HTT primary antibodies (see Table 2-3) diluted in blocking solution, washed 3 times
for 15 min in PBST and finally incubated 2 hours at RT with the secondary antibodies (Cy2 a-
mouse and Cy5 a-rabbit, Table 2-3) diluted in blocking solution. Brains where washed 3 times
for 15 min in PBST, mounted onto glass slides in a solution of 80% glycerol and 3% n-
propylgallate in PBS and left O/N at 4°C. Slides were visualised using a laser scanning confocal
microscope Olympus FV1000 and images were processed with the FV-10 ASW 2.0 viewer pro-
gram (Olympus), maintaining the same settings for pictures taken within the same week. The
number of a-PDF positive neurons was counted and averaged considering each hemisphere as
an independent sample. Similarly, the number of a-HTT inclusions in PDF" neurons were aver-

aged for all the PDF" neurons found in one hemisphere.

6.3 Results

6.3.1 Expression of mHTT in LNvs neurons leads to arrhythmia and period shortening in
total darkness.

| expressed mHTT in the LNvs (i.e. Pdf>HTT93Q) and | analysed locomotor activity
rhythms in newly eclosed males maintained in darkness (DD) for three weeks, after 3 days of
light:dark (LD) entrainment. To further validate the protective role of dRAB8 in a HD context, |
also tested flies co-expressing mHTT and dRABS, i.e. Pdf>HTT93Q,dRab8. Overall Pdf>HTT93Q
flies showed higher levels of arrhythmia compared to controls (HTT93Q UAS ctrl and GAL4 ctrl)
throughout the 3 weeks of the experiment (Figure 6-4). A two-tailed exact Fisher’s test cor-
rected for Bonferroni indicated a significant difference between Pdf>HTT93Q and
Pdf>HTT93Q,dRab8 flies during the 1* week (p<0.001, Figure 6-4), suggesting a protective role

mediated by the Rab GTPase. No effect of dRAB8 was observed during the 2" and the 3"
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weeks (two-tailed exact Fisher’'s test corrected for Bonferroni, Pdf>HTT93Q and
Pdf>HTT93Q,dRab8, p>0.05, Figure 6-4). Interestingly, mHTT-driven arrhythmicity was reduced
over time, i.e. | observed ~79% arrhythmic flies during the 1* week compared to ~51% of flies
during the 2" week and to ~59% of flies during the 3" week (Figure 6-4). A two-tailed exact
Fisher’s test corrected for Bonferroni indicated a significant effect of time on the arrhythmicity
of Pdf>HTT93Q flies (1" week vs 2" week, p<0.001 and 1% week vs 3" week, p<0.001, Figure 6-
4). However, between the 2" and 3" week no statistical significance was observed (two-tailed

exact Fisher’s test corrected for Bonferroni, 2™ week vs 3 week, p>0.05, Figure 6-4).

121



1stweek

Pdf>HTT93Q
Pdf>HTT93Q,dRab8
HTT93Q UAS ctrl
HTT93Q,dRab8 UAS ctrl
GAL4 ctrl

Pdf>dRab8

dRab8 UAS ctrl

*hkk

FHEK

2ndyweek

Pdf>HTT93Q
Pdf>HTT93Q,dRab8
HTT93Q UAS ctrl
HTT93Q,dRab8 UAS ctrl
GALA4 ctri

Pdf>dRab8

dRab8 UAS ctrl

*hkk

3rdweek

Pdf>HTT93Q
Pdf>HTT93Q,dRab8
HTT93Q UAS ctrl
HTT93Q,dRab8 UAS ctrl
GAL4 ctrl

Pdf>dRab8

dRab8 UAS ctrl

su

Percentage of flies (%)

Arrhythmic B® Rhythmic

Figure 6-4 Percentage of AR HD flies in DD decreases after the 1% week.

Percentages of rhythmic and arrhythmic flies are calculated considering those alive week by week. Two-tailed exact
Fisher’s test corrected with Bonferroni test for multiple comparison. Comparison among Genotypes, 1 week:
Pdf>HTT93Q vs Pdf>HTT93Q,dRab8, p<0.001. Comparison among Weeks: Pdf>HTT93Q, 1% week vs 2™ week,
p<0.001; 1% week vs 3™ week, p<0.01. Pdf>HTT93Q 1% week N=158, 2™ week N=152, 3" week N=98; HTT93Q UAS
ctrl 1% week N=83, 2™ week N=74, 3" week N=61; Pdf>HTT93Q dRab8 1% week N=61, 2" week N=60, 3" week
N=40; HTT93Q,dRab8 UAS ctrl 1% week N=59, 2"® week N=54, 3" week N=24; GAL4 ctrl 1% week N=96, 2" week
N=72, 3" week N=63; Pdf>dRab8 1% week N=45, 2™ week N=41, 3" week N=21; dRab8 UAS ctrl 1% week N=32, 2™
week N=30, 3 week N=15.
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It is worth noting that not only did the percentage of rhythmic Pdf>HTT93Q flies in-
crease significantly throughout the course of the experiment, but strikingly, that individual
Pdf>HTT93Q flies became progressively more rhythmic (Figure 6-5.A). As a measure of the ro-
bustness of the rhythm, the power of the spectral peak calculated by CLEAN (hereafter re-
ferred simply to as power) was quantified. It corresponds to the ordinate’s value at the CLEAN
spectral peak, given in arbitrary units (Figure 6-5.A). The power was calculated for 35 flies that
were rhythmic during week 2 and 3. Of these only 3 were rhythmic during week 1. A one-way
ANOVA revealed a significant difference among the 3 weeks (F3,102=39.35, p<0.0001, Figure 6-
5.B), with the 2" week also being significant different from the 3" week (post-hoc Newman-
Keuls, p<0.01, Figure 6-5.B).

This recovery from behavioural arrhythmia in constant darkness reinforces the idea of a

plastic organization of the circadian network (Dissel et al., 2014).
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Figure 6-5 Pdf>HTT93Q flies recover from behavioural arrhythmia.

A Outputs of the CLEAN spectral analysis (top panels) and autocorrelation (bottom panels) of a representative
Pdf>HTT93Q fly which was arrhythmic during the 1% week and rhythmic during the 2" and 3™ week, compared to a
control fly, GAL4 ctrl, which was rhythmic for the whole experiment. B Quantification of the power of CLEAN spec-
tral analysis for 35 Pdf>HTT93Q flies throughout 3 weeks, chosen because considered rhythmic during the 2" and
3" week. Data are +SEM. One-way ANOVA, F(, 10=39.35, p<0.0001. Post-hoc Newman-Keuls: 1 week vs 2" week,
p<0.0001, 1% week vs 3" week, p<0.0001, 2" week vs 3™ week, p<0.01. N=35.
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The locomotor activity data were used to build the actograms reported in Figure 6-6.A,
which for every genotype display the average activity of all the flies monitored during the ex-
periment, regardless of their rhythmicity. From the actograms, arrhythmicity was identified as
the main component of locomotor behaviour of both Pdf>HTT93Q and Pdf>HTT93Q,dRab8
flies, although both short and long rhythms (yellow and white arrows, Figure 6-6.A) were ob-
served over the course of the weeks. In addition the mean periods for rhythmic flies was calcu-
lated for individual weeks (Figure 6-6.B). To investigate if mHTT overexpression has an effect
on the period of the flies, a two-way ANOVA with repeated measures would be the appropri-
ate statistical analysis, as those are not in fact independent observations. However, given the
small proportion of Pdf>HTT93Q flies rhythmic during the 1* week and retaining rhythmicity
for the following two weeks (5 out of 148), this approach, would be misrepresentative of the
sample. Given these thoughts, | found it preferable to consider the data as multiple observa-
tions. A two-way ANOVA analysis showed significant genotype x week interaction (Fge03=1.87,
p=0.061, Figure 6-6.B) suggesting that the flies were not responding similarly throughout the
course of the entire experiment, although a significant difference among genotypes
(F(a,603=18.62, p<0.0001, Figure 6-6.B) and weeks (F(3,603=9.26, p=0.0001, Figure 6-6.B) was ob-
served.

Interestingly, while mHTT expressing flies overall showed a short period over the weeks
(1 week, 22.63 h  0.39; 2™ week, 22.64 h + 0.07; 3™ week=23.26 h + 0.25, Figure 6-6.B), co-
expression of HTT and dRABS8 generated longer periods during the 1% (24.7 h + 0.22, Figure 6-
6.B), that progressively shortened to almost wild type levels during the 2" (23.49 h £ 0.29, Fig-
ure 6-6.B) and 3" week (23.3 h £ 0.53, Figure 6-6.B). The Newman Keuls post-hoc revealed that
the two genotypes were significantly different only during the first weeks (1* week, p<0.001,
2" week, p<0.001). Remarkably, while the period of Pdf>HTT93Q,dRab8 flies was consistently
long during the 1* week, during the 2" week a shorter component appeared, which took over

during the 3™ week (Figure 6-6.A).
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To interpret those data further, the behaviour of individual Pdf>HTT93Q and
Pdf>HTT93Q,dRab8 flies was examined. Flies were assigned to 6 categories: arrhythmic, com-
plex rhythms, long rhythms, circadian rhythms, short rhythms or dead (Figure 6-7). This ap-
proach suggests that the effects described above are not due to a mere statistical artefact. In
addition this kind of data visualization revealed that during the 2" week, rhythmic
Pdf>HTT93Q had predominantly short rhythms whereas during the last week they clustered in
mainly two groups: half retaining a short period (<24 h) and the other half displaying a circadi-
an period (~24 h; Figure 6-7). Conversely, Pdf>HTT93Q,dRab8 flies exhibited long periods dur-

ing the 1* week, but they appeared desynchronized during the 2" week and 3™ week.
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Figure 6-7 Visual summary of the behavioural pattern of Pdf>HTT93Q and Pdf>HTT93Q,dRab8 flies throughout
three weeks of DD.

Each point correspond to one fly, whereas the three different shades of grey, indicate the three different time
points. Hence three aligned points in the same column represent the same fly over time. X axis=flies tested, hence
major ticks represents the n™ flies tested. AR, arrhythmic; CR, complex rhythm; CP, circadian rhythm (period includ-
ed between 23.5 h and 24.5 h); D, dead; LP, long period (> 24.5 h); SP, short period (< 23.5 h). Pdf>HTT93Q 1% week
N=158, 2" week N=152, 3" week N=98; Pdf>HTT93Q,dRab8 1% week N=61, 2" week N=60, 3 week N=40.
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6.3.1 mHTT-expressing flies exhibit loss of s-LNvs and accumulation of a-HTT signal in

IB-like structures

To correlate locomotor activity data with measures of molecular dysfunction, prelimi-
nary IF experiments were conducted at day 1, 7 and 14 on brains probed with a-PDF (Figure 6-
8.A). These time points corresponded to the beginning of the 1%, 2" and 3™ weeks previously
analysed. In agreement with what had been previously reported (Sheeba et al., 2010; Mason
et al., 2013), | did not observe loss of immunoreactivity in the I-LNvs, neither in Pdf>HTT93Q
nor in Pdf>HTT93Q,dRab8 samples. The s-LNvs were counted in all brains. Loss of s-LNvs was
found in Pdf>HTT93Q at day 7 (mean 3.5%0.2, Figure 6-8.B) and at day 14 (mean 3.5%0.2, Fig-
ure 6-8.B) whereas Pdf>HTT93Q,dRab8 always displayed 4 s-LNvs (Figure 6-8.B). A one sample

t-test against the hypothetical value of 4 indicated a significant loss of s-LNvs only at day 14.
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Figure 6-8 The number of s-LNys is significantly decreases in mHTT expressing flies at day 14.

A Representative confocal maximum projection of a control hemisphere brain (GAL4 ctrl) treated with a-PDF. The
staining shows 4 I-INvs (red arrows), 4 s-LNvs (yellow arrows), PDF arborisation in the medulla and the dorsal and
lateral PDF projections. Primary antibody: a-PDF 1:50 (DSHB, Table 2-3). Secondary antibody: Cy2 a-mouse 1:200
(AbCam, Table 2-3). Scale bar=10 um. B Following 3 day entrainment in LD, flies were aged 1 day in DD. The number
of s-LNvs was quantified for Pdf>HTT93Q, Pdf>HTT93Q,dRab8, HTT93Q UAS ctrl, HTT93Q,dRab8 UAS ctrl and GAL4
ctrl. Data are presented as the average number of s-LNvs per hemisphere +SEM, based on te following numbers of
hemispheres: Pdf>HTT93Q day 1 N=6, day 7 N=6, day 14 N=9; HTT93Q UAS ctrl day 1 N=6, day 7 N=5, day 14 N=6;
Pdf>HTT93,dRab8 day 1 N=7, day 7 N=5, day 14 N=6; HTT93Q,dRab8 UAS ctrl day 1 N=6, day 7 N=5, day 14 N=6;
GAL4 ctrl day 1 N=4, day 7 N=5, day 14 N=6. One-sample t-test for Pdf>HTT93Q flies: day 7, hypothetical value=4,
t=2.236, sf=5, p=0.0756, ns. One sample t-test for Pdf>HTT93Q flies: day 14, hypothetical value=4, t=9.3430, df=8,
p<0.0001.
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Next, | examined the expression of mHTT in the s-LNvs neurons. Immunostainings with
o-HTT and a-PDF antibodies were performed in flies either expressing HTT93Q alone or with
dRABS8 in the PDF" neurons. Flies were aged 1 day, after which brains were dissected and
stained as described in Section 6.2.4. Confocal analyses of PdfSHTT93Q and
Pdf>HTT93Q,dRab8 flies revealed that for both genotypes the a-HTT signal was not ubiquitous-
ly distributed in the s-LNvs neurons, rather it formed punctate structures resembling IBs (Fig-
ure 6-9.A). | also noticed that the s-LNvs of Pdf>HTT93Q,dRab8 flies had a greater number of
these a-HTT positive structures. Hence, the number of punctae in each neuron was counted
and averaged for the total number of neurons per brain hemisphere. A two-tailed exact Fish-
er’s test did not reveal a significant increase in the number of punctae in Pdf>HTT93Q,dRab8
(Two-tailed exact Fisher test, t=1.364 df=16, p=0.1913, Figure 6-9.B), although the proportion

of a-HTT positive structures in this genotype was 1.5 higher than in Pdf>HTT93Q flies.
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Figure 6-9 dRABS8 overexpression induces the formation of a-HTT positive punctae in the s-LNvs of mHTT flies.

A Representative confocal maximum projections of 3 s-INvs of Pdf>HTT93Q and Pdf>HTT93Q,dRab8 stained with a-
PDF and a-HTT at day 1 post eclosion. Whithe arrows indicate a-HTT positive punctae. Primary antibodies: o-HTT
1:2000 (Millipore, Table 2-3), a-PDF 1:100 (Dr Wilcockson, Table 2-3). Secondary antibodies: Cy2 a-mouse 1:200
(AbCam, Table 2-3), Cy5 a-rabbit 1:200 (AbCam, Table 2-3). Scale bar=10 um. B Mean of a-HTT positive punctae
found in the s-LNvs, averaged for the number of s-LNvs per hemisphere. Two-tailed exact Fisher test, t=1.364 df=16,
p=0.1913, ns. Pdf>HTT93Q, N=9; Pdf>HTT93Q,dRab8 N=9.
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6.4 Discussion

The expression of mHTT in PDF" cells, i.e. s- and I-LNvs, led to behavioural arrhythmia in
costant darkness and dRAB8 overexpression was able to alleviate those phenotypes, further
validating the Rab GTPase as modifier for HD in D. melanogaster. Flies were monitored for
three weeks, and their behaviour was analysed week by week. The majority of mHTT express-
ing flies was arrhythmic during the first week. Overexpression of dRABS8 significantly increased
the percentage of rhythmic flies during the first week. During the 2" and 3™ week, there was
actually no difference between the percentages of Pdf>HTT93Q and Pdf>HTT93Q,dRab8
rhythmic flies. Indeed, Pdf>HTT93Q flies became progressively more rhythmic as a function of
time. Although a circadian interpretation of these data is beyond the scope of this thesis, re-
emergence of rhythmicity might reflect a reconfiguration or adaptation of the circadian net-
work after the s-LNvs — an important group of clock neurons — become dysfunctional by the
expression of mHTT. If we assume that dRABS8 delays the weakening of the s-LNVs, we can un-
derstand why initially the Pdf>HTT93Q,dRab8 flies are more rhythmic but then they show less
rhythmicity (their activity profile displays a mix of long and short rhythmic components) that
results from the interference of the s-LNvs and the delay in the reconfiguration of the network
(Dissel et al., 2014).

Preliminary confocal analyses may support this view. Immunostaining on brains revealed
that while the I-LNvs seemed to be unaffected by mHTT expression, a progressive loss of s-
LNvs, was observed, in accordance to previous studies (Sheeba et al., 2010). However, it is im-
portant to remember that although a reduction in PDF immunoreactivity may provide a meas-
ure of neuronal dysfunction, it does not necessarily measure neuronal death. To answer this
guestion and to determine when the death of s-LNvs death occurrs, it would be necessary to
use apoptotic markers such as TUNEL analysis.

In the previous chapter | proposed a role of dRAB8 in promoting aggregation that might
explain the rescue observed so far. The increased in number of a-HTT positive structures ob-
served in the s-LNvs upon dRABS8 overexpression is reminiscent of IBs formation observed pre-
viously (Chapter 5), and could support the idea that dRAB8 has a direct effect on the aggrega-
tion state of mHTT. Taken together these data suggest a role for dRAB8 as a neuroprotective
agent against HD phenotypes even when its overexpression is limited to a small number of
cells. Moreover these results highlight the ability of the circadian neuronal network to recon-

figure.
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Chapter 7

Discussion

HD is a fatal neurodegenerative disorder caused by loss of regions of the brains such as
the striatum and cortex, which manifests with physical, psychological and psychiatric symp-
toms. At the molecular level HD is triggered by an abnormal CAG repeat length in the first exon
of the HTT gene, encoding for a polyQ expansion in the translated protein. When the polyQ
tract exceeds the critical threshold of 40 repeats, the mutation causes the protein to misfold
and aggregate, leading to cellular dysfunction, such as transcriptional dysregulation, mito-
chondrial and axonal transport defects, progressively leading to neuronal death (Bates et al.,
2014). Notwithstanding the inverse correlation existing between the number of repeats and
the age of onset, patients carrying the same expansion length can manifest differences in the
clinical onset of the disease (Wexler et al., 2004). While the CAG repeat length is the primary
determinant for the pathogenic process, 38% of the onset variability depends on genetic fac-
tors (Gusella & MacDonald, 2009). The search of genetic modifiers, i.e. genetic variants in the
human genome that can alter the disease progression, is the focus of intense research, as their
identification might lead to new therapeutic targets for HD. Genetic screens carried in yeast or
in cell culture have been used to identify modifiers of mHTT-induced toxicity, uncovering cellu-
lar pathways involved in the pathogenic process and identifying novel therapeutic targets
(Giorgini et al., 2005; Mason et al., 2013; Smalley et al., 2016). One pathway impaired in HD is
the vesicular trafficking, including those directed by the Rab GTPases. Several lines of evidence
have reported defects of Rabs function and localization upon mHTT expression (del Toro et al.,
2009; Li et al., 2009a; Li et al., 2009b; Li et al., 2010; Ravikumar et al., 2008), and overexpres-
sion of several Rabs has shown to be protective in Drosophila and mammalian cell HD models
(Li et al., 2009a; Ravikumar et al., 2008; Richards et al., 2011; Steinert et al., 2012). A siRNA
screen targeting the majority of Rabs has identified candidate genes able to modulate mHTT-
induced toxicity in HEK293T cells (Mason & Giorgini, unpublished). Among these, Rab8 — which
coordinates the secretory pathway from the TGN — was identified as a putative modifier of HD,
in fact human Rab8a (hRAB8A) down-regulation increased mHTT-induced toxicity (Mason &
Giorgini, unpublished). This important finding has set the scene for the research undertaken
during my PhD. The work presented in this thesis had the primary aim of validating and charac-
terizing dRAB8 as a biological modifier of HD phenotypes in vivo, using Drosophila as model

system.
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7.1 dRABS8 delays the onset of HD-phenotypes in Drosophila

HD pathology was modelled in Drosophila by expressing the first exon of mHTT carrying
93Q (Steffan et al., 2001). This mHTT-truncated form is often used to model HD, as its pan-
neuronal expression, achieved using the CNS driver elav-GAL4 (Table 2-4), recapitulates many
aspects of the pathology, such as neurodegeneration in the eyes, impaired emergence from
the pupal case and shortened life-span (Green & Giorgini, 2012). Neurodegeneration in these
flies can be easily scored by performing the so-called “standard assays” (Green & Giorgini,
2012). In the pseudopupil analysis the progressive neurodegeneration of the photoreceptor
cells is evaluated by scoring for presence of the 7 light-microscopy visible rhabdomers, which
progressively decrease in function of time (Mason et al., 2013; Richards et al., 2010; Campesan
et al., 2011; dos Santos et al., 2014; Varadarajan et al., 2015; Vittori et al., 2014; Vittori et al.,
2013; Sajjad et al., 2014; Ravikumar et al., 2004; Steffan et al., 2001). The eclosion assay
measures the emergence of the flies from the pupal case, which is reduced in HD flies (Campe-
san et al., 2011; Richards et al., 2010; Vittori et al., 2014; Wolfgang et al., 2005). Finally, as the
life-span is reduced upon mHTT expression, the median survival, can be used as a metric as-
sess to neurodegeneration (Richards et al., 2011; Steffan et al., 2004).

Pan-neuronal expression of the polyQ-expanded HTT fragment driven by the elav-GAL4
driver (i.e. elav>HTT93Q) caused a 1.6-fold decrease in the rate of pupal emergence (Figure 3-
2). Moreover, elav>HTT93Q flies showed an age dependent loss of photoreceptor cells (rough-
ly a 15% decrease between day 1 and day 7, Figure 3-3.C), and exhibited a reduced life-span,
displaying a median survival of 7 days (Figure 3-4 and Table 3-2), which is very short compared
to the about 1.5 months of a wild type fly. These findings are in agreement with earlier re-
ports, underlying the high reproducibility of these assays. (Mason et al., 2013; Richards et al.,
2010; Campesan et al., 2011; dos Santos et al., 2014; Varadarajan et al., 2015; Vittori et al.,
2014; Vittori et al., 2013; Sajjad et al., 2014; Ravikumar et al., 2004; Steffan et al., 2001). All
these HD-relevant phenotypes were ameliorated by overexpression of dRAB8. Eclosion rates
of flies elav>HTT93Q,dRab8 were increased to levels comparable to controls (Figure 3-2).
dRABS8 overexpression resulted in 10% and 15% neuroprotection in the photoreceptor cells at
day 1 and day 7 respectively (Figure 3-3.C). Notably, the number of rhabdomers at day 7 dis-
played by elav>HTT93Q,dRab8 flies was comparable to those of elav>HTT93Q flies displayed at
day 1 (~6, Figure 3-3.C), suggesting that dRAB8 overexpression delays neurodegeneration by 6
days. Also, the lifespan was extended, as the median survival of elav>HTT93Q,dRab8 flies was
more than doubled compared to that of elav>HTT93Q flies (Figure 3-4 and Table 3-2). Collec-

tively these results underlie dRAB8 ability to modify the onset of HD-phenotypes by slowing
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down the progression of the disease.

It was important at this stage to determine whether the rescue observed was due to the
GTP-binding state of dRABS8. Rabs use the molecular cycling between the active, GTP- and the
inactive, GDP- bound forms to regulate the different steps of vesicular traffic. Rabs ability to
switch between the ON and OFF states ensures their correct localisation of funtion (Zhen &
Stenmark, 2015 and Figure 1-8). Constitutively active and dominant negative forms of dRAB8
(i.e. dRAB8CA and dRAB8DN) were tested for their ability to rescue HD-relevant phenotypes.
The eclosion rates of elav>HTT93Q,dRab8DN and elav>HTT93Q flies were not significantly dif-
ferent (Figure 3-2). Similarly, the two genotypes showed comparable median survivals (Figure
3-4 and Table 3-2). Interestingly however, elav>HTT93Q,dRab8DN flies aggravated the loss of
rhabdomers loss at day 7 (but not at day 1; Figure 3-3). As expression of dRAB8DN per se pro-
duced a wild-type phenotype, these results suggest a synergistic effect of mHTT with
dRABS8DN. As already discussed in Chapter 3, Rab8 was described as a regulator of the rhodop-
sin transport in retinal photoreceptor cells in R. berlandieri (Moritz et al., 2001). Expression of
Rab8DN mutant was shown to cause degeneration of the retina in X. laevis (Deretic et al.,
1995). If the role of Rab8 is conserved along the evolutionary scale, it might explain why co-
expression of dRAB8DN in the HD background aggravated photoreceptor loss. Whether over-
expression of dRAB8DN alone is sufficient to trigger loss of rhabdomeres in Drosophila could
be tested at later time points, e.g. day 14 or day 21. Overexpression of dRAB8CA ameliorated
the emergence from the pupal case (Figure 3-2), increased the number of rhabdomeres at day
7 (Figure 3-3.C), and extended the life-span (Figure 3-4 and Table 3-2). In particular, while the
eclosion rate was completely rescued to wild type levels in elav>HTT93Q,dRab8CA flies (Figure
3-2), neuroprotection scored in the pseudopupil analysis and in the longevity assay was lower
compared to elav>HTT93Q,dRab8 flies (Figure 3-3.C, Figure 3-4 and Table 3-2). These results
indicate that the rescue provided by dRAB8 overexpression depends upon the binding state of
the GTPase, namely, is it essential for the protein to switch between the ON and OFF states.

Neurodegenerative diseases, including HD, affect sleep and circadian rhythms (Morton
et al., 2005). These disturbances are linked with the pathological dysfunction of the hypothal-
amus, and in particular of the superchiasmatic nucleus (Kremer et al., 1990; Petersén & Gab-
ery, 2012). Drosophila has been extremely helpful in dissecting the basis of the mechanisms
that generate circadian rhythms, making this insect particularly suited for chronobiology stud-
ies. Drosophila clock consists of only ~150 clock neurons (Figure 6-2). These neurons are clus-
tered in relation to their anatomical position: there are three groups of dorsal neurons (DN1,
DN2 and DN3), a group of lateral posterior neurons (LPN) and two groups of lateral neurons

(LN), the lateral dorsal neurons (LNds) and the later ventral neurons (LNvs). The LNvs are an
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important group of clock cells, consisting of 16 neurons, 4 small (s-LNvs) and 4 large (I-LNvs) in
each hemisphere (Helfrich-Forster et al., 1998). These express PDF, a neuropeptide important
for entraining the clock and for sustaining rhythmicity in the absence of external clue (free-
running conditions) such as darkness (Renn et al., 1999, Peschel & Helfrich-Forster, 2011). One
rhythmic behaviour that is marked by circadian rhythms is locomotor activity. In laboratory
conditions, with 12:12 h light:dark settings, flies are active at dawn and dusk, displaying two
characteristic bouts of activity, the morning and the evening peaks (Allada & Chung, 2010 and
Figure 6-1). Because one characteristic of any endogenous clock is the self-sustainability in
free-running conditions, the activity peaks persist also in constant darkness (DD), showing a
period slightly shorter than 24 h (Collins et al., 2005; Helfrich-Forster, 2001; Peschel & Helfrich-
Forster; 2011; Vanin et al., 2012). As manifestation of circadian rhythms requires precise coor-
dination among cellular components, these are an excellent model to look at the relationship
between neuronal dysfunction and behaviour. mHTT expression in the PDF" cells has been
shown to cause rhythmic defects and to cause the neuronal death of the s-LNvs (Mason et al.,
2013; Sheeba et al., 2010). Hence the circadian system of the fly, and in particular the subset
of the PDF clock cells, provide a robust model to measure neuronal dysfunction, and test the
protective effects of dRAB8. The locomotor activity of flies tested in DD was monitored for 3
weeks. Each week was analysed independently from each other and will be referred to as 1%,
2" or 3 week. Pdf>HTT93Q flies, namely flies expressing mHTT in PDF" neurons, exhibited
abnormal locomotor activity behaviours, indeed only ~20% of Pdf>HTT93Q flies were rhythmic
during the 1°* week (Figure 6-2). Strikingly, dRAB8 overexpression rescued the behavioural ar-
rhythmia. | observed ~65% of rhythmic Pdf>HTT93Q,dRab8 flies during the 1* week (Figure 6-
4), supporting once again the neuroprotective role of this small GTPase. During the following
weeks, however, there was no difference between the percentages of rhythmic Pdf>HTT93Q
and rhythmic Pdf>HTT93Q,dRab8 flies. While the percentage of rhythmic Pdf>HTT93Q,dRab8
flies remained constant throughout the 3 weeks, the percentage of rhythmic Pdf>HTT93Q in-
creased in function of time. Strikingly, | observed ~50% and ~40% of rhythmic Pdf>HTT93Q
flies during the 2" and 3™ week respectively (Figure 6-4). Moreover, analysis of the periods
revealed a predominant short component for Pdf>HTT93Q flies, and a mix of a short and long
components for elav>HTT93Q,dRab8 flies. Although counterintuitive, these results can be ex-
plained by the weakening of the s-LNvs, which become dysfunctional upon mHTT expression.
As these neurons — which are important for sustaining free-running rhythms — progressively
die, the circadian network might re-organize its connections, with the consequent re-
emergence of behavioural rhythmicity. Assuming that the protection conferred by dRAB8 de-

lays the weakening of the s-LNuvs, it is clear why its overexpression increases the percentage of
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rhythmic flies at the beginning, and shows desynchronized rhythms later on. This view was
supported by preliminary immunofluorescence analyses on HD fly brains, which, consistently
with published studies, showed progressive loss of the s-LNvs (Figure 6-8.B; Mason et al.,
2013; Sheeba et al., 2010). Although mHTT induced significant loss of the s-LNvs only at day
14, neuronal loss was already observed at day 7 (Figure 6-8.B). Moreover, flies co-expressing
mHTT and dRAB8 were not subject to neuronal loss (Figure 6-8.B), again providing evidence for
the protective role of dRABS.

Collectively, dRAB8 overexpression has been shown to be protective against mHTT-

induced toxicity both in the CNS and in a subset of clock cells, the PDF neurons.

7.2 The molecular mechanisms underlying dRABS8 rescue

One promising therapeutic strategy in HD is up-regulation of autophagy (intended as
macroautophagy), for cellular clearance of soluble, toxic mHTT species. Through the formation
of an autophagosome, toxic mHTT species are isolated and target to the lysosomes for degra-
dation (Mizushima et al., 2008; Menzies et al., 2006). Up-regulation of autophagy has been
shown to reduce the levels of aggregated mHTT and to reduce mHTT-induced toxicity (Ra-
vikumar et al., 2002; Ravikumar et al., 2004; Sarkar et al., 2009). Interestingly, Rab5 has been
previously found to modulate aggregation and toxicity of aggregated mHTT via up-regulation
of autophagy (Ravikumar et al., 2008). Remarkably, Rab8 has been linked to autophagy being
involved in the fusion of the autophagosomes with the lysosomes (Ao et al., 2014; Bento et al.,
2013; Pilli et al., 2012; Szatmari & Sass, 2014). Moreover, Rab8 was shown to be mis-localized
from the Golgi in HD Hela model cells, consequently impairing the trafficking to lysosomes, a
feature that has been suggested to contribute to the pathology (del Toro et al., 2009). Given
this, | assessed the autophagic levels of elav>HTT93Q vs elav>HTT93Q,dRab8 flies by measur-
ing the protein levels of ATG8 cleavage by immunoblotting. ATG8 is a key protein involved in
autophagy. When autophagy is induced, cytosolic ATG8 (ATG8-) is cleaved and lipidated. This
mature form (ATGS8-Il) is associated to the autophagosomes until lysosomal degradation,
hence it constitutes a reliable marker of autophagy (Klionsky et al., 2016). Immunoblot anal-
yses on head protein extracts revealed that basal autophagy of elav>HTT93Q,dRab8 flies were
unaltered compared to elav>HTT93Q flies (Figure 5-1.B). To test this hypothesis further, the
levels of aggregated mHTT were measured through two biochemical assays, the dot-blot and
the AGERA. In the dot-blot, protein extracts are spotted and vacuumed onto a membrane. Due
to the membrane pore size, large aggregates are trapped onto the membrane surface and can
therefore be detected by immunoblot. In the AGERA, protein extracts are electrophoretically

resolved on an agarose gel, and proteins are subsequently transferred onto a membrane for
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immuno detection. Both assays revealed that in elav>HTT93Q,dRab8 flies the amount of ag-
gregated mHTT was consistently 1.5-fold higher compared to elav>HTT93Q flies (Figure 5-2.B
and Figure 5-3.B), confirming that dRAB8 does not up-regulate autophagy, but rather it pro-
motes aggregation of mHTT. Although preliminary, immunostainings on the s-LNvs showed
that mHTT forms IBs, whose number seems to be increased upon dRAB8 overexpression (Fig-
ure 6-7.A and Figure 6-7.B). All together these results are in agreement with a model whereby
dRABS8 stimulates mHTT aggregation and IBs formation. Despite the long debate about the role
of IBs in HD pathogenesis, it is now widely accepted that they are protective structures confin-
ing toxic mHTT into compact structures (Arrasate et al., 2004), hence dRAB8 stimulation of ag-
gregation might be the protective mechanism that underlies the dRAB8 observed rescue.

How dRABS8 promotes mHTT aggregation remains an outstanding question, however it
might depend on an interaction between dRAB8 and mHTT. A series of results collectively sug-
gest that dRAB8 preferentially interacts with mHTT rather than with wild type HTT. For in-
stance, Co-IP experiments performed on head extracts of elav>HTT93Q,dRab8 flies failed to
show interaction between soluble mHTT and dRABS8 (Figure 5-4). Further insights were provid-
ed by the BiFC assay. The BiFC technique allows visualization of protein-protein interaction in
living cells and is based upon the reconstruction of a fluorophore, for instance Venus, which is
split in two halves, each fused to either putative interaction partners (Kerppola, 2008; Kodama
& Hu, 2012 and Figure 4-13). Reconstitution of the fluorophore is achieved when the two in-
teracting partners are in close proximity. The fluorophore signal (referred to as BiFC signal) can
be used as a measure of protein-protein interaction. Following the generation of a construct
expressing dRAB8 fused to the C-terminus of Venus (VC-dRab8), HEK293 cells were co-
transfected either with VC-dRab8 and HTT19Q-VN (i.e. wild type HTT fused to the N-terminus
of Venus) or with VC-dRab8 and HTT97Q-VN (i.e. mHTT fused to the N-terminus of Venus). The
VC-dRab8/HTT97Q-VN combination showed a BiFC signal ~1.7-fold higher than the VC-
dRab8/HTT19Q-VN combination. One of the advantages of the BiFC technique is that it allows
visualisation of the BiFC complexes within their natural environment. While the VC-
dRab8/HTT19Q-VN pair produced a perinuclear, evenly diffused BiFC signal, the BiFC signal
produced by the VC-dRab8/HTT97Q-VN pair was confined to aggregates, suggesting a stronger

interaction between mHTT and dRABS at these sites.

7.3 Effects of Rab8 overexpression in HD model PC12 cells

Part of the data presented in this work was undertaken in an inducible HD in a neuron-

like rat pheochromocytoma (PC12) cell line. Upon ponasterone (PA) induction, these cells ex-
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press a truncated form of HTT103Q (Apostol et al., 2003 and Figure 4-1). This cell model reca-
pitulates many aspects of HD cellular pathology, such as increased levels of the apoptotic
marker caspase-3/7 (Apostol et al., 2006; Li et al., 2000; Sanchez Mejia & Friedlander, 2001),
which is a convenient measure of toxicity and has been previously used to test putative genes
or compounds for HD (Apostol et al., 2006; Mason et al., 2013; Smalley et al., 2016). In mam-
mals there are two Rab8 isoforms, Rab8a and Rab8b (Armstrong et al., 1996; West et al.,
2015), hence both were tested for their ability to rescue caspase-3/7 activation in HD model
PC12 cells. Four pools (i.e. a heterogeneous population of stably transfected cells) expressing
rat Rab8a (rRAB8A) and rat Rab8b (rRAB8B) — namely rRAB8A.1, rRAB8A.2, rRAB8B.1,
rRAB8B.2 — were generated as described in Section 4.2.2. Following mHTT induction, caspase-
3/7 activation was measured. Interestingly, none of the pools showed decreased caspase-3/7
activation levels (Figure 4-7). Conversely, some pools exhibited higher levels of caspase-3/7
activation (Figure 4-7 and Table 4-1). While this seems contradictory to what found so far,
there are evidence suggesting that overwhelmingly expression of Rabs disrupts cellular home-
ostasis (Makanae et al., 2013; Sopko et al., 2006; Yoshikawa et al., 2011). Similarly, studies
conducted in our laboratory have shown high expression of Rabs (i.e. when levels of overex-
pressed Rabs are >50% higher than the endogenous ones) are deleterious for mammalian cells
(Mason & Giorgini, unpublished). Immunoblot quantification of rRAB8A/B expression levels,
revealed a 3- to 5-fold higher compared to endogenous levels. Interestingly, a positive correla-
tion was found between increased caspase-3/7 activation and rRAB8A/B expression levels
(Figure 4-8). It would be interesting to test new pools expressing rRABS8A/B at lower levels.
This approach has been successfully utilized for other Rabs in our laboratory. Experiments
have shown that by changing the Kozak consensus sequence (CCACC) to a weaker one (CCGCC)
(Kozak, 1986), Rabs were expressed at lower levels and were able to modify mHTT-induced
toxicity in HD model PC12 cells (Mason & Giorgini, unpublished). Similarly, this strategy could
be used to validate rRAB8A/B in HD model PC12 cells. New pools could then be tested and as-
sayed for the levels of caspase-3/7 activation. Constitutive active and dominant negative mu-
tants of rRAB8A/B could be also examined for validating the results obtained in flies. HD model
PC12 cells would be a convenient system for monitoring mHTT aggregation dynamics. In fact,
biochemistry techniques — such as dot-blot and AGERA assays — could be coupled with the
monitoring of IBs formation using microscope-based imaging platform, i.e. ScanR (Olympus),
which allows a fast and automated data collection. This model could serve to quickly test a
number of compounds that have been recently identified as Rab GTPase activity modulators
(Surviladze et al., 2010). If promising, these could be then validated in Drosophila and eventu-

ally in mice. A similar strategy for testing compounds has been recently undertaken successful-
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ly in Giorgini’s lab for the validation of KMO inhibitors and GPx mimetics (Campesan et al.,

2011; Mason et al., 2013).

7.4  Future directions

The evidence presented in this thesis suggests a protective role for dRAB8 in HD model
flies expressing HTT93Q exon 1, which possibly relies on induction of mHTT aggregation. It is
widely accepted that aggregation leading to IBs production may be a cellular neuroprotective
mechanism aiming at protecting the cell from toxic mHTT species (Arrasate et. al., 2004). How
dRABS8 enhances the production of aggregates has not yet been elucidated, however specula-
tion about the possible pathway that dRABS8 uses to trigger aggregation has been discussed in
Chapter 5. There | suggested that there might be a functional link between dRAB8 and proteins
known to stimulate formation of IBs, such as MEKK1 (MAP/extracellular signal-regulated pro-
tein kinase(ERK) kinase kinase 1) (Meriin et al., 2001), i.e. Germinal Center Kinase (GCK). In-
deed, Rab8 has been shown to interact and might regulate the activation of GCK, which acts as
an upstream regulator of MEKK1 (Meriin et al., 2001; Chuang et al., 2016; Kyriakis, 1999; Ren
et al., 1996). Hence, overexpression of dRAB8 might increase the activation of GCK, which
could in turn enhance MEKK1. Genetic manipulations coupled with the use of targeted drugs
(see below) would be an easy way to test this hypothesis. First, it will be necessary to prove
that the increased aggregation has a protective role in dRAB8-mediated rescue. My expecta-
tions are that in elav>HTT93Q,dRab8DN flies the amount of aggregated mHTT would be similar
to that seen in elav>HTT93Q flies. Moreover, preventing aggregation of mHTT — which could
be performed using an anti-aggregation drug such as the azo-dye congo-red (Apostol 2003;
Sanchez et al., 2003) — might reduce the protection conferred by dRAB8 expression, which
could be easily monitor exploiting the standard assays described above. Secondly, if my predic-
tion is correct, then the observed dRAB8-mediated IBs formation should occur via activation of
the GCK/MEKK1 cascade, therefore it would be necessary to show that GCK is more active fol-
lowing overexpression of dRABS, for example with antibodies specifically targeting phosphory-
lated GCK. Additionally, | would also expect an increased interaction between GCK and dRABS8
in elav>HTT93Q,dRab8 flies, which could be demonstrated by Co-IP. Moreover, if mHTT aggre-
gation depends on MEKK1 activity as previously suggested (Meriin et al., 2001), then MEKK1
should be more phosphorylated (i.e. more activated) in elav>HTT93Q,dRab8 flies, whereas
MEKK1 down-regulation should prevent aggregate formation, which could both be tested by
exploiting the dot-blot and the AGERA assays.

As a conclusive note, it could be limiting to suppose that dRAB8 protection only arises

from the enhancement of IBs formation, since other cellular events might occur and contribute
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to the rescue observed in flies. If MEKK1 activation is responsible for mHTT aggregation (Me-
riin et al., 2001), then there is a further link connecting dRAB8 with MEKK1, which might be
due to Rab8-mediated glutamatergic signalling (Cowan & Raymond, 2006). One of the primary
causes of neuronal death in HD has been attributed to excitotoxicity (over-activation of recep-
tors by excitatory neurotransmitters), which results in excessive calcium influx and formation
of ROS, mitochondrial dysfunction, and ultimately cell death (Cowan & Raymond, 2006). Glu-
tamate (Glu) is one of the principal excitatory neurotransmitters both in vertebrates and inver-
tebrates, including Drosophila (Heckmann & Dudel, 1997; Cowan & Raymond, 2006). In HD,
Glu has been linked to the enhanced excitotoxic neuronal death by over-activating its own re-
ceptors, leading to a cascade that increases Ca®" in the cell (Ribeiro et al., 2010; Ribeiro et al.,
2011). Two different types of glutamatergic receptors have been described: ionotropic and
metabotropic. The first ones are ion receptors permeable to cations and have been subdivided
into N-methyl-D-aspartate acid receptors (NDMAR), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPAR) and kainate receptors (KAR), based on agonist
preference (Dhami & Ferguson, 2006). Metabotropic glutamate receptors (mGluRs), on the
other hand, are members of the family C of G proteins-coupled receptors (GPCRs), whose acti-
vation ultimately leads to the Phospholipase C (PLC)-mediated hydrolysis of phosphatidylinosi-
tol-4,5-bisphosphate (PIP,) in diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IPs), via the
GTP dependent activation of the G protein Go.g/1; (Dale et al., 2002). IP3 binds to the IP; recep-
tors (IP3R), resulting in Ca”* release from intracellular stores (Dale et al., 2002; Cowan & Ray-
mond, 2006) as well as the activation of PKC, which negatively feeds back phosphorylating the
receptors and inactivating them (Dale et al., 2002), and the activation of the extracellular sig-
nal-regulated kinase (ERK) pathway, thought to be important for cell survival/proliferation (Ri-
beiro et al., 2010). In HD, however, IPsR are sensitized (Esseltine & Ferguson, 2013), hence
even sub-threshold amounts of Glu could lead to an enhanced, excitotoxic accumulation of
intracellular Ca** (Cowan & Raymond, 2006), as demonstrated in HD mouse model (Ribeiro et
al., 2010; Tang et al., 2003). Interestingly, during the asymptomatic stages of the disease, the
cells respond to the high levels of Ca*" by increasing the PKC-mediated desensitization of
mGluRs, thus decoupling the receptors from the G protein, reducing the levels of second mes-
sengers IPs, and consequently preventing further release of Ca*, which will eventually lead to
excitotoxicity, while over-activating ERK pathway (Ribeiro et al., 2010). Similarly, also mGIuR1
antagonists have been shown to be protective against NMDA-triggered excitotoxicity (Battaglia
et al., 2001; Bruno et al., 1999). This protective mechanism, however, is lost in mice older than
11 months, and this might be the cause of the progressive neuronal loss (Ribeiro et al., 2010).

Interestingly, in HEK293 cells overexpression of Rab8 attenuates mGIluR1a — a splicing variant
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of mGIuR1 — dependent signalling and internalization (Esseltine & Ferguson, 2013). Hence,
Rab8 increases the levels of mGIluR1a at the synaptic membrane (Esseltine & Ferguson, 2013)
and mediates its desensitization through PKC phosphorylation (Ribeiro et al., 2010). The con-
sequence is a reduced IP; formation and decreased levels of intracellular Ca®* as demonstrated
in HEK293 cells and hippocampal primary neurons (Esseltine & Ferguson, 2013). As mentioned
above, this pathway also converges in the activation of the MAPK/ERK signalling cascade.
Given this, a bigger picture could therefore involve mGIluR metabolism. Rab8 over-
expression could counterbalance the sensitization of the mGluRs by promoting their desensiti-
zation and activation of MAPK/ERK signalling cascade, thus conferring neuroprotection at least

during the early stages of the disease (Figure 7-1).

7.5 Concluding remarks

Rab8 is a well-conserved protein that coordinates the vesicular trafficking in the cells of
all eukaryotes. In HD Rab8 has been shown to be mis-localized from its compartment, i.e. the
Golgi (del Toro et al., 2009), a feature that might contribute to the neuropathology observed in
the disease. Here, | provided evidence that dRAB8 can delay the appearance of HD phenotypes
in flies, both pan-neuronally and in a subset of the PDF" neurons. Whether the rescue ob-
served in flies is underlined by the propensity of dRAB8 to stimulate mHTT aggregation needs
further clarification, however this study provides support for this hypothesis, possibly high-
lighting a novel mechanism for neuroprotection amongst the Rab GTPase family members and

paving the way for a potential novel therapeutic approach.
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Figure 7-1 Hypothesis on how Rab8 functions in conferring protection against mHTT-induced toxicity.

A Upon mHTT expression, IP3R are sensitized, causing increasing release of Ca®* from the ER stores and hence exci-
totoxicity. The cell responds to increased ca® by promoting PKC-dependent desensitization of mGluRs thus reduc-
ing IP3 and promoting PKC-dependent activation of the ERK pathway, which might have a pro-survival role in the
asymptomatic stage of the disease. B Rab8 attenuates mGluRs internalisation, increasing their levels at the mem-
brane, and attenuates their desensitisation in a PKC-dependent manner. Consequently, IP; levels are decreased,
causing less Ca®" to be released from the ER stores. This could result in overall decreased Ca>* levels and reduced
excitotoxicity. Rab8 might also activate GCK, leading to activation of MEKK1, which has been previously shown to
induce mHTT aggregation. Aggregates are proposed to act a structure that confines toxic species, hence explaining
their protective role. Both PKC and GKC pathways converge in ERK activation, which levels might be increased, re-
sulting in neuroprotection. Redrawn from Ribeiro et al., 2010.

144



Chapter 8
Appendix
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Figure 8-1 Replicate of the life-span assay.

Kaplan-Meier survival (percentages vs time) of elav>HTT93Q, elav>HTT93Q,DsRED and elav>HTT93Q,Rab8. Flies were kept at

25°C. Log-rank (Mantel-Cox), df=2, p<0.0001. Median lifespan (Tso): elav>HTT93Q=6 days, elav>HTT93Q,DsRED=17 days,
elav>HTT93Q,Rab8=17 days.

Table 8-1 Pairwise comparison of survival curves.

Log-rank (Mantel-Cox) analysis for pairwise comparison of survival curves, corrected for Bonferroni. * p<0.05; ** p<0.01; ***
p<0.001; **** p<0.0001; n.s. p>0.05.

Genotype elav>HTT93Q elav>HTT93Q,DsRED elav>HTT93Q,dRab8
elav>HTT93Q -

elav>HTT93Q,DsRED Hxkk -

elav> HTT93Q,Rab8 Hxkk n.s. -

145



*kkk

Fkkk

T 1
7
Fkkk

Fkkk

Number of rhabdomeres

DAY 1 DAY 7
88 elav>HTTI3Q

888 elav>HTT93Q,DsRed
= elav>HTTI93Q,dRab8

Figure 8-2 Replicate of the pseudopupil analysis.

Two-way ANOVA Interaction Age x Genotype F (2, 101) = 0.08107, p>0.05, Age F (1, 101) = 163.8, p<0.0001, Genotype F (2, 101) =
35.47, p<0.0001. Post-hoc Newman-Keuls, Genotype comparison: DAY1: elav>HTT93Q vs elav>HTT93Q,Rab8, p<0.0001,
elav>HTT93Q,DsRED vs elav>HTT93Q,Rab8, p<0.0001; DAY 7: elav>HTT93Q vs elav>HTT93Q,Rab8, p<0.0001, elav>HTT93Q,DsRED
vs elav>HTT93Q,Rab8, p<0.0001, Age comparison: elav>HTT93Q DAY1 vs DAY7, p<0.0001, elav>HTT93Q,DsRED, DAY1 vs DAY7,
p<0.0001, elav>HTT93Q,Rab8, DAY1 vs DAY7, p<0.0001. Numbers within columns represent N values (number of heads analysed).
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