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Abstract

Abstract

Mitochondria are crucial organelles which undergo fusion and fission processes responsible for
mitochondrial network rearrangements. Once mitochondria are damaged, they are selectively
degraded by mitophagy. Collectively, these processes are referred to as mitochondrial
dynamics, and dysregulations that hamper their function are often associated with
neurodegenerative diseases like Parkinson’s disease (PD). Mutations in mitophagy-related
PRKN gene, which encodes the E3 ubiquitin ligase Parkin, have been linked to autosomal
recessive juvenile PD. Recently, molecular players of the endosomal-lysosomal pathway such
as Rab proteins, have been linked to the mitophagic pathway, indeed, mutations in RAB32 and
RAB39B have been identified to cause familial PD. In order to elucidate the interplay between
Rab proteins and dysfunctional mitophagy in PD, we exploited PRKN-mutated and control
human skin fibroblasts to evaluate levels and sub-cellular localization of a Rab protein subset.
First of all, to make fibroblasts more sensitive to mitochondrial damages and metabolically
more similar to neurons, we induced a metabolic reprogramming toward oxidative
phosphorylation. The changes in CS and COXS5B protein levels suggested that the protocol
succeeded in the metabolic reprogramming of both control and PRKN-mutated fibroblasts.
Moreover, we exploited mitochondrial toxins related to PD, Rotenone and 1-methyl-4-
phenylpyridinium (MPP"), to induce mitophagy. Both treatments induced mitochondrial
depolarisation and alterations in mitochondrial marker levels, but MPP" was the selected toxin
since it induced the higher mitochondrial depolarisation. Exploiting our final model,
reprogrammed skin fibroblasts treated with a mitochondrial toxin, we evaluated the
mitochondrial network morphology, the mitochondrial mass, and the Rab protein levels in
PRKN-mutated fibroblasts. We observed increased RAB9 levels in PRKN-mutated fibroblasts
especially after MPP" treatment. RAB9 is usually associated to alternative PINK 1/Parkin-
mediated mitophagy, thus hinting a role of Rab proteins in mitochondrial dynamics related to
PD. In conclusion, this thesis established a set-up (metabolic reprogramming and MPP*
treatment) that enables the use of skin fibroblasts as personalized cellular models to study
mitochondrial dynamics related to PD. Furthermore, the preliminary study on Rab proteins
involved in mitophagy revealed altered levels of these vesicular trafficking regulators in PRKN-
mutated fibroblasts, particularly following mitophagy induction.



Introduction

1. Introduction

1.1 Parkinson’s disease

The second most common neurodegenerative disease worldwide is Parkinson’s disease (PD).
It is an age-related disorder characterised by aberrant proteostasis and mitochondrial
dysfunction. The neuropathological hallmarks of PD are the abnormal accumulation and
aggregation of a-synuclein (a-syn) in the form of Lewy bodies (LB) and the progressive loss
of nigrostriatal dopaminergic neurons in the pars compacta of the substantia nigra in the
midbrain (Poewe et al. 2017). PD is as a movement disorder, characterised by tremor, rigidity
(stiffness), and slowness of movement. However, also non-motor symptoms are present, such
as memory and thinking problems, sleep disorder, anxiety, and depression. The exact
mechanisms underlying the pathological process are still to be clarified, however, PD cases can
be broadly divided in genetic forms and sporadic forms.

For sporadic PD forms, also termed idiopathic, aging and environmental factors are the most
common risk factors. In addition, genome-wide association studies (GWAS) identified
independent gene risk variants, thus proposing a model where risk factors and genetic
susceptibility interact together in the occurrence of PD (Singh and Mugqit 2020)(A. H. Schapira
2004) (Fig. 1.1). Regarding the genetic forms, which represent the 5-10% of the total cases, 23
PD genes and loci have been identified and they can be classified into dominant genes, namely
SNCA (o-synuclein), LRRK2 (Leucine-rich repeat kinase 2, LRRK?2) and VPS35 (vacuolar
protein—sorting-associated protein 35, VPS35), X-linked gene mutations in RAB39B (Rab39B)
and autosomal recessive genes, including PRKN (Parkin), PINKI (PINK1), and PARK7 (DJ-1)
(Singh and Mugqit 2020; Clark et al. 2021). A common feature of both sporadic and genetic
forms is mitochondrial dysfunction. From the first studies describing parkinsonism-like
symptoms consequent to the assumption of the toxin I-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a selective inhibitor of mitochondrial complex I, the link between
PD and mitochondria was evident (J. W. Langston et al. 1983; Burns et al. 1985).

Genes and
Mutations causing environment MPTP rotenone,
Parkinson’s disease pesticides, etc
l Mitochondrial and
Pathogenesis | proteasomal dysfunction,
Biochemical free radical, and excitotoxic
dysfunction damage
Neuronal loss in substantia l
nigra, locus ceruleus, Pathology
substantia innominata,
and Lewy bodies l
Bradykinesia, rigidity,
Clinical features ——— tremor, and postural

instability

Figure 1.1. Actiology and pathogenesis of PD (A. H. Schapira 2004).
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Another mitochondrial complex I inhibitor used as a pesticide, Rotenone, has been linked to
the pathology of PD (Heikkila, Hess, and Duvoisin 1984; Betarbet et al. 2000) and it is also
commonly used to generate in vivo PD models.

For the genetic forms, PRKN and PINK 1 were the first genes found to be causative of recessive
form of PD through linkage analysis (Matsumine et al. 1997; Hattori et al. 1998; Kitada et al.
1998; Bentivoglio et al. 2001; E. M. Valente et al. 2002). These two proteins are known to be
involved in mitochondrial homeostasis through regulation of mitophagy, thus further
supporting the pivotal role of mitochondria defects in PD pathology (Clark et al. 2021).

Other genes, not directly related to mitochondria, have been identified as causative of PD.
RAB39B is a neuron enriched GTPase that was originally identified as a mutation locus for X-
linked intellectual disability, but then also linked to early-onset PD (Wilson et al. 2014; Koss
et al. 2021). The subcellular localization of RAB39B is predominantly within the Golgi
apparatus, hinting a role in intracellular trafficking. In fact, Giannandrea and colleagues
showed effects on vesicle trafficking and reduction in synapse formation in neuronal cell
cultures knockdown for RAB39B (Giannandrea et al. 2010). Vesicular trafficking and
mitophagy are two interconnected pathways. The first evidence describing a specific role for
RAB proteins in mitophagy was the study in which RAB7 and its GTPase-activating protein
(RAB7-GAP) TBC1D15 were implicated in the biogenesis of mito-autophagosomes (Yamano
et al. 2014). Thus, PD pathology does not seem to be uniquely related to mitochondria, rather
a combination of defective mitochondrial bioenergetics involving complex I activity, impaired
mitophagy and dysregulation of vesicular trafficking.

1.2 Mitochondria

1.2.1 Structure

Mitochondria are small cytoplasmic organelles, 0.5-2 um in size, that can be found as isolated
entities or grouped in highly dynamic networks. The link with energy production and the
“powerhouse of the cell” concept is limiting, since mitochondria have been proven to regulate
many other functions such as autophagy, cell death, metabolism, inflammation, and cell
differentiation. They are characterised by an outer mitochondrial membrane (OMM) and an
inner mitochondrial membrane (IMM), the latter delimiting the mitochondrial matrix. The
compartment in between of the IMM and the OMM is referred to as intermembrane space
(IMS) (Fig. 1.2).
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Figure 1.2. Schematic overview of mitochondrial structure and submitochondrial localization of major mitochondrial
pathways. (Karbowski, Oshima, and Verhoeven 2022)

The two membranes differ in their biochemical composition and functions. The OMM allows
mitochondria to communicate with the cellular environment. Due to its permeability, small
molecules and ions are able to freely cross the membrane, while the flux of metabolic
molecules like ATP/ADP and other respiratory substrates is regulated by the voltage-dependent
anion channels (VDACs), gated porins that shift from an open, anion selective state to a closed
conformation (Varughese, Buchanan, and Pitt 2021). Concerning proteins import,
mitochondria rely on the translocator of the OMM (TOMM) complex, which represents the
main entry gate for most mitochondrial proteins and sorts them to the correct compartment.
Another complex located in the OMM is the sorting and assembly (SAM) complex, that is
necessary for B-barrel membrane proteins insertion into the OMM and it is thus crucial for the
assembly of the TOMM complex itself (Araiso, Imai, and Endo 2022).

The IMS is a highly reducing environment in which MIA40 is located, a complex involved in
the import and folding of the cysteine-rich proteins. Once proteins are translocated in the IMS
in their reduced form, MIA40 traps the substrate proteins to induce their oxidation promoting
the subsequent folding. To complete the cycle, another component of the machinery, the
sulthydryl oxidase Ervl, allows MIA40 to return to the oxidized state (Hell 2008).

As for the IMM, one of the constitutive phospholipids is cardiolipin, which is synthetised
within mitochondria. Its presence is confined in precise locations where its ability to form
curved membrane regions is needed (Keenan, Watt, and Montgomery 2020). In fact, the IMM
serves as anchor for the complexes of the electron transport chain (ETC) and to host as many
complexes as possible it invaginates towards the matrix creating tubular structures called
cristae (Fig. 1.3).

Mitochondrial cristae are dynamic compartments that are fundamental for mitochondria
homeostasis hosting the complexes involved in the oxidative phosphorylation (OXPHOS)
process. The positioning of ETC subunits is not accidental. For example, ATP synthase is
usually restricted at the edge of cristae, while the other complexes are located along both sides.
This pattern is helpful in the creation of proton gradient, whose flux is used to produce energy
in the form of ATP. Electrons flow from the source complexes to the final acceptor, which is
the molecular oxygen. Mitochondrial cristae are also involved in apoptosis. In fact, the release
of cytochrome c, which is accumulated in the IMS, is allowed by the proapoptotic members of
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the BCL-2 family which induce cristae junctions widening and cristae curvature remodelling
(Cogliati, Enriquez, and Scorrano 2016a).
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Figure 1.3. A single section through the 3D tomogram of the mitochondrion. (Frey and Mannella 2000)
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1.2.2 Fusion and fission processes

Both OMM and IMM are also involved in other important processes which regulate
mitochondrial dynamics, namely mitochondrial fusion and fission. These processes are central
for the exchange of components among mitochondria and for the removal of dysfunctional
parts from the network.

The key players that regulate fusion are Mitofusin 1 and 2 (MFN1 and 2) which reside on the
outer membrane, and optic atrophy 1 (OPA1) that resides on the IMM. They are all GTPases;
in fact, fusion of outer and subsequent inner membranes is driven by GTP hydrolysis which
induce conformational changes that favour membrane tethering. For OMM fusion, an
homotypic interaction between MFNs coming from the two fusing organelles is necessary,
while for IMM fusion the interaction requires OPA1 coming from on organelle which then
partners with cardiolipin on the opposing IMM (Liu and Chan 2017).

Regarding fission process, the OMM hosts fission 1 protein (Fis1), mitochondrial fission factor
(Mff), mitochondrial dynamics protein of 49kDa (MiD49), and mitochondrial dynamics
protein of 51kDa (MiD51), which recruit Drpl allowing its oligomerization at the OMM
constriction sites (Tokuyama and Yanagi 2023) (Samangouei et al. 2018). In PD pathology,
beside impairment in mitophagy, dysfunctions in fusion and fission processes are also reported.
Impairments in the balance between the two processes are generally the consequence, rather
than the cause, of the pathological mechanism.

In primary skin fibroblasts from PD patients, fragmented mitochondrial network, decreased
number of cristae, and reduced mitochondrial potential are observed (Exner et al. 2007). In
neuroblastoma SH-SYSY cells expressing PD-associated mutations of PRKN gene, it was
described how impairments in Parkin-mediated ubiquitination negatively influence MFN1
degradation, cause hyperfusion and consequently hamper isolation of damaged mitochondria
(Glauser et al. 2011). In vivo PD models using methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) treatment to recapitulate complex I defect, showed an overall reduction in OPAI
protein levels, further confirmed by in vitro experiments in SH-SYS5Y neuroblastoma cells,
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where MPP*-induced toxicity turns mitochondria into swollen organelles with poor cristae
integrity (Ramonet et al. 2012). Alterations in PINK1 and Parkin are not the only causes for
dysfunctional mitochondrial dynamics. Recent evidence suggests that mitochondria per se are
not sufficient to initiate fusion or fission mechanism, rather they need the close proximity of
endoplasmic reticulum (ER) to regulate both processes.

1.2.3 Mitochondria associated membranes (MAMys)

Besides being part of the mitochondrial network, mitochondria are also in physical and
functional contact with other organelles inside the cell. Mitochondria-associated membranes
(MAMs) are defined as the membranes which create physical contacts between mitochondria
and the other organelles, namely ER, lysosome and endosome.

Mitochondria interaction sites with ER are also called mitochondria-ER contact sites
(MERCS). These interactions have a key role in the regulation of many mitochondrial functions
like fusion and fission processes, calcium buffering, mitochondrial biogenesis and mitophagy.
In fact, MFN2 is present also on the ER membrane and it has been linked to regulation of
mitochondrial Ca?" uptake by the mitochondrial calcium uniporter (MCU), regulation of
mitochondria-ER distance, besides being involved in mitochondrial fusion (de Brito and
Scorrano 2008). The correct position between mitochondria and ER influences mitochondrial
dynamics but also the correct disposal of damaged mitochondria.

Efficient ER-mitochondria interaction

Calcium Autophagy
homaeaostasis induction

Figure 1.4. Modulators of ER—mitochondria associations. (Adapted from Gémez-Suaga et al. 2018)

The mitochondria-ER MAMs represent a crucial hub for pro-autophagic proteins and initiation
site for autophagosome formation (Gémez-Suaga et al. 2018) (Fig. 1.4). Contact sites between
ER and defective mitochondria mark also the region of Parkin-mediated mitophagy initiation
(Gomez-Suaga et al. 2018), as this is confirmed also by an in vitro study where CCCP-treated
cells displayed preferential ubiquitination where ER and impaired mitochondria overlapped
(Yang and Yang 2013). In fact, in primary skin fibroblasts from PD patients with PRKN
mutations, the proximity between ER-mitochondria is exacerbated with a consequent increased
Ca*' transfer from ER to mitochondria leading to cytotoxicity (Gautier et al. 2016).
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Another crucial interaction is the mitochondria-lysosome contact sites, where both organelles
benefit from a bidirectional regulation based on the modulation of their function, dynamics and
metabolite transfer. Mitochondria linked to lysosomes are not targeted to mitophagy, since they
are negative for autophagosome engulfment signals. Moreover, absence of autophagic
receptors do not prevent the formation of these contact sites (Cisneros et al. 2022). Indeed, the
main regulator of mitochondria-lysosome contact sites is RAB7, a small GTPase protein,
whose switching between GTP-bound and GDP-bound state promotes contact formation and
membrane untethering, respectively (Wong, Ysselstein, and Krainc 2018).

A Healthy conirel B Parkin PD

Mitochondria

<— Parkin O P L TBC1D1S -~ OTBC1D15

Rab7-GTP (e | Rab7-GTP Q== )
an O Rab7-GTP + B O Rab7-GTP
Lysosome N Lysosome N\
Lysosome @Rab7-GDP Lysosome @ Rab7-GDP
| ; | n

ML tetharing MIL untethering 1 MIL tethering ‘™ M/L untethering
Figure 1.5. Parkin promotes mitochondria-lysosome tethering. (Peng et al. 2023)

Mitochondria-lysosome contact sites also influence Drpl GTPase activity, thus regulating
mitochondrial fission. Interestingly, in PD pathology the interaction between mitochondria and
lysosome is compromised: in human iPSCs derived from a PD patient, the loss of Parkin has
been demonstrated to disrupt mitochondria-lysosome contact sites due to the hampered
ubiquitin-mediated RAB7 lysosomal targeting (Peng et al. 2023) (Fig. 1.5).

1.2.4 Bioenergetics

Cellular respiration is used for the generation of ATP and metabolites for survival and growth.
Metabolic pathways related to energy production are: glycolysis, the Krebs cycle, and oxidative
phosphorylation (OXPHOS). Glycolysis occurs in the cytosol and starting from glucose the
final products are pyruvate, ATP and NADH. The Krebs cycle (also called tricarboxylic acid
(TCA) cycle) takes place in the mitochondrial matrix and it generates additional ATP and
NADH molecules. In the IMM, ETC complexes act as a series of electron donors and acceptors.
NADH and FADH: are oxidised, and electrons move from electron donors to acceptors at
higher redox potential. This process of electrons transport continues until electrons are
transferred to oxygen, the final acceptor, which is reduced to water. The energy produced in
each reaction is used to generate a proton gradient across the IMM by "pumping" protons into
the IMS. This difference electrochemical gradient, through proton motive force, moves the
protons back to the mitochondrial matrix, releasing energy that is used by ATP synthase to
synthetise ATP.

In terms of energy production, glycolysis can be divided in two phases: an investment phase,
that includes the first five enzymes of the pathway, and a payoff phase, that describes the last
five reactions. From one molecule of glucose, it is produced two molecules of pyruvate and
four of ATP. The following reactions related to OXPHOS occur in the mitochondria.
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In order to begin, pyruvate has to be transported to the mitochondria where the pyruvate
dehydrogenase complex (PDC) drives the conversion of pyruvate to acetyl-CoA and CO». The
first reaction regards the formation of citrate from oxaloacetate and acetyl-CoA, which is then
converted to isocitrate by aconitase. The production of the first NADH occurs in the next step,
where isocitrate is oxidised by isocitrate dehydrogenase to alpha-ketoglutarate, the second
NADH is generated during the conversion of alpha-ketoglutarate to succinyl-CoA. The enzyme
succinate thiokinase catalyses the interconversion of succinyl-CoA to succinate with the
concomitant production of ATP. The following enzyme, succinate dehydrogenase, is also part
of the ETC and drive the oxidation of succinate to fumarate generating FADH». Fumarate
hydratase catalyses the hydration to malate which is finally oxidised to oxaloacetate by malate
dehydrogenase with the production of NADH.

The ETC resides on the IMM, and it is composed of four transmembrane complexes (CI, CII,
CIII, CIV) which are located in the flat area of cristae, and they can also assembly into higher-
order structures called supercomplexes. The fifth component, ATP synthase (CV) organise
itself in dimers which are responsible for the curved shape of cristae edges (Fig. 1.6).

Cytoplasm

oMM

IMS

IMmmM

NADH
Mitochondrial Um

Matrix

Sucdnate Fumarate

Complex | Complex Il Camplex IlI Complex IV Complex V
Fig. 1.6. The electron transport chain (ETC). (J.-L. Li et al. 2021)

Complex I (CI), or NADH-ubiquinone oxidoreductase, is the largest ETC complex,
transferring electrons from NADH to ubiquinone. CI comprises three modules: the N- and Q-
modules in the matrix handle NADH oxidation and electron transfer, while the P-module in the
membrane pumps protons. CI has 14 core and 31 supernumerary subunits, with mitochondrial
DNA encoding 7 matrix domain subunits. Complex II (CII), succinate dehydrogenase, links
the TCA cycle to the ETC by oxidizing succinate to fumarate and transferring electrons to
ubiquinone via FAD and Fe-S clusters. Complex III (CIII), cytochrome c reductase, oxidizes
ubiquinol, reducing cytochrome c via the Q cycle, translocating protons to create a gradient.
Complex IV (CIV), cytochrome c oxidase, oxidizes cytochrome ¢ and reduces O: to H.O, with
13 subunits and four redox centers contributing to proton translocation. Finally, Complex V,
ATP synthase, consists of the Fo domain in the IMM and the F1 domain in the matrix. Proton
flux through Fo drives ADP phosphorylation by Fi, and ATP synthase oligomers help stabilize
the IMM to enhance ATP production efficiency.
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1.2.5 Mitochondrial Toxins related to PD

Alterations in the fine tuning of mitochondrial bioenergetics and mitochondrial dynamics
negatively impact on cells functioning, especially on neurons which are characterised by a high
energetic demand. In fact, dysfunctional mitochondrial dynamics have been widely associated
to neurodegenerative diseases, like Parkinson’s disease (PD). The first association between
mitochondrial dysfunction and PD pathology goes back to the ’80s, when a drug-user was
diagnosed with schizophrenia but also showed parkinsonism (J. William Langston et al. 1983).
The substance of abuse was 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which is a
lipophilic molecule able to cross the membranes, thus also the blood brain barrier (BBB). At
the cellular level, monoamine oxidase B (MAO-B) catalyses the oxidation of MPTP to 1-
methyl-4-phenylpyridinium (MPP") known to be a blocker of complex I (Chiba et al. 1985;

Przedborski et al. 2004; J. William Langston 2017).
Surrounding cells
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Figure 1.7. MPDP*/1,2-MPDP is the main exported form of MPTP metabolites. (Schildknecht et al. 2015)

MPP" was discovered to be processed mostly in astrocytes, released in the extracellular space,
and then uptaken with a higher affinity by dopamine transporter (DAT) causing the specific
loss of nigrostriatal neurons (Heikkila, Hess, and Duvoisin 1984; Bezard et al. 1999; Watanabe,
Himeda, and Araki 2005). More precisely, MPDP" is a membrane-crossing intermediate
generated from MPTP by MAO-B in astrocytes. Once in the extracellular space, it is oxidised
into MPP" that enters dopaminergic neurons via DAT-dependent uptake at high concentration
(Schildknecht et al. 2015) (Fig. 1.7). Another transporter involved in the uptake of MPP™ is the
organic cation transporter 3 (OCT?3) that is a bidirectional transporter highly expressed in the
nigrostriatal dopaminergic pathway (Rappold et al. 2011). MPP" is a known substrate also for
norepinephrine transporter (NET), and serotonin transporter (SERT) (Karpowicz et al. 2013).
The proposed mechanism of action implies the blockade of the electron transfer by binding to
the complex I in the proximity of its quinone binding site, eventually lowering the ATP
production (Ramsay et al. 1986; Banerjee et al. 2009).

Another molecule that exerts a similar effect is Rotenone. Rotenone is a natural compound
widely used as a pesticide. It is a lipophilic molecule, which easily diffuses through cell
membranes also crossing the BBB. The principal mechanism of action is the blockade of the
oxidation of NADH to NAD (Rossetti, Stoker, and Ramos 2020). The implication of Rotenone
with PD pathology was first described by Heikkila and colleagues (Heikkila et al. 1985) who
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after stereotaxic administration of Rotenone observed damages to the dopaminergic
nigrostriatal pathway in rats brain. Betarbet and colleagues (Betarbet et al. 2000) were then the
first to exploit this toxin in order to provide an animal model of idiopathic PD.

Another mitochondrial toxin used to induce mitochondrial dysfunction is carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) (Zilocchi et al. 2018) (Hirata and Nagatsu 2005). CCCP is a
lipophilic protonophore widely used to challenge mitochondrial function since it dissipates the
proton motive force (Heytler and Prichard 1962) (Childress et al. 2018). The use of CCCP
triggers PINK1/Parkin-mediated mitophagy thus providing a useful tool to assess several
molecular aspects of PD pathology (Wang et al. 2023) (Ashrafi and Schwarz 2013).

1.2.6 Mitochondrial adaptation response to stressors

Mitochondrial nuclear communication is at the basis of the correct cellular function and
feedback responses can be bidirectional. Being mitochondria the fine regulators of key cellular
processes like redox homeostasis, energy production, calcium buffering and cell death through
apoptosis, a prompt exchange of information is necessary both in a physiological situation and
to develop a stress adaption response. Mitochondria and the ETC represent the major source of
ROS in the cell. The main complexes responsible for ROS production are CI and CIII and the
main byproduct produced is anion superoxide, whose level, if not maintained under control,
can contribute to mito-inflammation (Hernansanz-Agustin and Enriquez 2021). In fact,
mitochondria can be targeted by the same oxidative stress creating a reinforcement mechanism:
mtDNA located in the matrix can easily undergo mutations, and IMM phospholipids
peroxidation, with a consequent alteration in membrane fluidity and permeability, can in turn
exacerbate ROS production.

The first line of action, the one against superoxide, is composed of superoxide dismutase (SOD)
enzymes, which can convert superoxide to hydrogen peroxide (H20-). H2O: is less reactive but
equally dangerous. Antioxidant enzymes like catalase (CAT), glutathione peroxidase (GPx) and
antioxidant molecules, namely glutathione and ubiquinone are the principal component of this
second line of defence (Napolitano, Fasciolo, and Venditti 2021) (Kowalczyk et al. 2021).
Besides ETC-derived oxidative stress, mitochondria can be challenged by other stressful
conditions. There are several kinds of stressors, both endogenous and exogenous, that can
impact cellular physiology thus triggering mitochondria to accomplish protective mechanisms.
The most common challenges are represented by thermal stress, nutrient starvation and
metabolic stress induced by a switch in the carbon source.

Hyperthermia and hypothermia can alter cellular homeostasis and they have also been linked
to mitochondrial dysfunction. In case of prolonged stress, in which the adaption response is not
able to restore physiological conditions, pathways like mitophagy and autophagy can occur.
Bonello and colleagues developed a new model for studying Parkin-dependent mitophagy in
human fibroblasts (Bonello et al. 2019) that exploit hypothermia to induce mitophagy without
using the most common toxins like the protonophore CCCP.

Nutrients starvation is another stressful condition that mitochondria can face. Imbalance in the
energy production, serum starvation and switch in the carbon source from which generate ATP
represent the most common conditions mitochondria must challenge. When the production of
energy is hampered, there is a raise in cellular cAMP level, which activates protein kinase A
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(PKA). As an adaptive response, phosphorylation of DRP1 by PKA inhibit mitochondrial
fission, thus preserving mitochondria from autophagic degradation (Rambold et al. 2011;
Gomes, Di Benedetto, and Scorrano 2011). Serum starvation also deeply impacts on
mitochondrial enzymes activity. As an example, this condition has been linked to up-regulation
of succinate dehydrogenase activity thus contributing to an increased ROS production till the
consequent cytochrome c release and caspase-9 activation, which lead to apoptotic cell death
(Moon 2008).

AMP-activated protein kinase (AMPK) is another key player enzyme in metabolic adaptation
during glucose shortage. In case of early starvation, glutamine is the preferable alternative
carbon source, and AMPK is activated in order to phosphorylate glutaminase 1 (GLS1), a rate-
limiting enzyme of glutaminolysis. Moreover, it has been seen that phosphorylation of PDZDS8
is needed to increase mitochondria-ER contact sites required to regulate glutaminolysis (M. Li
et al. 2024). Mitochondrial biogenesis can be another response to metabolic stress. Being
AMPK a direct activator of proliferator-activated receptor-gamma coactivator-la (PGC-1a),
the downstream effects are the activation of mitochondrial biogenesis and the increased
production of antioxidant proteins (Marcinko and Steinberg 2014; Rakshe et al. 2024).
Alongside, the PGC-1a-mediated activation of transcription factors increases the expression of
the nuclear-encoded mitochondrial transcription factor A (TFAM) which promotes an increase
in replication and expression of mtDNA (Picca and Lezza 2015).

Mitochondrial response to metabolic switch can be also exploited to challenge mitochondria
and study mitochondrial dysfunction related to pathological conditions. It is well known that
cells like neurons in order to fulfil their energy demands rely on OXPHOS and thus,
mitochondrial defects are at the basis of many neurodegenerative diseases like PD (Flones et
al. 2024; Subrahmanian and LaVoie 2021a; Marella et al. 2009; Gonzalez-Rodriguez et al.
2021). By contrast, other cell types, such as fibroblasts, are not so strictly dependent on
OXPHOS for energy production, being in turn less sensitive to mitochondrial insults.

One way to challenge cells and force them to rely on OXPHOS metabolism is to change the
carbon source.

B-D-galactose

(€

a-D- galamose ATP

(UDP- G|¢} Gal-P ) ADP) een » | glycolysis

GALE GALT :
(uop-Gal)* *(GIc-1P ) «—>» m

Figure 1.8. Leloir pathway. (Homolak et al. 2024).

Galactose is a monosaccharide sugar with both D- and L- forms, and only D-galactose can be
metabolized by the human body. During glycolysis, the first step is the conversion of glucose
to glucose-6-phosphate (G6P) by hexokinase using one molecule of ATP, whereas starting from
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galactose, the conversion to G6P requires more steps. The Leloir pathway consists of a
sequence of four enzymatic steps: 1) galactose mutarotase (GalM) promotes the conversion of
B-d-galactose to a-d-galactose, ii) galactokinase (GalK) phosphorylates o-d-galactose in
galactose-1P, iii) the galactose-1-phosphate uridyltransferase (GalT) converts galactose-1P to
glucose-1P, and iv) UDP-galactose 4'-epimerase (GalE), whose direction is influenced by
substrate levels and biochemical demands of a tissue, mediates the interconversion of UDP-
galactose and UDP-glucose (Conte et al. 2021) (Fig. 1.8). Since the conversion from galactose
to G6P requires time and energy, the OXPHOS metabolism is preferred compared with the
glycolytic one (Fos-Codoner et al. 2023; Reitzer, Wice, and Kennell 1979).

Many in vitro studies have reported that, after the administration of galactose, the adaptive
response to cope with the new energy source was to increment the OXPHOS activity. This was
correlated to an increase in the activity and the number of the ETC complexes, by an increase
in the oxygen consumption rate (OCR) that reflects the active status of the ETC, and by an
increased level of AMPK phosphorylation (Aguer et al. 2011; Homolak et al. 2024; Fos-
Codoner et al. 2023; Rossignol et al. 2004). Exploiting this forced metabolic switch, cell lines
maintained in galactose medium have been used in order to enhance mitochondrial liabilities
(Aguer et al. 2011; Dott et al. 2014; Orlicka-Ptocka et al. 2020) representing a good tool to
study mitochondria-related pathologies like PD (Amo et al. 2011; Gonzélez-Casacuberta et al.
2019; Payne et al. 2024; Deus et al. 2020a).

Despite all the adaptive responses put in place by mitochondria, when the damages or
alterations are beyond a certain threshold, dysfunctional mitochondria must be removed
through mitophagy.

1.2.7 Mitophagy

Dysfunctional mitochondria which must be disposed undergo mitophagy, a specific
macroautophagy pathway, which selectively conveys mitochondria to lysosomes for
degradation. Mitophagy is thus fundamental for the correct maintenance of the mitochondrial
network. Mitophagy regulatory pathways are classified into two main mechanisms, according
to how dysfunctional mitochondria are targeted and removed: i) ubiquitin-dependent
mitophagy, and 1i) receptor-mediated mitophagy. The canonical ubiquitin-dependent
mitophagy involves the Serine/threonine PTEN-induced putative kinase 1 (PINK1) and the E3
ubiquitin ligase Parkin proteins. PINK1 and Parkin are responsible for the recruitment of the
autophagosome molecular machinery and the consequent fusion with lysosomes (K. Ma et al.
2020; Wang et al. 2023).

Under physiological conditions, PINK1 is imported in the mitochondria owing to its N-terminal
mitochondrial targeting sequence (MTS). In functional mitochondria, PINK1 is then
sequentially processed and cleaved by the mitochondrial processing peptidase (MPP) and the
presenilin-associated rhomboid-like (PARL) protease. The truncated form of PINKI1 is then
retro-translocated to the cytosol and rapidly degraded by the ubiquitin—proteasome system
(Palikaras, Lionaki, and Tavernarakis 2018).
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When mitochondria are depolarised, PINK1 translocation inside mitochondria is inhibited by
the adenine nucleotide translocator (ANT) complex. In this way, PARL-dependent cleavage is
prevented and PINK1 accumulates on the OMM. The TOMM complex helps PINK1 to
stabilize itself so that it can auto-phosphorylate specific residues that regulate kinase activity
against Parkin (Okatsu et al. 2012; Raimi et al. 2024). (Fig. 1.9)
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Figure 1.9. A model for Parkin recruitment to the damaged mitochondria. (Okatsu et al. 2012)

In fact, once PINK1 is activated, phosphorylation of Ser 65 in both the Parkin ubiquitin-like
domain and in ubiquitin itself removes Parkin autoinhibition. Subsequently, Parkin forms an
ubiquitin—thioester bond at Cys431 thus promoting OMM protein targets ubiquitination on
dysfunctional mitochondria (Koyano and Matsuda 2015) (Fig. 1.10). This feed-forward
mechanism mediated by Parkin ubiquitination accumulates poly-Ub chains on specific lysine
residues of VDACs, MFNI, MFN2 and others OMM proteins, which are further
phosphorylated by PINK1 thus amplifying the “eat me” signals (Seirafi, Kozlov, and Gehring
2015).
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Figure 1.10. Model for the function of PINK1/Parkin/ubiquitin during mitochondrial quality control. (Koyano and Matsuda
2015)

After the amplification of the ubiquitination step, cargo adaptors are recruited onto the OMM,
namely sequestosome 1 (P62/SQSTMI), nuclear dot protein 52 (NDP52/CALCOCO2),
neighbour of BRCA1 gene 1 (NBR1), and optineurin (OPTN). These autophagic adapters are

in charge of the engulfment of damaged mitochondria within autophagosomes, since they act
as linker between the ubiquitinated cargoes and the autophagosomal membranes, owing an

12



Introduction

LC3 interacting region (LIR) that interacts with ATG8 family proteins (Palikaras, Lionaki, and
Tavernarakis 2018; Shafique et al. 2023) (Fig. 1.11)
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Figure 1.11. Mitochondrial dynamics defects in neurodegenerative diseases. Adapted from (Shafique et al. 2023)

After dysfunctional mitochondria recognition, the autophagic cascade proceed as it follows:
ULKI1 kinase regulates autophagy induction and promotes membranes formation on cargoes,
class III phosphatidylinositol 3-kinase (PI3K) complexes orchestrate autophagosome
nucleation, and finally phosphorylation of sequential autophagy-related (ATG) proteins is
responsible for the expansion and maturation of the autophagosome and final lysosomal
targeting.

Defects in the PINK1/Parkin mitophagic pathway have been associated to PD pathology.
Starting from the late 1990s, several studies have linked mutations in the PRKN (Parkin) and
PINK]I genes to PD pathogenesis (Kitada et al. 1998; Matsumine et al. 1997; Shimura et al.
2000; Hattor1 et al. 1998; E. M. Valente et al. 2002; Bentivoglio et al. 2001; E. M. Valente et
al. 2002). Fibroblasts derived from early-onset PD patients carrying mutations in PRKN gene
have shown depolarized mitochondria without PINK1 accumulation resulting in a hampered
mitophagy induction (Zilocchi et al. 2020). SH-SYSY neuroblastoma cells, widely used to
obtain a cellular model of altered dopamine homeostasis that recapitulates early stages of PD
pathology(Xicoy, Wieringa, and Martens 2017a), display an hyperfused mitochondrial network
and no recruitment of PINK 1 at depolarized mitochondria, thus impairing their removal (Bondi
et al. 2016).
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1.3 RAB GTPases

1.3.1 RAB proteins and mitochondrial dynamics

Intracellular vesicle trafficking is mainly regulated by Rab (Ras analog in brain) proteins. Rab
GTPases represent the largest family of small GTPases and they exert their activity by
switching from an inactive GDP-bound form to an active GTP-bound form (Stenmark 2009).
In the inactive GDP-bound form, Rab proteins are in the cytosol and they are recognized by a
Rab escort protein (REP). REP facilitates the geranylgeranyl transferase (GGT) to
geranylgeranylate the Rab on the carboxy-terminal Cys residues, which enables Rab proteins
to be inserted into membranes. The Rab GDP dissociation inhibitor (GDI) covers their
prenylated C terminus. When needed, the GDI displacement factor (GDF) allows them to be
activated by guanine nucleotide exchange factors (GEFs), which also influences Rab proteins
localisation. Nearby the target membrane, Rab proteins are bound by the cytosolic GTP and
can recruit the other molecular effectors. Finally, conversion from the GTP- to the GDP-bound
form occurs through GTP hydrolysis catalysed by GTPase-activating proteins (GAPs)
(Stenmark 2009; Homma, Hiragi, and Fukuda 2020) (Fig. 1.12).
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Figure 1.12. The Rab GTPase cycle. (Homma, Hiragi, and Fukuda 2020)

Rab proteins exert many functions and their direct or indirect connection to pathological
conditions have been demonstrated for many diseases, including PD. The first evidence
ascribing Rab proteins as a primary cause of PD was the discovery of X-linked mutations in
RAB39B associated with early-onset PD (Wilson et al. 2014). Previously, in vitro studies using
neuronal cultures knockdown for RAB39B revealed effects on vesicle trafficking and hampered
synapse formation (Giannandrea et al. 2010). Moreover, RAB39B knockout mice were
characterised by impaired learning and memory and dysfunctional basal autophagic flux (Niu
et al. 2020). Another Rab protein denoted as a susceptibility factor for sporadic PD is RAB29.
In physiological condition, RAB29 regulates LRRK2 kinase activity, while in case of
pathogenic LRRK?2 mutants this activity is up regulated, influencing the downstream effectors
of LRRK2, among which we find other Rab proteins like RABS, RABSA, RAB10, RAB12
and RAB29 (Purlyte et al. 2018). Other Rab proteins related to the endo-lysosomal
compartment, namely RABS5, RAB7, RAB9 and RABI11, have been associated to PD
pathology. RABS is a marker for early endosomes and its role involves the regulation of vesicle
fusion and receptor sorting in the early endosomes, and their biogenesis. Some studies have
highlighted a role for RABS in the a-syn aggregation-induced PD neurodegeneration, since it
promotes the internalisation of a-syn in neuronal cells (Sung et al. 2001; Dalfo et al. 2004). On
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the contrary, RAB7 and RABI1 were associated to a-syn aggregates clearance, thereby
showing a protective role (Singh and Mugqit 2020).

Vesicular trafficking machinery plays a crucial role in the progression of mitophagy. Rab
proteins are required for multiple steps in autophagy including the delivery of membranes to
the site of phagophore formation and autophagosome-lysosome fusion (Sereng et al. 2018).
Yamano and colleagues were the first to describe the role of both RAB5 and RAB?7 in the
PINK1/Parkin-mediated mitophagy. RAB7 GTPase-activating protein (RAB7-GAP)
TBCIDI15 and TBCID17 suppression has been associated to LC3 accumulation during
mitophagy, excessive PINK1 retention on mitochondria and hampered clearance of damaged
mitochondria that was mitigated by RAB7 knockdown, highlighting the critical role of RAB7
in the regulation of mito-autophagosome formation (Yamano et al. 2014).

Being RAB7 a marker for late endosome, the subsequent discovery of the role of RABS was
crucial to figure out the molecular cascade. In fact, Yamano and colleagues demonstrated that
after recruitment of PINK1 and Parkin, the RAB5-GEF RabGEF1 localises on mitochondria
in ubiquitin- dependent manner via Parkin. This allows RabGEF1 to direct the recruitment of
RABS to mitochondria, a prior step to Rab7 recruitment and activation via the MON1/CCZ1
complex, effectors of RABS (Yamano et al. 2018). Moreover, RAB7 enables the expansion of
phagophore by inducing fusion of ATG9A vesicles with the phagophore, which is inhibited
upon RAB7 knockdown (Yamano et al. 2018) (Fig. 1.13).
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Figure 1.13 Model of mitophagy regulated by endosomal Rab cycles. (Yamano et al. 2018)

Another evidence supporting the link between PINK 1/Parkin mitophagy and Rab proteins was
pointed out by shotgun proteomics and systems biology analyses, in which PRKN-mutated
fibroblasts showed Rab proteins’ involvement in mitochondrial proteome alterations and Rab7
recruitment to dysfunctional mitochondria without PINK1 accumulation (Zilocchi et al. 2020).
Many studies have also deepened the knowledge about RABS and its involvement in different
pathways of mitochondrial quality control. RABS5 is the downstream effector of BNIP3
receptor-mediated mitophagy, in which Parkin is not involved, and promotes sequestration of
mitochondria into RAB5-positive endosomes (Hammerling et al. 2020). It also promotes early
endosome-mediated elimination of defective mitochondria preventing NLRP3 inflammasome
activation in macrophages (Wu et al. 2021). However, in response to acute oxidative stress,
RABS recruitment to mitochondria is not associated to mitophagy but it exerts a protective role
by blocking cytochrome ¢ release (Hsu et al. 2018).

15



Introduction

Alternatively to PINK1/Parkin mediated mitophagy, damaged or dysfunctional part of
mitochondria can be disposed by mitochondria-derived vesicles (MDVs) first described by
Neuspiel and colleagues (Neuspiel et al. 2008). Biogenesis of MDVs can be divided into three
phases: initiation, tubulation and scission. MDVs formation does not require the autophagic
machinery. Moreover, the content of these vesicles is rather specific and they can be divided
into single-membraned MDVs, exclusively formed by the OMM, and double-membraned
MDVs, containing both outer and inner mitochondrial membrane contents (Konig and McBride
2024). RAB9, a late endosomal/Golgi GTPase, has been associate to MDVs shedding
(Matheoud et al. 2016; Zhao et al. 2023). In the vast majority, MDVs serve as quality control
mechanism in response to early oxidative stress. This mechanism differs from mitophagy since
it does not require mitochondrial depolarisation or ATGS and LC3 for the delivery to the
lysosomes, but rather a complementary mechanism to mitophagy (Soubannier et al. 2012).
However, RAB9 involvement in a Parkin-independent mitophagy has been described. In the
Ulk1/RAB9-mediated mitophagy, RAB9-associated trans-Golgi membranes are recruited after
phosphorylation of RAB9 by Ulk1 and facilitate autophagosome formation (Saito et al. 2019)
(Fig. 1.14).
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Figure 1.14 Alternative mitophagy pathway mediated by Rab9. (Saito et al. 2019)

1.4 Human skin fibroblasts as cellular model of Parkinson’s disease

1.4.1 Fibroblasts cell culture: a valuable tool for studying mitochondrial impairment
in neurological disorders

The main cellular population affected by PD pathology are neuronal cells, especially the
dopaminergic neurons. In vitro models using primary neuronal cells have many advantages,
but they also display some drawbacks: limited life span (days to weeks), difficult isolation and
culture can be time-consuming, and expensive. Immortalised cell lines are also a useful tool to
model PD. SH-SYSY is a human neuroblastoma cell line characterised by neuron-like
properties including neurite-like processes by differentiation. This cell line is widely used since
it 1s characterised by ease of maintenance and catecholaminergic (though not strictly
dopaminergic) properties (Xicoy, Wieringa, and Martens 2017b). Moreover, since their ability
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to take up dopamine via the dopamine transporter is greater than their capability to store it into
vesicles, SH-SYS5Y are able to mimic altered dopamine homeostasis, which recapitulates early
steps of PD pathogenesis (Alberio, Lopiano, and Fasano 2012; Bondi et al. 2016). Although
promising, this cellular model owns cancer-like properties that influence their growth,
metabolism, and genomic stability (Hoffmann et al. 2022). The isolation and culturing of
primary dopaminergic neurons derived from animal models or iPSCs is time-consuming and
expensive, too. Moreover, the only way to study the interested regions directly from patients is
post-mortem tissues analysis, which is far from depicting the initial phases of a pathological
condition. In the context of PD, it has been widely described the relevance of understanding
the role of mitochondrial dysfunction to depict a clear picture of the mechanisms underlying
the disease. The use of primary skin fibroblasts derived from PD patients, and generally from
neurodegenerative disorders (NDs) patients, is becoming an alternative to neuronal cell
cultures (Olesen, Villavicencio-Tejo, and Quintanilla 2022). Skin fibroblasts are peripheral
cells that can be obtained almost non-invasively from patients. Moreover, they recapitulate the
metabolic changes linked to mitochondrial dysfunction described in neurons: oxidative stress,
bioenergetics defects, and mitochondrial dynamics abnormalities (Zilocchi et al. 2020; Deus et
al. 2020b; Olesen, Villavicencio-Tejo, and Quintanilla 2022). If from one side there are many
advantages, such as being patient-derived cells recapitulating the genetic background and the
age-related damages of the subjects, skin fibroblasts are peripheral cells scarcely sensitive to
stressors and characterized by metabolic features which make them very different from
neuronal cells. In order to attenuate this differences, many studies have induced a metabolic
reprogramming to force skin fibroblasts to rely on OXPHOS metabolism exposing metabolic
and mitochondrial defects characteristic of fibroblasts from PD patients (Deus et al. 2020b).
The most common tool is the replacement of the standard high-glucose culture medium with a
galactose containing medium, thus obtaining skin fibroblasts that are more sensitive to
mitochondrial toxins, display an altered metabolic activity with increased oxygen consumption
rate and ATP levels and mitochondrial morphology alterations (Aguer et al. 2011; Amo et al.
2011; Hertig et al. 2019; Pinho et al. 2022; Deus et al. 2020b). Hence, the use of this model
where skin fibroblasts are metabolically reprogrammed toward an OXPHOS metabolism
represents a useful tool to better understand the molecular mechanisms leading to
mitochondrial dysfunction during the development of PD pathology.
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2 Aim of the project

PD is a multifactorial disease in which aging, genetic and environmental factors all contribute
to the disease progression. Although the exact pathophysiological mechanism is not completely
understood, aberrant mitochondrial dynamics, mitophagy alterations, and defects in complex I
activity are all described as hallmarks in both sporadic and genetic forms of PD. Recent
evidence has also highlighted the involvement of the endo-lysosomal pathway, specifically a
subset of Rab proteins, in mitophagy. In this context, further studies unravelling the cross-talk
between these molecular mechanisms are necessary to understand the pathobiology of the
disease.

To this purpose, human skin fibroblasts of PRKN-mutated patients compared with healthy
controls were used as cellular model to investigate the molecular mechanisms at the basis of
PD. Fibroblasts derived from PRKN-mutated patients offer the key advantage of retaining the
same genetic background, where loss-of-function mutations in Parkin gene disrupt the
canonical mitophagic pathway dependent on the PINK 1/Parkin axis, as already investigated in
previous studies (Zanellati et al. 2015; Zilocchi et al. 2020). However, fibroblasts differ from
neuron in terms of metabolism, relying on glycolysis rather than oxidative phosphorylation
(OXPHOS).

The first aim (Aim 1) of this study was to generate personalized cellular models to investigate
mitochondrial dynamics related to PD, by optimizing a protocol to induce mitochondrial
dysfunction in human skin fibroblasts reprogrammed toward OXPHOS metabolism. To make
fibroblasts more sensitive to mitochondrial damage and metabolically more similar to neurons,
a metabolic reprogramming was induced by changing the carbon source from glucose to
galactose in the culture medium. Cells were then either challenged with physical insults or
chemical insults, known to trigger mitophagy. For physical insults, hypothermic stress was
used, while for chemical insults, mitochondrial toxins targeting complex I activity, i.e., MPP"
and Rotenone, were tested. Since these toxins are known to specifically affect dopaminergic
neurons, a preliminary characterization of the dopaminergic system of both control and PRKN-
mutated fibroblasts was necessary.

The second aim (Aim 2) of this study was to exploit this cellular model (Aim 1) to investigate
mitochondrial network dynamics and RABS, RAB7, and RABO total levels.
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3 Materials and Methods

3.1 Materials

3.1.1

Reagents

Materials & Methods

The chemicals and reagents used in this study along with their suppliers are listed in Table 3.1.

Table 3.1. List of chemicals/reagents and their suppliers.

Product

Supplier

1X Phosphate Buffered Saline

Euroclone

2-Mercapthoethanol

Sigma-Aldrich

2-Propanol EMPLURA® (Merck)
4’,6-diamidino-2-phenylindole (DAPI) | Life Technologies
Absolute ethanol Fluka
Ammonium Persulfate (APS) Serva

Bovine serum albumin (BSA) AppliChem
Bromophenol blue GE Healthcare
CCCP Sigma-Aldrich
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
Dithiothreitol (DTT) AppliChem
Dulbecco’s Modified Eagle’s Medium | Euroclone
(DMEM)

Dulbecco’s Modified Eagle’s Medium | Gibco
(DMEM) no glucose

Fetal Bovine Serum Euroclone
Galactose powder Sigma Aldrich
Glycine Sigma-Aldrich
L-Glutamine Euroclone
Methanol Sigma-Aldrich
Mowiol AppliChem
MPP* powder Sigma-Aldrich
Neutral Red powder Sigma-Aldrich
Paraformaldehyde (PFA) Thermo Fisher
Prestained Protein SHARPMASS™ VI | Euroclone
Penicillin Euroclone
Penicillin/Streptomycin (P/S) Gibco
Phosphatase Inhibitor Cocktail Sigma
ProLong Gold Antifade Mounting | Invitrogen
medium

Protease Inhibitor Cocktail Sigma-Aldrich

Rotenone powder

Sigma-Aldrich

Sodium Pyruvate

Gibco
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Sodium dodecyl sulfate (SDS)

Sigma-Aldrich

Skim Milk Powder Sigma-Aldrich
Sodium chloride (NaCl) Sigma-Aldrich
Sodium deoxycholate Sigma-Aldrich
Streptomycin Euroclone
Tetramethylethylenediamine Euroclone
(TEMED)

Tris Base Sigma-Aldrich
Triton X-100 Sigma-Aldrich
Trypsin EDTA Euroclone
Tween-20 Sigma-Aldrich

3.1.2 Kits

The commercial kits used in this study with their suppliers are listed in Table 3.2.

Table 3.2. List of kits and their suppliers.

Product

Supplier

GoTaq® 2-Step RT-qPCR System Promega

Substrate

Pierce™ ECL Western Blotting | Thermo Scientific

Acrylamide Kit

TGX  Stain-Free™  FastCast™ | Bio-Rad

3.1.3 Buffers and solutions

All buffers and solutions used in this study are listed below in Table 3.3. Unless otherwise
stated, all buffers and solutions were prepared in ddH>O. Buffers were also diluted in ddH»O.

Table 3.3. List of buffers/solutions and their respective compositions.

Buffer/Solution Composition

Blocking buffer 5% (w/v) Skim milk or BSA in TBS-T
Freezing medium 5% (v/v) DMSO, 30% (v/v) FBS in DMEM
Laemmli Buffer 5X 50 mM Tris-HCI pH 6.8, 2% SDS, 0.1%

bromophenol blue, 10% glycerol

Neutral Red Solution

diluting 1:80 the stock (0,4 % v/v in
distillated water) in DMEM

RIPA buffer

0.1% SDS, 25 mM Tris-HCI pH 7.4, 150
mM NaCl, 1% sodium deoxycholate, 1%
Triton X-100

Running buffer 10X

250 mM Tris, 2 M glycine, 1% SDS w/v

Transfer buffer 10X

25 mM Tris, 1.5M glycine
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TBS-T 10X 0.1 M Tris-HCI pH 8.8, 1.42 M NaCl, 0.5%
v/v Tween-20
TBS 10X 0.1 M Tris-HCI pH 8.8, 1.42 M NaCl

3.1.4 Antibodies

Several primary (Table 3.4) and secondary antibodies (Table 3.5) were used for
immunoblotting (IB) and immunofluorescence (IIF) in this study. These antibodies are listed

below.

Table 3.4. List of primary antibodies.

Antibody | Species | Clonality Supplier Catalog 1° Dilution | 2° Dilution
Number
B-actin Mouse | Monoclonal | GeneTex GTX629630 | 1:8000 1:8000
ATP Mouse | Monoclonal | Sigma-Aldrich | HPA034517 | 1:1500 1:1500
Synthase
Citrate Mouse | Monoclonal | Sigma-Aldrich | AMAb9100 | 1:1000 1:1500
Synthase 6
COX5B Rabbit Polyclonal Sigma-Aldrich | C4498 1:1000 1:2500
OPA1 Rabbit | Polyclonal Sigma-Aldrich | HPA036927 | 1:250 1:2500
PINK1 Rabbit | Monoclonal | Cell Signaling | #6946 1:1000 1:2000
RABS Mouse | Monoclonal | Cell Signaling | #46449 1:1000 1:2000
RAB7 Rabbit Monoclonal | Cell Signaling | #9367 1:1000 1:2000
RAB9 Rabbit Monoclonal | Cell Signaling | #5118 1:1000 1:2000
TOMM?20 | Rabbit Monoclonal | Cell Signaling | #42406 1:1000 1:2000
Table 3.5. List of secondary antibodies.

Antibody Supplier Catalog Number

HRP-conjugated Cell Signaling #7076

anti-mouse IgG Technology

HRP-conjugated Cell Signaling 7074p2

anti-rabbit IgG Technology

Anti-mouse IgG Cell Signaling BK4409S

(H+L), F(ab')2 technology

3.1.5

Fragment (Alexa
Fluor(R) 555
Conjugate)

Primers

The following primer pairs (Table 3.6) were used in this study.
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Table 3.6. List of primers.

Gene Species Primer sequence Application

ACTB Human F - 5’-CTGCCGTTTCCGTCTGTAGAG-3’ qRT-PCR
R — 5’-TGTTATTGCGAGCAGGAACAAA-3’

DRDI Human F - 5’- ATGGACGGGACTGGGCTGGT -3° qRT-PCR
R - 5’- GGAGCGTGGACAGGATGAGCA -3°

DRD?2 Human F -5’- AGCCTCCACTCTCCGCCTG -3’ qRT-PCR
R—-5’- CCACTAAAGGGCAACTGTACTCACC -
3>

DRD3 Human F —5’- GGCACTCCCCGAGGTTGCAG -3’ qRT-PCR
R -5’- CGGAATTCCCTGAGTCCCACC -3’

DRD4 Human F - 5’- GCCGACCTCCTCCTCGCTCT -3’ qRT-PCR
R - 5’- CGAACCTGTCCACGCTGATGG -3’

DRDS5 Human F - 5’- TCTACCGCATCGCCCAGGTG -3’ qRT-PCR
R —5’- GCAGCCAGCAACACACGAAGA -3’

VMATI Human F - 5- GCTTTCTTCAACAGCCACGGTG -3’ qRT-PCR
R —5’- CTGTGGTGGTGCCAATTGTGC -3’

VMAT2 Human F —5’- CCATTGCGGATGTGGCATTT -3’ qRT-PCR
R -5-TCTTCTTTGGCAGGTGGACTTCG -3’

DATI Human F - 5’- AGCCTGCCTGGGTCCTTTCG -3’ qRT-PCR
R - 5’- AGTGGCGGAGCGTGAACTGG -3’

TH Human F - 5’- CGACCCTGACCTGGACTTGGA -3’ qRT-PCR

R -5’- GGCAATCTCCTCGGCGGTGT -3’

3.1.6 Equipment
All the equipment used in this study is listed below in Table 3.7.

Table 3.7. List of equipment and their manufacturers.

Equipment Manufacturer
Centrifuge 5804 R Eppendorf
CFX Connect Real-Time System | Bio-Rad
G:BOXChemi XT4 Syngene
iMark™ Microplate Reader Bio-Rad

cooled CCD camera on an | Olympus
Olympus IX 81microscope

Semi-Dry Transfer Unit Hoefer

3.1.7 Software

The software used to acquire and analyse data are listed below in Table 3.8.

Table 3.8. List of software and their manufacturers.

Software Manufacturer
GraphPad Prism 8 GraphPad Software Inc.
Imagel] NIH
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Microsoft Office Microsoft Corporation
BioRad CFX Manager™

3.2 Methods

3.2.1 Cell culture

In this study, five control fibroblasts cell lines and six PRKN-mutated fibroblasts cell lines were
used to investigate cellular response to metabolic reprogramming, mitophagy induction, the
combination of both challenges and the changes in RAB protein levels. The human
neuroblastoma SH-SYSY cell line was used as an internal control for some experimental set-

up.

3.2.2 Primary skin fibroblast cell lines

Human primary skin fibroblasts cell lines from six PRKN patients and five control subjects
were obtained from the “Cell line and DNA Bank of genetic Movement Disorder and
Mitochondrial Diseases” of the Telethon Network of Genetic Biobanks (TNGB) and the
Department of Molecular Medicine from University of Pavia. Personal and clinical data and
genetic characterisation were collected from patients after specific informed consent. Control
subjects gave their consent for research purposes.

Subject Gender Age atonset | Age at skin | PRKN mutation
biopsy
#5 M 44 c.198C>T, p.Arg33* + Del etero
esoni 3-4-5 (compound hetero)
#10 M 49 c.101-102delAG (202-203delAG)

p-GIn34Argfs*5 exon 2
(compound hetero)

#3599 F 20 Del ex3/ del ex3
#6153 F 32 Del ex2-4-5
#3590 M 32 Del ex-4-5
#3877 F 39 Del ex 5-6/c.101_102
Del AG (ex2)

#2 M 30 CTRL

#4 F 27 CTRL

#7 F 51 CTRL

#8 M 54 CTRL

#11 F 25 CTRL

3.2.3 Cell culture conditions

Fibroblasts were cultured in two different media, high glucose Dulbecco’s modified Eagle’s
medium (DMEM) (Euroclone) supplemented with 15% (v/v), fetal bovine serum (FBS)
(Euroclone), 100 U/ml penicillin, 100 ug/ml streptomycin (Euroclone) and 2 mM L-glutamine
(Euroclone) and galactose medium prepared using DMEM without glucose (Gibco),
supplemented with 15% (v/v), fetal bovine serum (FBS) (Euroclone), 100 U/ml penicillin, 100
ug/ml streptomycin (Euroclone), 1 mM Sodium Pyruvate (Gibco) and galactose (1.8016 g/L)
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10mM (Sigma Aldrich). Cells were maintained in 5% CO; humified atmosphere at 37 °C.
Subculturing of cells were performed when they reached 80—90% confluence using Accutase
(Euroclone) to detach cells and by centrifugating cells at 500 x g for 5 min at room temperature
(RT) to remove the supernatant. The cell pellet was then resuspended in fresh complete DMEM
and seeded in new flasks.

3.2.4 Metabolic reprogramming protocol

In order to induce a metabolic reprogramming via changing the culture medium, it was
followed the protocol by Pinho and colleagues (Pinho et al. 2022). Starting from cells
maintained in high glucose, after cells subculturing, a portion of the cells maintained in high
glucose medium were gradually adapted to galactose medium during one cell passage.
Following the confluence percentage, the cells were plated at a in a new flask with a mixture
of medium (in a ratio of 75:25, high glucose and galactose respectively). At 50% confluence
medium was replaced by a 50:50 ratio of high glucose and galactose medium. Another change
of medium was performed at 70-75% confluence, with a 25:75 ratio of high glucose and
galactose medium. Finally, when about 90% of confluence was reached, cells were passaged
by Accutase to 100% galactose medium. Before experiments, cells were kept in galactose
medium for at least two cell passages.

3.2.5 Western Blot analysis

Cell pellets from both control and PRKN-mutated fibroblasts were lysed in RIPA buffer
supplemented with phosphatase and protease inhibitors cocktails and placed on ice for 30
minutes. Cellular lysates were then sonicated (0.5 cycles, 80% amplitude, 10 pulses) followed
by centrifugation at 15,000 x g for 15 min at 4°C. Supernatants (containing the proteins) were
collected in new microtubes and quantified through the BCA assay (Thermo Fisher Scientific).
Proteins (30 png) diluted in Laemmli loading buffer were loaded onto 10% or 12% fast-cast gels
(prepared with TGX Stain-Free™ FastCast™ Acrylamide Kit, APS and TEMED) and
transferred to polyvinylidene difluoride (PVDF) or nitrocellulose membranes (Millipore) at 1.0
mA/cm2 (TE77pwr, Hoefer). Membranes were then blocked in 5% skim milk powder prepared
in tris-buffered saline with 0.05% TWEEN (TBS-T) for 2 h at RT and then probed overnight
at 4°C against primary antibodies listed in Table 3.4. Next day, membranes underwent three
washes in TBS-T and incubation with proper peroxidase-conjugated secondary antibody in 5%
milk in TBS-T (Table 3.5). Protein bands were visualised by chemiluminescence using
enhanced chemiluminescence substrate (Millipore Corporation). Images (16-bit grayscale)
were acquired using the G:BOXChemi XT4 system and quantified using the ImagelJ software.

3.2.6 Neutral red uptake assay

Neutral red uptake (NRU) is used to estimate of the number of viable cells in a culture. Neutral
red dye, a weak cation dye, can be incorporated by living cells inside lysosome. Neutral red
stock solution (0,4% w/V) was prepared by dissolving neutral red dye in ddH>O. The neutral
red dye working solution was preprepared by diluting 1:80 the stock (0,4 % v/v in ddH20) in
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DMEM. The working solution was pre-warmed for 10 minutes at 37°, followed by
centrifugation at 1200 x g for 5 minutes and sterilization though filtration. Cell viability was
assessed in control fibroblasts seeded onto 24 mw plate (3 x 10* cells/well) treated with
different concentration of MPP™. After 24h treatment, cells in each well were washed with
DMEM without FBS and incubated for 2h at 37 °C with 500 pL of neutral red dye working
solution. To remove the neutral red dye working solution, cells were washed with 500 uL
washing solution (0,1% w/V CaCl. in ddH20). Subsequentially, cellular lysis was induced by
incubating the cells with the extraction solution (1% acetic acid and 49,5 % ethanol in ddH20),
for 20 min at RT on a shaker. Quantification was obtained using a UV-visible
spectrophotometer by measuring the absorbance at 260 nm (UV-Vis Cary 50 Bio).

3.2.7 MPP" treatment of human skin fibroblasts

Mitochondrial toxin MPP" was used to induce mitophagy via blockade of complex I in our cell
model. MPP" powder (Sigma Aldrich) was dissolved directly in DMEM medium, yielding a 5
mM stock solution. The stock solution was subsequently diluted directly in the medium to
obtain a range of lower concentrations used to perform cell viability test and proteins levels
evaluation. For the assessment of cell viability using the neutral red assay, control fibroblasts
were seeded in 24-well plates at a density of 3 x 10* cells/well and treated in triplicate with
seven different concentrations of MPP* (5 mM, 2.5 mM, 1 mM, 500 uM, 250 pm, 100 pM, 2.5
uM) for 24h. For proteins levels assessment, all five control and six patient-derived fibroblasts
cell lines were seeded in T75 flask at a density of 2-3 x 10°. After 24h, cells reached a 70-80%
confluency and were treated with either 500uM of DMEM-dissolved MPP" (MPP") or DMEM
alone (CTRL) for 24h. Treatments were performed once in every cell lines. Cells were then
detached with trypsin-EDTA and centrifuged at 500 x g for 5 minutes All cellular pellets were
flash-frozen in liquid nitrogen and maintained at —80°C for subsequent analyses.

3.2.8 Rotenone treatment of human skin fibroblasts

Mitochondrial toxin Rotenone was used to induce mitophagy via blockade of complex I in our
cell model. Rotenone (Rot) powder (Sigma Aldrich) was dissolved in DMSO medium, yielding
a 100 mM stock solution. The stock solution was subsequently diluted directly in the medium
to obtain a range of lower concentrations used to perform cell viability test and proteins
evaluation. For the assessment of cell viability using the neutral red assay, control fibroblasts
were seeded in 24-well plates at a density of 3 x 10* cells/well and treated in triplicate with
three different concentrations of Rotenone (500uM, 250uM and 50uM) for 24h. For proteins
levels assessment, control fibroblasts cell lines were seeded in T75 flask at a density of 2-3 x
10°. After 24h, cells reached a 70-80% confluency and were treated with either 50uM of
DMEM-dissolved Rotenone (Rot) or DMSO alone (DMSO) for 24h. Treatments were
performed once in every cell lines. Cells were then detached with trypsin-EDTA and
centrifuged at 500 x g for 5 minutes All cellular pellets were flash-frozen in liquid nitrogen and
maintained at —80°C for subsequent analyses.
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3.2.9 CCCP treatment of human skin fibroblasts

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Sigma-Aldrich) is an uncoupler which
dissipates the mitochondrial proton gradient and it was used as a positive control of mitophagy
induction. During the preliminary analyses of the effect of MPP", CCCP treatment was carried
out in parallel as reference. For proteins levels assessment, control fibroblasts were seeded in
T75 flask at a density of 2-3 x 10°. After 24h, cells reached a 70-80% confluency and were
treated with either 60 uM DMSO-dissolved CCCP (CCCP) or DMSO alone (CTRL) in DMEM
for 24h. Subsequently, cells were detached with trypsin-EDTA and centrifuged at 500 x g for
5 minutes. Treatments were performed in one control fibroblasts cell line in parallel with MPP*
and Rotenone treatments during the cytotoxic effect evaluation of both toxins. All cellular
pellets were flash-frozen in liquid nitrogen and maintained at —80°C for subsequent analyses.

3.2.10 Measurement of Mitochondrial Membrane Potential

In order to evaluate any changes in mitochondrial potential (A¥m) in our different
experimental settings, we exploit the mitochondria-selective fluorescent probe Mitotracker®
Orange CMTMRos (Life Technologies). Fibroblast cells were seeded in 96-well plates at 3.5
x 10% cells/well and mitotracker analysis were performed after treatments. Culture medium was
removed and replaced with fresh DMEM supplemented with 100 nM Mitotracker Orange
CMTMRos (Life Technologies). After 30min of incubation at 37°C, cells were washed with
PBS and fixed with 4% paraformaldehyde (PFA) for 15min. Cells were washed with PBS to
remove PFA excess and then permeabilize with 0.2% Triton X-100 in PBS for 10 min. After a
washing step in PBS, nuclei counter-staining was carried out with 10 pM DAPI in PBS for 1
minute at RT. Images were acquired through a cooled CCD camera on an Olympus IX
81microscope (20x) for an acquisition time of 2 sec. For each well, three fields of view (fov)
were acquired for both Mitotracker Orange CMTMRos and DAPI signal. For each whole fov,
Mitotracker signal intensities were calculated measuring integrated density values (the total
intensity of fluorescence in the defined area) minus the mean of background fluorescence
values. The corrected intensity was normalized with respect to the number of cells, as defined
by nuclear staining with DAPI. At least five fovs obtained from three technical replicates were
evaluated for each condition.

3.2.11 Indirect Immunofluorescence

Fibroblast cells were seeded at a density of 15 x 10° per well onto 18 mm glass coverslips in
12-well plates and cultured for 24 h at 37°C in the presence of DMEM-dissolved MPP* (MPP™)
or DMEM alone (CTRL) for 24h. After 24h treatments, cells were washed with PBS and fixed
with 4% paraformaldehyde for 15 min, permeabilized with Triton X-100 (0.2% Triton X-100
in PBS) for 5 min, and blocked with 5% FBS in PBS for 2 h at RT. Coverslips were incubated
overnight at 4°C with the primary antibody in 5% FBS diluted in PBS. Fibroblast cells were
then incubated with secondary antibodies in 5% FBS in PBS. Nuclei were counterstained with
DAPI and coverslips were mounted on microscope slides.
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3.2.12 Mitochondrial network analysis

Images were acquired through a cooled CCD camera on an Olympus IX 8 Imicroscope (60x)
for an acquisition time of 0.250 sec.

Mitochondrial network morphology was analysed and quantified using the Mitochondrial
Network Analysis tool (MiNA) using Image] (A. J. Valente et al. 2017). Three different
morphological parameters were taken into account:

e branch length mean: the mean length of all the lines used to represent the mitochondrial
structures.

e summed branch lengths mean: The mean of sum of all branch lengths divided by the
number of independent skeletons.

e network branches mean: The mean number of attached lines used to represent each
structure.

At least 30 cells per condition were randomly selected for the analysis related to hypothermic
stress experiments, while 40-45 cells per condition for the analysis related to metabolic
reprogramming combined with mitophagy induction.

3.2.13 Flow Cytometric Analysis

In order to evaluate any changes in mitochondrial potential (AWm) compared all three
mitochondrial toxins used (CCCP, Rot and MPP"), we exploit flow cytometric analysis after
Mitotracker staining. Control fibroblasts were seeded in T25 flask at a density of 7 x 10%. After
24h, cells reached a 70-80% confluency and were treated with mitochondrial toxins as already
described. After 24h treatment, mitotracker staining protocol was performed (see above)
without nuclear staining. Cells were then resuspended in 200/300 pL PBS and analysed using
a FACScalibur Becton Dickinson flow cytometer equipped with an air-cooled argon ion laser
(15mW, 488nm) using CellQuestPRO 5.1 software. The fluorescent emission of mitotracker
was collected through a 575 nm band-pass filter. Mitotracker fluorescence in the treated
samples was determined based on the shift of the peaks detected in monoparametric histograms
acquired in log mode and compared to the fluorescence determined in control cells.

3.2.14 Quantitative RT-PCR

RNA from SH-SYSY cells (at two different passage numbers), three control fibroblasts cell
lines and two PRKN-mutated fibroblasts cell lines was extracted using ReliaPrep™ RNA Cell
Miniprep System (Promega) following the manual. The extracted RNA samples were
quantified using a UV-visible spectrophotometer by measuring the absorbance at 260 nm.
cDNA synthesis and qPCR were performed using GoTaq® 2-Step RT-qPCR System (Promega).
The gqPCR reactions were run on the CFX Connect Real-Time System (Bio-Rad). Quality
control of amplification and dissociation curves was performed. PCR amplification products
were separated and visualized onto a 1.5% agarose gel.
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3.2.15 Statistical Analyses

The results were analysed using Microsoft Excel and/or GraphPad Prism version 8. For
Western blot analysis the mean of at least three independent biological replicates/subjects was
considered. Statistical analyses for Western blot data were performed by either two-tailed,
unpaired, Student’s t test with Welch’s correction or ANOVA (one or two-way depending on
the number of variables considered). For mitochondrial network analysis, the non-parametric
Wilcoxon test was used to verify if there were any significant differences in the parameters
analysed. For all analyses, significance threshold was set at p-value < 0.05. The statistical
approach used is always described in the “Results” section.
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4 Results

The final aim of my three-year PhD project was to study the molecular mechanisms at the basis
of PD pathology exploiting human skin fibroblasts of PRKN-mutated patients as a cellular
model, in comparison with the same cells from healthy controls. As already stated before, being
patient-derived cells, fibroblasts entail the main advantage of recapitulating the genetic
background and the age-related damages of the subjects they are derived from. By contrast,
they are peripheral cells scarcely sensitive to stressors, endowed with quite rudimental systems
of biosignalling and trafficking, and characteristic metabolic features which make them very
different from neuronal cells.

On this basis,I thoroughly investigated the behaviour of these cells in response to several
stressors mainly acting at the mitochondrial level. First, I assessed them as possible players in
the peripheral dopaminergic system. Then, I challenged fibroblasts with both physical and
chemical insults to find the most suited protocol to induce mitophagy. Moreover, to obtain a
cellular model more similar to neuronal cells and to exacerbate the sensitivity to mitochondrial
damages, I optimized a protocol for metabolic reprogramming toward an OXPHOS
metabolism, mimicking the neuronal one. Eventually, by combining metabolic reprogramming
with mitochondrial insults, I analysed both mitochondrial dynamics and RABs dynamics, with
the aim of elucidating some aspects of the interaction between two central factors, i.e.,
mitochondrial dysfunction and vesicle trafficking alterations, in the context of PD pathology.

4.1 Characterization of the dopaminergic system in fibroblasts

Many PD models rely on the use of mitochondrial toxins that specifically target dopaminergic
neurons. MPP" and Rotenone mechanisms of action and uptake have been widely characterised
in neurons. Rotenone is a lipophilic molecule that can easily cross the blood brain barrier, and
it is usually exploited to generate in vivo PD-models, while MPP* is more frequently used in
cellular models (being MPTP used to generate PD toxic models). Regarding their use in non-
neuronal cellular models little is known. In particular, MPP* cannot passively diffuse across
cell membranes and exploits the dopamine transporter (DAT) expressed on dopaminergic
neurons. Thus, the uptake mechanisms should be investigated in cells different from neurons,
by assessing the presence of membrane transporters. Moreover, a preliminary characterization
of the whole dopaminergic system (i.e., enzymes involved in DA synthesis, vesicular
transporters, and receptors) in fibroblasts is mandatory to use them as a model to study PD
mechanisms. Indeed, these cells may be part of the so-called peripheral dopaminergic system.
Owing this, control and PRKN-mutated fibroblasts were used to assess the expression, at the
transcript level, of the principal plasma membrane transporter (DAT1), the vesicular
transporters (VMAT1, VMAT?2), the receptors (DRD1, DRD2, DRD3, DRD4, DRDS), and the
rate limiting enzyme in dopamine synthesis, tyrosine hydroxylase (TH). To this end, qRT-PCR
reactions were performed on total RNAs from control fibroblasts (n=3), PRKN-mutated
fibroblasts (n=2), and the human neuroblastoma SH-SYS5Y cell line (n=2) as positive control,
since the expression of all dopaminergic markers has been already verified in this cell line
(Alberio et al. 2011). The amplification products were loaded and visualized on agarose gels
(Fig. 4.1).
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Fig. 4.1 Characterization of the dopaminergic system in fibroblasts by transcript levels analysis.

Representative PCR amplification products from SH-SY5Y cells, one control, and one PRKN-mutated patient. DRDn:
dopamine receptor Dn. DAT1: dopamine transporter 1. TH: tyrosine hydroxylase. VMAT]1: vesicular monoamine
transporter 1. VMAT2: vesicular monoamine transporter 2.

As a result, fibroblast cells express DA receptors, even displaying different patterns of
amplification products. By contrast, these cells do not express TH and DAT1, meaning that
they cannot synthetize and internalize DA, respectively.

4.2 The effects of Hypothermic stress on mitochondrial homeostasis in
primary skin fibroblasts
After the preliminary characterization of the dopaminergic system in fibroblasts, the following
step was the setup of protocols to induce mitophagy in these cells. Among the possible physical
stressors suitable to induce mitophagy, hypothermic stress was the first approach selected, since

it has already been applied successfully in human fibroblasts (Bonello et al. 2019). Control
fibroblasts only were used to this purpose.

4.2.1 Mitochondrial membrane potential analysis

In order to evaluate if thermal stress triggers mitophagy in human fibroblasts, we used Bonello
and coworkers’ protocol (Bonello et al. 2019). As described in the Materials and Methods
section, control fibroblasts were exposed to hypothermic shock (24°C) for 45 min, followed by

30



Results

45 min of recovery at 37°C. This condition was compared with control fibroblasts maintained
at standard culture temperature of 37°C (CTRL). As positive control for mitophagy induction,
control fibroblasts were treated with 60 uM CCCP (CCCP), also performing their respective
treatment control (DMSO) (Zilocchi et al. 2020). To assess the effects of the hypothermic
shock, the mitochondrial membrane potential was evaluated using the mitotracker probe. As
expected, CCCP treatment induced a significant loss of mitochondrial membrane potential (p
= 0.0003) compared to DMSO (Fig. 4.2A and 4.2B), while this was not observed upon the
hypothermic shock (Fig. 4.2C and 4.2D).
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Fig. 4.2 Mitochondrial membrane potential of control fibroblasts is not altered after hypothermic shock.

(A) Representative images of fibroblast cells from one control subject stained with Mitotracker Orange CMTMROos after
DMSO or CCCP treatment. (B) Quantification of Mitotracker Orange CMTMROos fluorescence normalized by the number of
cells, n = 3 technical replicates. Data, expressed as mean + SD, were analysed by two-tailed, unpaired Student’s t-test with
Welch’s correction; ***p < 0.001. (C) Representative images of fibroblast cells from one control subjects stained with
Mitotracker Orange CMTMROos after hypothermic shock. (D) Quantification of Mitotracker Orange CMTMRos fluorescence
normalized by the number of cells, n = 3 technical replicates. Data, expressed as mean + SD, were analysed by two-tailed,
unpaired Student’s t-test with Welch’s correction.

4.2.2 Mitochondrial network morphology analysis

In addition to mitochondrial membrane potential, it was decided to evaluate further possible
alterations at the level of mitochondrial network structure after hypothermic stress. As
described in the Materials and Methods section, control fibroblasts were exposed to
hypothermic shock (24°C) for 45 min, followed by 45 min of recovery at 37°C and to assess
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the effects of the hypothermic shock on the mitochondrial network morphology, ATP Synthase
was visualized by IIF (Fig. 4.3A).
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Fig. 4.3 Mitochondrial network morphology of control fibroblasts is not altered after hypothermic shock.

(A) Representative images of fibroblast cells from one control subject stained with ATP Synthase after hypothermic shock.
(B) Quantification of branch length mean, summed branch lengths mean and network branches mean parameters were
performed on at least 30 cells per condition. Data, expressed as mean + SD, were analysed by the Mann Whitney test.

The signal was quantified by immunofluorescence and analysed using the Mitochondrial
Network Analysis tool (MiNA) in order to evaluate branch length mean, summed branch
lengths mean and network branches mean parameters. From the graphs in (Fig. 4.3B), after
hypothermic stress there were no differences in the three parameters taken into consideration,
suggesting no significant differences in mitochondrial network morphology after hypothermic
stress.

4.2.3 Evaluation of the levels of mitophagy-related proteins

Control fibroblasts exposed to hypothermic stress were then used to evaluate any possible
changes in protein levels of key mitophagy players. Levels of PINK1, OPA1 and COX5B were
evaluated by Western blot analysis in control fibroblasts maintained at 37°C (CTRL) or
exposed to hypothermic stress (24°C) (Fig. 4.4B). CCCP treatment was used as a positive
control for mitophagy induction (Fig. 4.4A). CCCP treatment, as expected, caused the
accumulation of PINKI1, the disappearance of the long form of OPAl (L-OPA1l) with
accumulation of the pro-fission short form of OPA1l (S-OPAl), and a decrease of the
mitochondrial mass correlated to COXS5B protein reduction (Fig. 4.4A).
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Fig. 4.4 Western blot analysis of mitochondrial markers related to mitophagy after hypothermic stress.

(A) Evaluation of mitochondrial markers related to mitophagy in fibroblast cells from one control subject after 24h treatment
with 60 uM CCCP and relative DMO control condition. (B) Representative images of Western blot analysis for mitochondrial
marker related to mitophagy in fibroblast cells from one control subject following 45 min exposure at 24°C. (C) Relative
quantification expressed as mean + SD, n = 3 biological replicates. Data were analysed by two-tailed, unpaired Student’s t-
test with Welch’s correction; ns, not significant.

This was not paralleled in the hypothermic stress condition, since no changes in PINK1, OPA1
or COX5B were detected (Fig. 4.4C), concluding that a brief exposure to a lower temperature
was not sufficient to trigger mitophagy in fibroblast cells.

4.2.4 Mitochondrial membrane potential analysis

The protocol by Bonello and coworkers was adapted by increasing the exposure time at 24h,
in order to further challenge mitophagy induction in control fibroblasts. Accordingly, cells
were exposed to hypothermic shock for 24h, followed by 45 min of recovery at 37°C. This
condition was compared to control fibroblasts maintained at standard culture temperature of

37°C (Fig. 4.5A).
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Fig. 4.5 Mitochondrial membrane potential of control fibroblasts is not altered after prolonged hypothermic shock.
(A) Representative images of fibroblast cells from one control subject stained with Mitotracker Orange CMTMROos after 24h
exposure at 24°C. (B) Quantification of Mitotracker Orange CMTMROos fluorescence normalized by the number of cells, n =
3 technical replicates. Data, expressed as mean + SD, were analysed by two-tailed, unpaired Student’s t-test with Welch’s

correction.

As shown in (Fig. 4.5B), prolonged hypothermic stress did not significantly alter mitochondrial
membrane potential. Thus, this physical stressor did not prove to be effective in mitophagy
induction in our fibroblast cells.
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4.2.5 Evaluation of the levels of mitophagy-related protein

The effect of prolonged exposure at 24°C for 24h in control fibroblasts were also analysed by
assessing the protein levels of OPA1, PINK1 and COXS5B. Being a preliminary investigation,
a single cell line was used, and the experiment was performed once.
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Fig. 4.6 Western blot analysis of mitochondrial markers related to mitophagy after prolonged hypothermic stress.
Preliminary evaluation of mitochondrial markers related to mitophagy in fibroblast cells from one control subject after 24h
exposure at 24°C.

Comparing control fibroblasts maintained at 37°C (CTRL) to the ones maintained at 24°C for
24h followed by 45 min of recovery at 37°C (24°C), there were no significant change in any
of the mitochondrial marker evaluated, (Fig. 4.6), thus concluding that neither a prolonged
exposure to 24°C was sufficient to trigger mitophagy.

4.3 The effects of mitochondrial toxins treatment on mitochondrial
homeostasis in primary skin fibroblasts

After attempting to induce mitophagy using hypothermic stress as a physical insult, the next
step involved using mitochondrial toxins. Little is known about the use of MPP" and Rotenone
in fibroblasts compared to neurons. Therefore, it was first necessary to establish a range of
concentrations to determine an effective final concentration based on mortality rate. This
concentration was then tested to evaluate its effect on mitochondrial homeostasis.

4.3.1 Cell viability test after MPP* treatment at different concentrations

In order to assess the cytotoxic effect of MPP' and to determine the final concentration to be
used in this study, we assessed both cell viability and the levels of mitochondrial marker
proteins. Human skin fibroblasts from one control subject were treated with different
concentration of MPP* for 24h followed by a neutral red viability test in technical triplicate
(Fig. 4.7).
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Fig. 4.7 Cell viability test after MPP" treatment.

Neutral red uptake (NRU) assay in control fibroblasts following the exposure to MPP* at different concentrations for 24 h.
Data analysis was performed using one-way ANOVA. Values reported are mean + SE of three technical replicates of the
same experiment; ** p<0.01; *** p<0.001 vs basal.

From the total range of concentrations, we selected the ones causing a mortality rate of 30-40%
to be used in the following experiments (500 uM, 1 mM and 2.5 mM).

4.3.2 Evaluation of mitochondrial markers protein levels after MPP* treatment at
different concentrations

To determine the final concentration to be used, further mitochondrial marker proteins
evaluation was performed with the narrowed range of concentrations. A single cell line of
control fibroblasts was treated using three different concentrations of MPP™ (500 uM, 1 mM
and 2.5 mM). Control fibroblasts treated with 60 pM CCCP were used as a positive control of
mitophagy induction. After 24h treatment, Western blot analysis was performed considering
mitochondrial marker protein COX5B as an indicator of the total mitochondrial mass, while
OPA1 was used as a marker of mitochondrial fusion (Fig. 4.8).
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Fig. 4.8 Western blot analysis of mitochondrial markers proteins following MPP" treatment.
Preliminary evaluation of mitochondrial markers fibroblast cells from one control subject after 24h treatment with MPP*
(500 uM, 1 mM and 2.5 mM) and 60 pM CCCP treatment as positive control.
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From the qualitative evaluation of MPP™ treatment effects, a reduction of COX5B level and
accumulation of S-OPA1 isoform were visible at all three concentrations. Since it was possible
to appreciate a qualitative reduction in mitochondrial mass and impairment of mitochondrial
fusion, with the disappearance of L-OPA1, already from the lowest concentration, 500 uM was
the selected concentration to perform the following experiments.
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Fig. 4.9 Western blot analysis of mitochondrial markers after MPP* treatment.

(A) Representative Western blot images of mitochondrial marker proteins in fibroblast cells from one control subject
following 500 pM MPP* treatment. (B) Relative quantification expressed as mean + SD, n = 3 biological replicates. Data
were analysed by two-tailed, unpaired Student’s t-test with Welch’s correction; * p<0.05.

Using the selected 500 uM concentration, other mitochondrial markers were evaluated by
Western blot analysis: CS, TOMM20 and COX5B (Fig. 4.9A). The analysis showed a
significant decrease of CS and COX5B level, while TOMMZ20 was unaltered (Fig. 4.9B).

4.3.3 Cell viability test after Rotenone treatment at different concentrations

In order to assess the cytotoxic effect of Rotenone and to determine the final concentration to
be used in this study, we assessed both cell viability and the levels of mitochondrial marker
proteins. Human skin fibroblasts from one control subject were treated with different
concentration of DMSO-dissolved Rotenone for 24h followed by a neutral red viability test in
technical triplicate (Fig. 4.10). We evaluate three different concentrations (50 uM, 250 uM and
500 uM) and their respective DMSO controls (0.05%, 0.25% and 0.5%).
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Fig. 4.10 Cell viability test after Rotenone treatment.
Neutral red uptake (NRU) assay in control fibroblasts following the exposure to Rotenone at different concentrations for 24
h. Data analysis was performed using one-way ANOVA. Values reported are mean + SE of three technical replicates of the

same experiment; ** p<0.001 vs DMSO.

All three concentrations caused a mortality rate of 30-40%, but the 500 uM concentration of
Rotenone was discarder due to the higher percentage of DMSO.

4.3.4 Evaluation of mitochondrial markers protein levels after Rotenone treatment at
different concentrations

In order to determine the final concentration to be used, further mitochondrial markers were
evaluated in a narrowed range of concentrations. A single cell line of control fibroblasts was
treated using two different concentrations of Rotenone (Rot) (50 uM and 250 uM). Control
fibroblasts treated with 60 uM CCCP were used as a positive control of mitophagy induction.
After 24h treatment, Western blot analysis was performed considering mitochondrial marker
protein COX5B as an indicator of the total mitochondrial mass, while OPA1 was used as a
marker of mitochondrial fusion (Fig. 4.11).

DMSO DMSO ROT ROT CCCP
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Fig. 4.11 Western blot analysis of mitochondrial markers proteins following Rotenone treatment.
Preliminary evaluation of mitochondrial markers in control fibroblasts after 24h treatment with Rotenone (50 uM and 500

uM) and relative DMSO concentrations as control condition.
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From the qualitative evaluation of Rotenone treatment effects, no reduction of COX5B level
was visible after Rotenone treatment neither alteration in the level of L-OPA1 and S-OPAL.
Considering this, the final treatment condition selected to perform further analysis was 50 uM
due to the lower DMSO concentration, preventing side effect from the vehicle toxicity.
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Fig. 4.12 Western blot analysis of mitochondrial mass marker after Rotenone treatment.

(A) Representative Western blot images of mitochondrial marker proteins in control fibroblasts following 24h treatment with
50uM Rotenone. (B) Relative quantification expressed as mean + SD, n = 3 technical replicates. Data were analysed by two-
tailed, unpaired Student’s t-test with Welch’s correction.

This single concentration was then used to treat a single cell line of control fibroblasts and
assess any reduction in mitochondrial mass trough COX5B protein level evaluation (Fig.
4.12A). As it is shown in the graph, after 24h treatment with 50 uM Rotenone there was no
significant change in COX5B level, suggesting no reduction in mitochondrial mass (Fig.

4.12B).
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4.3.5 Mitochondrial depolarization analysis by flow cytometry

In addition to mitochondrial marker protein evaluation, it was assessed the extent of
mitochondrial membrane depolarization after both toxins’ treatment through mitotracker
staining followed by cytofluorimetric analysis. Since the final aim was to exacerbate
mitochondrial damage in already OXPHOS depending human skin fibroblasts using a single
mitochondrial toxin, this further analysis was exploited to establish the more suitable
mitochondrial toxin to be used. In order to standardise the procedure, MPP* powder was
dissolved in 0.05% DMSO high glucose DMEM, using this condition as a common control
between 50 uM Rotenone and 500 uM MPP" treatment. The treatment with 60 uM CCCP was
carried out in parallel as positive control of mitochondrial membrane depolarisation.
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Fig. 4.13 Overlay of one-dimensional histograms representing the mean fluorescence intensity (MFI) of Mitotracker signal
after 24h treatment with 60 uM CCCP, 500 uM MPP", 50 uM Rotenone and 0.05% DMSQO as control condition in fibroblast
cells from one control subject.

After 24h treatment, cells were stained with Mitotracker Orange CMTMRos and analysed at
the flow cytometer. The data obtained represent the mean fluorescence intensity (MFI) of each
treatment (Fig. 4.13). From the comparison of Mitotracker fluorescence peaks, CCCP showed
the major shift from the control.

The second most depolarising toxin after CCCP was MPP", indicating a stronger effect
compared to Rotenone. Owing this, treatment with 500 uM MPP" was selected as the standard
protocol to induce mitophagy in my cellular model.

4.3.6 Metabolic reprogramming of fibroblasts towards OXPHOS

Human skin fibroblasts have been widely used to model and study neurodegenerative diseases.
However, they show a highly glycolytic metabolism that make them different from neuronal
cells, which are more sensitive to alterations in mitochondria. To highlight mitochondrial
dysfunction and better understand the involvement of mitochondrial dynamics at the basis of
neurodegenerative diseases, human skin fibroblasts were forced toward a mitochondrial
metabolism. To this aim, the culture medium of both patient-derived and controls’ fibroblasts
was gradually changed from high glucose to galactose medium as proposed by Pinho and
colleagues’ protocol (Pinho et al. 2022). Evaluation of structural and molecular changes
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induced by the metabolic reprogramming was then assessed via mitochondrial marker proteins,
mitochondrial membrane potential and mitochondrial network analyses.

4.3.7 Protocol setup: evaluation of mitochondrial marker protein levels after
metabolic reprogramming

The protocol by Pinho and colleagues was applied to one control fibroblasts cell lines and one
patient-derived fibroblasts cell lines. After the gradual change of the medium and at least two
cell passages (see Material and Methods), the protein level of CS, and COX5B was evaluated
(Fig. 4.14).

CTRL PREN

Glucose Galactose Glucose Galactose

48 kDa_| — - — S

141D | . e e g— COX5B

55 kDa | Loading control

Fig. 4.14 Western blot analysis of mitochondrial marker after metabolic reprogramming.
Representative Western blot images of mitochondrial marker proteins one control and one patient-derived fibroblasts cell
line maintained in 25 mM high glucose medium or 5 mM galactose medium after metabolic reprogramming protocol.

From these preliminary evaluations, it was observed an increase in CS and COX5B level, thus
suggesting an effect related to the metabolic reprogramming. To determine whether the
metabolic reprogramming had an impact on mitochondrial function, one control and one
patient-derived fibroblasts cell line were stained with Mitotracker Orange CMTMRos.

4.4 Effects of the combination between metabolic reprogramming and
toxins-induced mitochondrial stress: mitochondrial homeostasis and
Rab proteins dynamics

After the protocol optimization for metabolic reprogramming toward an OXPHOS metabolism
and the standardization of mitochondrial toxins mitophagy induction set up, control and PRKN-
mutated fibroblasts were used to assess structural and molecular changes induced by the
combination of both mitophagy induction and metabolic programming via mitochondrial
marker proteins evaluation, and mitochondrial network analyses. Both control and PRKN-
mutated fibroblasts were maintained in either high glucose medium or 5 mM galactose medium
after metabolic reprogramming. Starting from these four conditions, cells were treated with
either 500 uM MPP" or underwent cell culture medium replacement. In Fig. 4.15, light
microscope images from control fibroblasts are reported, representing the four conditions to be
compared after 24h treatment: glucose (GLC) control (CTRL), glucose (GLC) treated with 500
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uM MPP", galactose (GAL) control (CTRL) and galactose (GAL) treated with 500 uM MPP",
This was only a qualitative assessment to determine any possible macroscopic change in the
morphology of the cells.

GLC _‘ _ GAL

r

CTRL

Fig. 4.15 Morphdlogical changes in cultured control fibroblasts recorded by light microscopy.
Representative images of control fibroblasts in four different experimental conditions: glucose only, glucose combined with
500 uM MPP" treatment, galactose only and galactose combined with 500 uM MPP* treatment.

As it can be appreciated, cells maintained in galactose medium and treated with 500 uM MPP",
showed a more senescent morphology. The same was done for patient-derived cells after 24h
treatment, and cells maintained in galactose treated with 500 uM MPP" showed the same
characteristic. This specific pattern was always observed in all the biological replicates
performed.

4.4.1 Mitochondrial network morphology analysis

Mitochondrial dynamics play a crucial role in the mitochondrial quality control and are
exploited by these organelles in response to various physiological cues. For this reason, it was
decided to evaluate further possible alterations at the level of mitochondrial network structure
in both control and PRKN-mutated fibroblasts after MPP'-induce mitophagy in combination
with metabolic reprogramming. As described in the Materials and Methods section, control
fibroblasts stained with ATP Synthase were analysed in four conditions: glucose only, glucose
combined with 500 uM MPP" treatment, galactose only and galactose combined with 500 uM
MPP" treatment (Fig. 4.16). The same four conditions were compared also in PRKN-mutated
fibroblasts (Fig. 4.17).
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Fig. 4.16 Mitochondi network mrphology of control fibroblasts upn metabolic reprogramming combined with
MPP" treatment.

Representative images of fibroblast cells from one control subject stained with ATP Synthase. (A) Standard culture medium,
treatment control. (B) Standard culture medium, MPP™ treatment. (C) Galactose medium, treatment control. (D) Galactose
medium, MPP* treatment.
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Fig. 4.17 Mitochondrial network morphology of patient-derived fibroblasts upon metabolic reprogramming
combined with MPP* treatment.

Representative images of fibroblast cells from one patient stained with ATP Synthase. (A) Standard culture medium,
treatment control. (B) Standard culture medium, MPP™ treatment. (C) Galactose medium, treatment control. (D) Galactose
medium, MPP™ treatment.
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The quantitative assessment of the visible differences in the morphology of the mitochondrial
network was performed by the evaluation of some specific parameters that describe the length
and connectivity of network branches, i.e., branch length, network branches, and summed
branch length.
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Fig. 4.18 Quantitative analysis of the mitochondrial network morphology upon metabolic reprogramming combined
with MPP* treatment.

Fibroblasts from one healthy subject and one PRKN-mutated patient were analysed. A total number of 45 cells have been
quantified per group. (A) Violin plots representing the measurement of branch length mean parameter in mitochondrial
network analysis in healthy fibroblasts only, expressed as mean. Data were analysed by two-way ANOVA. “Interaction”

(»p =0.0142; F=6.132) and “Treatment” (p <0.0001; F' = 67.23) resulted to be a significant source of variation. (B) Violin
plots representing the measurement of branch length mean in PRKN-mutated fibroblasts only, expressed as mean. Data were
analysed by two-way ANOVA. “Treatment” (p <0. 0001; F'=51.24) resulted to be a significant source of variation. (C)
Violin plots representing the measurement of branch length mean in standard culture conditions (glucose) expressed as
mean. Data were analysed by two-way ANOVA. “Interaction” (p = 0.0016; F' = 10.22), “Treatment” (p <0.0001; F' = 61.48)
and “Genetics” (p =0.0288; F'=4.859) resulted to be a significant source of variation. (D) Violin plots representing the
measurement of branch length mean in galactose only and galactose treated with MPP* in both healthy and PRKN-mutated
fibroblasts expressed as mean. Data were analysed by two-way ANOVA. “Treatment” (p<0.0001; F = 55.14) and “Genetics”
(p =0.0020; F =9.874) resulted to be a significant source of variation.

The evaluation of branch length mean parameter was assessed in one healthy fibroblasts cell
line compared to one PRKN-mutated fibroblasts maintained in either glucose medium or
galactose medium after 24h treatment with MPP'. In control healthy fibroblasts the
measurement of branch length mean was significantly affected by MPP" treatment
(“Treatment”, p <0.0001; F = 67.23). Moreover, the parameter was differently affected
according to the culture medium, specifically, it was observed a shortening in the branch length
mean in glucose medium that was enhanced in galactose medium (“Interaction”, p =0.0142; F
=6.132) (Fig. 4.18A). In addition, it was observed a tendency (p=0.0537) in the effect of the
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metabolism factor. In PRKN-mutated fibroblasts, treatment with MPP” significantly decreased
the branch length mean in both glucose and galactose medium (“Treatment”, p <0. 0001; F
=51.24) (Fig. 4.18B). In glucose condition, the branch length is significantly influenced by
MPP" treatment with a different trend in healthy fibroblasts compared with the PRKN-mutated
one (“Interaction”, p =0.0016; F = 10.22, “Treatment”, p <0.0001; F = 61.48, and “Genetics”,
p =0.0288; F = 4.859) (Fig. 4.18C). After metabolic reprogramming, the branch length mean
was significantly reduced after MPP" treatment (“Treatment”, p<0.0001; F = 55.14) and it was
observed a general shortening in PD patients compared to controls (“Genetics”, p=0.0020; F =
9.874) (Fig. 4.18D).
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Fig. 4.19 Quantitative analysis of the mitochondrial network morphology upon metabolic reprogramming combined
with MPP* treatment.

Fibroblasts from one healthy subject and one PRKN-mutated patient were analysed. A total number of 45 cells have been
quantified per group. (A) Violin plots representing the measurement of the summed branch lengths mean parameter in
mitochondrial network analysis in healthy fibroblasts only, expressed as mean. Data were analysed by two-way ANOVA.
“Interaction” (p = 0.0100; F'= 6.78) and “Treatment” (p <0.0001; F'= 85.16) resulted to be a significant source of variation.
(B) Violin plots representing the measurement of the summed branch lengths mean in PRKN-mutated fibroblasts only,
expressed as mean. Data were analysed by two-way ANOVA. “Treatment” (p <0.0001; F=30.98) resulted to be a significant
source of variation. (C) Violin plots representing the measurement of the summed branch lengths mean in standard culture
conditions (glucose) expressed as mean. Data were analysed by two-way ANOVA. “Interaction” (p <0.0001; F'=27.84),
“Treatment” (p <0.0001; F'=105.9) and “Genetics” (p =0.0010; F'= 11.10) resulted to be a significant source of variation.
(D) Violin plots representing the measurement of the summed branch lengths mean in galactose only and galactose treated
with MPP* in both healthy and PRKN-mutated fibroblasts expressed as mean. Data were analysed by two-way ANOVA.
“Treatment” (»p<0.0001; F =29.74) and “Genetics” (p =0.0004; F = 13.205) resulted to be a significant source of variation.

The evaluation of summed branch length mean parameter was assessed in one healthy
fibroblasts cell line compared to one PRKN-mutated fibroblasts maintained in either glucose
medium or galactose medium after 24h treatment with MPP". In control healthy fibroblasts the
summed branch length mean was significantly affected by MPP" treatment (“Treatment”, p
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<0.0001; F = 85.16). Moreover, the parameter was differently affected according to the culture
medium, specifically, it was observed a shortening in the branch length mean in galactose
medium that was enhanced in glucose medium (“Interaction”, p = 0.0100; F = 6.78) (Fig.
4.19A). In PRKN-mutated fibroblasts, treatment with MPP" significantly decreased in the
summed branch length mean in both glucose and galactose medium (“Treatment”, p <0.0001;
F =30.98) (Fig. 4.19B). In glucose condition, the effect of MPP" treatment and the genetic
background significantly decreased the summed branch length in both control healthy and
PRKN-mutated fibroblasts (“Treatment”, p <0.0001; F = 105.9, “Genetics” p =0.0010; F =
11.10) (Fig. 4.19C), moreover, the effect of MPP" treatment was different according to the
genetic background (Interaction”, p <0.0001; F = 27.84). After metabolic reprogramming, the
summed branch length mean was significantly reduced after MPP™" treatment (“Treatment”,
p<0.0001; F = 29.74) and it was observed a general shortening in PD patients compared to
controls (“Genetics”, p =0.0004; F = 13.205) (Fig. 4.19D).
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Fig. 4.20 Quantitative analysis of the mitochondrial network morphology upon metabolic reprogramming combined
with MPP* treatment.

Fibroblasts from one healthy subject and one PRKN-mutated patient were analysed. A total number of 45 cells have been
quantified per group. (A) Violin plots representing the measurement of network branches mean parameter in mitochondrial
network analysis in healthy fibroblasts only, expressed as mean. Data were analysed by two-way ANOVA. “Interaction”

(» =0.0048; FF=8.170) and “Treatment” (p <0.0001; F' = 65.41) resulted to be a significant source of variation. (B) Violin
plots representing the measurement of network branches mean in PRKN-mutated fibroblasts only, expressed as mean. Data
were analysed by two-way ANOVA. “Treatment” (p =0. 0005; F'=12.68) resulted to be a significant source of variation. (C)
Violin plots representing the measurement of network branches mean in standard culture conditions (glucose) expressed as
mean. Data were analysed by two-way ANOVA. “Interaction” (p <0.0001; F =25.37) and “Treatment” (p <0.0001; F' =
80.27) resulted to be a significant source of variation. (D) Violin plots representing the measurement of branch length mean
in galactose only and galactose treated with MPP* in both healthy and PRKN-mutated fibroblasts expressed as mean. Data
were analysed by two-way ANOVA. “Treatment” (p=0.0002; F' = 14.19) and “Genetics” (p =0.0135; F'= 6.22) resulted to be
a significant source of variation.
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The evaluation of network branches mean parameter was assessed in one healthy fibroblasts
cell line compared to one PRKN-mutated fibroblasts maintained in either glucose medium or
galactose medium after 24h treatment with MPP'. In control healthy fibroblasts the
measurement of network branches mean was significantly affected by MPP' treatment
(“Treatment”, p <0.0001; F = 65.41). Moreover, the parameter was differently affected
according to the culture medium, specifically, it was observed a shortening in the network
branches mean after metabolic reprogramming that was enhanced in glucose medium
(“Interaction”, p = 0.0048; F = 8.170) (Fig. 4.20A). In PRKN-mutated fibroblasts, treatment
with MPP" significantly decreased in the branch length mean in both glucose and galactose
medium (“Treatment”, p =0. 0005; F =12.68) (Fig. 4.20B). In glucose condition, the effect of
MPP" significantly affected network branches mean in both control healthy and PRKN-mutated
fibroblasts (“Treatment”, p <0.0001; F = 80.27) with a different extent in the different genetic
background (“Interaction”, (p <0.0001; F = 25.37) (Fig. 4.20C). After metabolic
reprogramming, the network branches mean was significantly reduced after MPP™" treatment
(“Treatment”, p=0.0002; F = 14.19) and it was also influenced by the genetic background
(“Genetics”, p =0.0135; F = 6.22) (Fig. 4.20D).

4.4.2 Evaluation of mitochondrial markers protein levels after the combined treatment

After the assessment of the mitochondrial network morphology, which highlighted a significant
reshaping in response to both metabolic switch and MPP™ treatment, the quantification of the
levels of two mitochondrial marker proteins (i.e., CS and COX5B) was performed by WB
analysis (Fig. 4.21).
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Fig. 4.21 Western blot analysis of mitochondrial markers after the combined treatment.
Representative Western blot images of CS and COXS5B protein levels in one control and one patient-derived fibroblast cell
lines, after metabolic reprogramming and MPP™ treatment.

A striking effect of MPP" treatment was observed, especially in metabolically reprogrammed
cells. Thus, at least three patient-derived fibroblast lines were compared with three controls
and the effects of the three variables (i.e., genetic background, metabolic reprogramming, and
MPP" treatment) and their possible interactions were analysed.
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Fig. 4.22 Evaluation of CS levels upon metabolic reprogramming combined with MPP* treatment.

Fibroblasts from three healthy subjects and three PRKN-mutated patients were analysed. (A) Bars plot representing relative
quantification of CS in healthy fibroblasts only, expressed as mean + SD. Data were analysed by two-way ANOVA.
“Interaction” (p = 0.0024; F'=19.14) and “Treatment” (p <0.0001; F = 66.30) resulted to be significant sources of variation.
(B) Bars plot representing relative quantification of CS in PRKN-mutated fibroblasts only, expressed as mean + SD relative
to control conditions in healthy subjects. Data were analysed by two-way ANOVA. “Treatment” (p =0.0003; F =73.63)
resulted to be a significant source of variation. (C) Bars plot representing relative quantification of CS in standard culture
conditions (glucose) expressed as mean + SD. Data were analysed by two-way ANOVA. “Treatment” (p = 0.0055; F =
14.18) resulted to be a significant source of variation. (D) Bars plot representing relative quantification of CS after metabolic
reprogramming (galactose) expressed as mean + SD. Data were analysed by two-way ANOVA. “Treatment” (p<0.0001; F =
129.1) resulted to be a significant source of variation.

The quantification of CS was assessed in three healthy fibroblasts cell lines compared to three
PRKN-mutated fibroblasts maintained in either glucose medium or galactose medium after 24h
treatment with MPP". In control healthy fibroblasts the level of CS was significantly deceased
after MPP" treatment, both in glucose and galactose medium (“Treatment”, p <0.0001; F =
66.30) (Fig. 4.22A). The reduction in CS level was greater in control healthy fibroblasts
maintained in galactose medium (“Interaction”, p = 0.0024; F = 19.14). In PRKN-mutated
fibroblasts, treatment with MPP" significantly deceased the level of CS in both glucose and
galactose medium (“Treatment”, p =0.0003; F =73.63) (Fig. 4.22B). In glucose condition, the
effect of MPP" significantly decrease CS in both control healthy and PRKN-mutated fibroblasts
(“Treatment”, p = 0.0055; F = 14.18) (Fig. 4.22C). The same statistically significant reduction
was observed in galactose condition in both control healthy and PRKN-mutated fibroblasts
(“Treatment”, p<0.0001; F = 129.1) (Fig. 4.22D).
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Fig. 4.23 Evaluation of COX5B levels upon metabolic reprogramming combined with MPP* treatment.

Fibroblasts from four healthy subjects and four PRKN-mutated patients were analysed. (A) Bars plot representing relative
quantification of COX5B in healthy fibroblasts only, expressed as mean + SD. Data were analysed by two-way ANOVA.
“Metabolism” (p< 0.0001; F' = 56.68) resulted to be a significant source of variation. (B) Bars plot representing relative
quantification of COX5B in PRKN-mutated fibroblasts only, expressed as mean + SD relative to control conditions in
healthy subjects. Data were analysed by two-way ANOVA. “Interaction” (p =0.0185; F'=7.417) resulted to be a significant
source of variation. (C) Bars plot representing relative quantification of COX5B in standard culture conditions (glucose)
expressed as mean + SD. Data were analysed by two-way ANOVA. “Genetics” (p = 0.0024; F'=14.67) resulted to be a
significant source of variation. (D) Bars plot representing relative quantification of COX5B after metabolic reprogramming
(galactose) expressed as mean = SD. Data were analysed by two-way ANOVA. “Treatment” (p=0.0212; F'=7.022) and
“Genetics” (p =0.0367; F =5.525) resulted to be significant sources of variation.

The quantification of COX5B was assessed in four healthy fibroblasts cell lines compared to
four PRKN-mutated fibroblasts maintained in either glucose medium or galactose medium after
24h treatment with MPP*. In healthy fibroblasts the level of COX5B was significantly
increased after the change of medium into galactose (“Medium”, p <0.0001; F = 56.68) (Fig.
4.23A). In PRKN-mutated fibroblasts the effect of MPP* on COXS5B level was different
according to the culture medium highlighting an interaction between factors (Fig. 4.23B). In
glucose medium, the level of COX5B was reduced after MPP™ treatment, while it was observed
an accumulation after MPP" treatment in galactose medium (“Interaction”, p =0.0185; F
=7.417) (Fig. 4.23C). In glucose condition, it was not present a treatment effect, but the
analysis underlined a genetics effect between healthy and PRKN-mutated fibroblasts
(“Genetics”, p = 0.0024; F = 14.67). In galactose condition, the level of COX5B was affected
by both treatment and genetics effects (“Treatment”, p=0.0212; F = 7.022; “Genetics”, p
=0.0367; F =5.525) (Fig. 4.23D).
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4.4.3 Investigation of Rab proteins dynamics after metabolic reprogramming and
mitophagy induction in PRKN-mutated fibroblasts

After the analysis of the effects of the combined treatment on mitochondrial homeostasis, the
levels of selected Rab proteins were analysed by WB analysis, namely RABS, RAB7 and
RAB?Y (Fig. 4.24).
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Fig. 4.24 Western blot analysis of Rab proteins after the combined treatment.
Representative Western blot images of RABS, RAB7 and RAB9 protein levels in one control and one patient-derived
fibroblast cell lines, after metabolic reprogramming and MPP™ treatment.

Qualitatively, the levels of Rab proteins resulted to be influenced by both metabolic
reprogramming and MPP" treatment. Thus, also here at least three patient-derived fibroblast
lines were compared with three controls and the effects of the three variables (i.e., genetic
background, metabolic reprogramming, and MPP" treatment) and their possible interactions
were analysed.
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Fig. 4.25 Evaluation of RABS levels upon metabolic reprogramming combined with MPP* treatment.

Fibroblasts from four healthy subjects and three PRKN-mutated patients were analysed. (A) Bars plot representing relative
quantification of RABS in healthy fibroblasts only, expressed as mean + SD. Data were analysed by two-way ANOVA. (B)
Bars plot representing relative quantification of RABS in PRKN-mutated fibroblasts only, expressed as mean + SD relative to
control conditions in healthy subjects. Data were analysed by two-way ANOVA. “Metabolism” (p =0.0116; F' =8.856)
resulted to be a significant source of variation. (C) Bars plot representing relative quantification of RABS in standard culture
conditions (glucose) expressed as mean + SD. Data were analysed by two-way ANOVA. (D) Bars plot representing relative
quantification of RABS after metabolic reprogramming (galactose) expressed as mean + SD. Data were analysed by two-
way ANOVA. “Genetics” (p =0.0283; F'= 6.215) resulted to be a significant source of variation for RABS.

The quantification of RABS5 was assessed in four healthy fibroblasts cell lines compared to four
PRKN-mutated fibroblasts maintained in either glucose medium or galactose medium after 24h
treatment with MPP*. In healthy fibroblasts the level of RAB5 was not significantly altered
neither by MPP™ treatment nor by the metabolic reprogramming (Fig. 4.25A). On the contrary,
in PRKN-mutated fibroblasts the effect metabolism significantly increased the level of RABS
(“Metabolism”, p =0.0116; F =8.856) (Fig. 4.25B). In glucose medium, the level of RABS5 was
not affected by the MPP™ treatment and it was not observed any variation due to the genetic
background (Fig. 4.25C). In galactose condition, it was observed a higher level of RABS in PD
patients compared to controls (“Genetics”, p =0.0283; F = 6.215) (Fig. 4.25D).
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Fig. 4.26 Evaluation of RAB7 levels upon metabolic reprogramming combined with MPP* treatment.

Fibroblasts from three healthy subjects and three PRKN-mutated patients were analysed. (A) Bars plot representing relative
quantification of RAB7 in healthy fibroblasts only, expressed as mean = SD. Data were analysed by two-way ANOVA.
“Metabolism” (p=0.0013; F'=23.41) and “Interaction” (»p<0.0001; F' = 132.6) resulted to be significant sources of variation.
(B) Bars plot representing relative quantification of RAB7 in PRKN-mutated fibroblasts only, expressed as mean + SD
relative to control conditions in healthy subjects. Data were analysed by two-way ANOVA. (C) Bars plot representing
relative quantification of RAB7 in standard culture conditions (glucose) expressed as mean + SD. Data were analysed by
two-way ANOVA. “Genetics” (p = 0.0063; F = 13.49) resulted to be a significant source of variation. (D) Bars plot
representing relative quantification of RAB7 after metabolic reprogramming (galactose) expressed as mean + SD. Data were
analysed by two-way ANOVA. “Genetics” (p=0.0014; F = 22.89) resulted to be a significant source of variation for RAB7.

The quantification of RAB7 was assessed in three healthy fibroblasts cell lines compared to
three PRKN-mutated fibroblasts maintained in either glucose medium or galactose medium
after 24h treatment with MPP". In healthy fibroblasts, it was observed a general increase in
RABT7 level after metabolic reprogramming (“Metabolism”, p=0.0013; F = 23.41) (Fig. Xa).
Moreover, the level of RAB7 was differently affected by MPP" treatment, in relation to the
culture medium. RAB7 level showed a decrease in glucose medium, while after metabolic
reprogramming there was an increase in its level, as described by the effect of interaction
(“Interaction”, p<0.0001; F = 132.6) (Fig. 4.26A). In PRKN-mutated fibroblasts the levels of
RAB7 were not altered neither by the MPP™" treatment nor by the metabolic reprogramming
(Fig. 4.26B). In glucose medium, the level of RAB7 was lower in PRKN-mutated fibroblasts
compared to healthy ones (“Genetics”, p = 0.0063; F = 13.49) (Fig. 4.26C). In galactose
condition, it was observed the difference between controls and PD patients, with lower level of
RAB?7 in PRKN-mutated fibroblasts (“Genetics”, p =0.0014; F = 22.89) (Fig. 4.26D).
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Fig. 4.27 Evaluation of RAB9 levels upon metabolic reprogramming combined with MPP* treatment.

Fibroblasts from three healthy subjects and three PRKN-mutated patients were analysed. (A) Bars plot representing relative
quantification of RAB9 in healthy fibroblasts only, expressed as mean = SD. Data were analysed by two-way ANOVA.
“Metabolism” (p=0.0012; F'= 17.82) resulted to be a significant source of variation. (B) Bars plot representing relative
quantification of RAB9 in PRKN-mutated fibroblasts only, expressed as mean + SD relative to control conditions in healthy
subjects. Data were analysed by two-way ANOVA. “Metabolism” (p <0.0001; F' =33.90) resulted to be a significant source
of variation. (C) Bars plot representing relative quantification of RAB9 in standard culture conditions (glucose) expressed as
mean = SD. Data were analysed by two-way ANOVA. (D) Bars plot representing relative quantification of RAB9 after
metabolic reprogramming (galactose) expressed as mean + SD. Data were analysed by two-way ANOVA. “Genetics”
(»=0.0137; F = 8.328) and “Treatment” (p =0.0002; F' = 28.02) resulted to be significant sources of variation.

The quantification of RAB9 was assessed in four healthy fibroblasts cell lines compared to four
PRKN-mutated fibroblasts maintained in either glucose medium or galactose medium after 24h
treatment with MPP", In healthy fibroblasts the level of RAB9 was significantly increased after
the change of medium into galactose (“Metabolism”, p=0.0012; F = 17.82) (Fig. 4.27A). The
same significant increase in RAB9 levels due to galactose medium was also observed in PRKN-
mutated fibroblasts (“Metabolism”, p <0.0001; F =33.90) (Fig. 4.27B). In glucose medium, the
comparison between healthy and PRKN-mutated fibroblasts showed a tendency towards higher
level of RABY in PD patients (“Genetics”, p =0.0549) (Fig. 4.27C). In galactose condition, the
level of RAB9 was affected by both treatment and genetics effects (“Treatment”, p =0.0002; F
= 28.02; “Genetics”, p =0.0137; F = 8.328) (Fig. 4.27D). PRKN-mutated fibroblasts displayed
a higher level of RAB9 after MPP" treatment after the metabolic reprogramming and this
increase was higher compared to controls.
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5 Discussion

In Parkinson’s disease, genetic, aging and environmental exposure are described as synergistic
factors in the development of the pathology. In addition to the progressive loss of dopaminergic
neurons, both sporadic and familial forms share a common feature: mitochondrial dysfunction.
From the initial studies correlating MPTP to parkinsonism (J. William Langston et al. 1983)
and the first studies describing alterations in mitochondrial functions (A. H. V. Schapira et al.
1989), defects in the ETC complex I activity have been increasingly associated to PD pathology
(Marella et al. 2009; Subrahmanian and LaVoie 2021b). Since mitochondria are involved in a
wide spectrum of cellular functions such as metabolism, autophagy and intracellular signaling,
mitochondrial homeostasis is at the basis of the wellbeing of cells, especially neuronal cells,
whose metabolism is based on OXPHOS (Son and Han 2018). The prompt removal of damaged
mitochondria via mitophagy is fundamental for the correct functioning of neurons and, in fact,
many neurodegenerative diseases like PD show impairment in the mitophagic pathway (Clark
et al. 2021). Mutations in the key regulators of mitophagy, PINK1 and Parkin, have been linked
to genetic forms of PD (Youle and Narendra 2011). Many studies based on the use of
mitochondrial toxins, such as MPP", and cellular models recapitulating mitophagic
dysfunctions have helped in understanding the molecular mechanisms at the basis of PD
pathology (Auburger et al. 2012; Zilocchi et al. 2018; 2020; Risiglione et al. 2020). The use of
neuronal cell models displays many advantages among which representing the main cellular
type affected, but other cells like fibroblasts represent a useful tool to model PD
pathophysiology. Skin fibroblasts from PD patients present the same mutations and the
cumulative cellular damage of neuronal populations (Auburger et al. 2012). Being primary
cells, they represent a better model compared with immortalized cells, and they are affected by
bioenergetics deficits that characterise early stages of PD (Auburger et al. 2012). Moreover,
PINK1 and Parkin are highly expressed in fibroblasts, so that they can be exploited to study
the mitophagic cascade (Auburger et al. 2012). Intensive investigations of mitophagic process
have also highlighted the pivotal role of vesicular trafficking in the correct execution of
mitochondrial disposal, pointing out the importance of key molecular players as Rab GTPases
and the endo-lysosomal pathway (Singh and Mugit 2020).

In our laboratory, previous studies investigating mitochondrial and Rabs dynamics in control
and PRKN-mutated fibroblasts have been already performed (Zilocchi et al. 2020). PRKN-
mutated fibroblasts showed a reduced mitochondrial membrane potential, with no
accumulation of PINK, even after CCCP treatment, and the analysis of the mitochondrial
network morphology did not reveal any significant alterations. In this study was also
highlighted the implications of Rab proteins in PD pathology. By using shotgun proteomics
and systems biology analyses, Zilocchi and colleagues showed Rab proteins involvement in
mitochondrial proteome alterations of PRKN-mutated fibroblasts compared to control.
Interestingly, the study reported RAB7 recruitment to dysfunctional mitochondria without
PINK1 accumulation.

Taken together these considerations, to further study mitochondrial alterations linked to PD,
skin fibroblasts from control and PRKN-mutated patients were employed in this study. They
have been used as a model to optimise a metabolic reprogramming protocol towards OXPHOS
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in combination with mitochondrial toxin induced-mitochondrial stress, and ultimately
exploited to characterise Rab proteins dynamics in PD pathology. To achieve this goal, a
preliminary characterization of this cellular model was mandatory, also to investigate a possible
role of this cellular population in the context of the peripheral dopaminergic system. Indeed,
peripheral cells are earning attention in PD research not only as models to investigate the
pathobiology of the disease but also for biomarker discovery and pharmacological studies.
Thus, the presence and the levels of some markers of the cellular dopaminergic system were
assessed in skin fibroblasts from both PD patients and healthy control subjects. The comparison
was made including the human neuroblastoma SH-SY5Y cell line, which is known to be
endowed with a complete dopaminergic system. The presence of specific transcripts was
visualised after gRT-PCR, namely the five dopamine surface receptors, dopamine transporters,
and the Tyrosine Hydroxylase (TH) enzyme involved in the synthesis of the neurotransmitter.
As a result, all dopamine surface receptors resulted to be expressed in fibroblast cells,
displaying a different pattern in PRKN-mutated fibroblasts with respect to control ones. This
evidence suggests the possible expression of specific receptor isoforms linked to Parkin loss of
function. By contrast, fibroblasts do not express DAT1, supporting the fact that these cells
cannot uptake dopamine. However, the expression of the vesicular transporters VMAT1 and
VMAT2 was observed, suggesting that fibroblasts can have a rudimental system for
catecholamines storage. This aspect is important to correctly interpret the effects of the
treatment with mitochondrial toxins that mimic the action of dopamine, such as MPP*. Indeed,
it has been demonstrated that VMAT?2 is responsible for the transport and storage of MPP*
inside vesicles, thus sequestering the drug and limiting the effectiveness of the treatment
(Guillot and Miller 2009). Eventually, the expression of TH was not detectable in fibroblasts;
this is not surprising since there is no evidence for dopamine synthesis in these cells. To obtain
a definitive confirmation of these results, a quantitative assessment will be performed using
fibroblasts from all healthy and PRKN-mutated subjects. This will give a clear picture of the
relative levels and pattern of expression of the markers investigated. In addition, the analysis
will be performed also at the protein level, to verify and quantify the presence of the protein
products. Collectively, this preliminary characterization of the cellular model of choice
provided new evidence for an active role of fibroblast cells in the peripheric dopaminergic
system, together with other cells types that have been described to have this role, such as
peripheral blood mononuclear cells (Alberio et al. 2011), adipocytes, and endothelial cells
(Amenta et al. 2002). Of note, the expression of dopamine receptors on fibroblasts suggests a
possible usage of these cells as a model for pharmacological studies. For instance, the toxicity
and off-target effects of dopamine agonist drugs may be assessed using this cellular model.

After this characterization of dopamine-related features in fibroblast cells, the next step was
the optimization of a protocol for mitochondrial stress and mitophagy induction, owing that
their metabolism and sensitivity to mitochondrial insults are different from those of neuronal
cells.

In this work both physical and chemical insults were taken into consideration to challenge
mitochondrial homeostasis. Starting from physical insults, the first that was tested was the
change of culture temperature to induce a hypothermic stress. The protocol described by
Bonello and colleagues involved a mild hypothermic stress induced by placing fibroblasts at
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24°C degrees for 45 minutes (Bonello et al. 2019). The same protocol was applied to control
fibroblasts (from healthy donors) and the effect of this shift in temperature was assessed by
mitochondrial membrane potential analysis, network morphology analysis, and mitochondrial
marker proteins levels evaluation, using CCCP treatment as a positive control of mitophagy
induction. Following mild hypothermic stress, it was not observed any alteration in
mitochondrial membrane potential nor changes in mitochondrial network morphology. From
the protein levels assessment, mitochondrial mass (COX5B) and mitochondrial dynamics
(OPAT1) were not altered. Moreover, PINK1 accumulation was not observed, suggesting that
mild hypothermic stress was not sufficient to trigger mitophagy. The absence of al terations in
mitochondrial dynamics could be ascribed to the short duration of the stress, therefore, the
protocol was modified prolonging the exposure time from 45 min to 24h. The effect of this
“chronic” hypothermic stress was assessed by mitochondrial membrane potential and
mitochondrial marker protein levels evaluations. Also in this case, mitochondrial membrane
potential was not altered and there were no changes in mitochondrial marker proteins levels
(COX5B, OPA1 and PINK1). Being hypothermic stress a very nonspecific insult, a possible
explanation for the unaltered mitochondrial homeostasis is that a generic cellular stress
response is triggered instead of a specific mitochondrial one. Since mitophagy is the specific
mechanism for dysfunctional mitochondria disposal, the adaptive response mounted by cells
might involve autophagy instead of mitophagy, or simply be too mild, although in disagreement
with the work of Bonello and colleagues on the same cells.

Discarding the possibility of using mild physical insults, the alternative strategy to provoke
mitochondrial insults in the cellular model of choice was to use chemical insults, specifically
targeting the ETC complex I activity. Rotenone and MPP" are well known complex I blockers,
whose mechanism of action is widely characterised in neuronal cells. The advantages of using
these two compounds are the direct link with PD pathology, since they are used to generate
both in vivo and in vitro model of PD, and the specificity of their mechanism of action. Since
their application in non-neuronal cells is poorly described, an initial step of optimization of
treatment conditions was necessary. For both toxins several concentrations were selected
gathering data from literature (Ambrosi et al. 2014; Carrion et al. 2018; Zilocchi et al. 2018).
They were then used to treat control fibroblasts and eventually choose treatment conditions.
The first aspect evaluated was cell viability, thus estimating the effects of both treatments and
narrow the conditions range to be further tested. Mitochondrial markers were used to estimate
any variations in mitochondrial mass (COX5B) and mitochondrial dynamics (OPA1). These
evaluations were fundamental to select a single concentration. For MPP" the mechanism of
entrance is poorly understood, although suggested to rely on specific OCT transporters. The
evaluation of treatment effectiveness was assessed taking into consideration markers of all
three mitochondrial compartments: TOMM20 for the OMM, COXS5B for the IMM and CS for
the mitochondrial matrix. From the data obtained, MPP*-induced mitochondrial stress was
effective, provoking a significant reduction of two markers (CS and COX5B) out of three. The
unvaried levels of TOMM?20 despite the decrease of the other marker of the total mitochondrial
mass (i.e., COX5B) prompted us to verify the activity and specificity of the antibody against
TOMM?20 by indirect immunofluorescence (data not shown). The antibody resulted to be
nonspecific in the recognition of mitochondrial structures and for this reason it was not used in
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other experiments. In control fibroblasts treated with Rotenone, only COX5B levels were
evaluated as indicator of the mitochondrial mass. No alterations in COX5B levels were
observed upon Rotenone treatment at the selected concentration. In addition to WB analysis, a
more functional evaluation was performed using flow cytometry analysis. Control fibroblasts
treated with either Rotenone or MPP*, and CCCP used as positive control, were stained with
mitotracker probe and then analysed by flow cytometry. The main advantages of this technique
were 1) the evaluation of a greater number of cells compared to a standard fluorescence analysis,
and 1) the simplified experimental workflow, so that it was possible to simultaneously perform
a comparative analysis between the two complex I inhibitors. From the flow cytometry
analysis, MPP" treatment resulted more effective in mitochondrial depolarization induction
than Rotenone. Moreover, Rotenone should be dissolved in DMSO, which is known to have
aspecific toxic effects, thus limiting the possibility to increase Rotenone (and related DMSO)
concentration above a certain threshold. Owing this, MPP* was selected as the mitochondrial
toxin to be used in both control and PRKN-mutated fibroblasts in combination with the
metabolic reprogramming, which was set up in parallel.

Recent studies have highlighted how the use of different sources of carbohydrates from glucose
like galactose can be exploited to enhance mitochondrial metabolism, thus representing a good
model to study mitochondrial dysfunctions in neurodegenerative diseases like PD (Aguer et al.
2011; Pinho et al. 2022; Protasoni and Taanman 2023). In order to make both control and
PRKN-mutated fibroblasts more sensitive to mitochondrial insults, the gradual change from
glucose medium to galactose medium described by Pinho and colleagues (Pinho et al. 2022)
was applied to one control fibroblasts cell line and one PRKN-mutated fibroblasts cell line as
a preliminary trial. The concentration of galactose powder dissolved in the culture medium was
selected according to the most common condition found in literature. Once glucose medium
was completely replaced with galactose medium, fibroblasts were kept in this culture condition
for at least 2-3 doubling times prior to analysis, as suggested by Protasoni and colleagues
(Protasoni and Taanman 2023). To evaluate the effectiveness of the metabolic reprogramming,
it was assessed the level of two mitochondrial marker proteins representing the IMM (COXS5B)
and the mitochondrial matrix (CS). Specifically, both control and PRKN-mutated fibroblasts
showed a qualitative increase in COX5B and more strikingly in CS levels. From the above-
mentioned studies, the data collected to address the effectiveness of metabolic reprogramming
were mainly related to mitochondrial enzymes and ETC complexes activity and mitochondrial
respiration assays. With our molecular markers aligning with previous functional assays, we
chose to use COX5B and CS as indicators of successful reprogramming for further studies.

After the optimization of both experimental set-ups to be applied, control and PRKN-mutated
fibroblasts were finally challenged with both mitochondrial stress induction and metabolic
reprogramming. Collectively, the four conditions which were always investigated in control
and PRKN-mutated fibroblasts were fibroblasts maintained in standard culture medium
(glucose), fibroblasts cultured in galactose medium, fibroblasts treated with MPP™ in standard
culture medium and fibroblasts treated with MPP™ after metabolic reprogramming (galactose
medium). The first observation that was done, although qualitative, was the evaluation of
morphological changes in both control and PRKN-mutated fibroblasts recorded by light
microscopy. Upon MPP”-treatment combined with metabolic reprogramming, healthy and PD
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patients’ fibroblasts showed a different diffraction pattern resulting more transparent and
displaying morphological changes. Further imaging analysis were performed to better
characterise the mitochondrial network morphology.

The quantitative assessment of the visible differences in the morphology of the mitochondrial
network was performed by the evaluation of some specific parameters that describe the length
and connectivity of network branches, i.e., branch length, network branches, and summed
branch length. The branch length mean is the mean length of all the lines used to represent the
mitochondrial structures. The summed branch lengths mean is the mean of sum of all branch
lengths divided by the number of independent skeletons. The network branches mean is the
mean number of attached lines used to represent each structure. To represent these data, violin
plots were used to better highlight the presence of different cell populations in each
experimental condition (subpopulations more sensitive or more resilient to MPP™ treatment).
Moreover, since the variables to be considered were many, namely mutations causing the
disease (genetics), the metabolic reprogramming (metabolism), and the MPP" treatment
(treatment), a statistical strategy was set-up to analyse data in all the combination studies. In
particular, two two-way ANOVAs were used: the first to compare the effect of mitophagy
induction in metabolically reprogrammed fibroblasts (separately in healthy controls’ and PD
patients’ fibroblasts), the second to compare healthy controls’ and PD patients’ fibroblasts
(separately in Glucose and Galactose medium).

The three network morphological parameters mentioned above are strictly related to one
another. The data deriving from the branch length mean and the summed branch length mean
parameters can be grouped together since, beside showing the same statical significances in all
conditions, the summed branch mean derives from the branch length mean parameter. In
control fibroblasts, treatment and interaction factors resulted statistically significant, meaning
a different effect of the MPP' treatment after metabolic reprogramming. From the
representative images, it is visible how after MPP*-treatment the entire morphology shifts from
a tubular one (standard culture medium) to a more dotted one. This fragmentation was more
evident in glucose medium compared to galactose medium. The lower length of mitochondrial
branches, also mirrored from the summed branch mean parameter, can be linked to fission
process activated by the treatment. Before mitophagy occurs, mitochondrial network must
isolate the dysfunctional part in order to be disposed. This effect is clear in standard culture
conditions and other cellular models recapitulating PD after either CCCP or MPP™ treatment
described the same morphological changes (Bondi et al. 2016; H.-J. Ma et al. 2020). The less
pronounced decrement in branch length mean and summed branch lengths mean after MPP*
treatment in galactose cultured fibroblasts can be ascribed to the effect of metabolic
reprogramming. In fact, although not statistically significant, the analysis reported a tendency
(p=0.0537) toward longer measurements in the branch length mean. This tendency was not
paralleled in the summed branch lengths mean (p=0.0674), probably because the positive effect
in prolonging the branches after the metabolic reprogramming is diluted due to the way of
calculating the parameter: all branch lengths divided by the number of mitochondrial structures.
In PRKN-mutated fibroblasts, statistical analysis showed a treatment effect in both glucose and
galactose conditions. From the representative images, the mitochondrial network from treated
PRKN-mutated fibroblasts resulted highly fragmented, even more compared to healthy control
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fibroblasts. To sum up, the effect of treatment was detected in both culture media and in both
genetic backgrounds. In line with this, images from transmission electron microscopy in PD
fibroblasts after MPP'-treatment highlighted fragmented mitochondria showing reduced and
disorganized cristae (Carrion et al. 2018). Moreover, the absence of an interaction effect in the
galactose-maintained cells can be ascribed to an increase in the branches length that
compensates the treatment effect. Another parameter that was taken into consideration was the
network branches mean. The MiNA tool recognises “networks” as the mitochondrial structures
with at least a single node and three branches, thus representing an indicator of network
ramification. In control fibroblasts, the effect of MPP" provoked a decreased in the network
branches mean that was higher in glucose medium and less evident in galactose, as described
by an interaction effect. In PRKN-mutated fibroblasts only a treatment effect was observed,
with no differences related to the metabolism. The data were then analysed separating all the
conditions according to the culture medium. In glucose-maintained fibroblasts, it was
highlighted a treatment effect and an interaction effect (genetics effect was p=0.06), while in
galactose-maintained fibroblasts it was observed a treatment and a genetics effect with a
tendency for the interaction of both (p=0.0530). Taken together, these data showed how the
network branches mean was significantly affected by the treatment in both genetic backgrounds
and that in control fibroblasts this effect was also differently effective according to the culture
medium. Moreover, clustering the conditions based on the culture medium, it was possible to
highlight a treatment and interaction effect only in glucose-maintained fibroblasts, meaning
that the effect of MPP" treatment in PRKN-mutated fibroblasts, although significant, was less
evident than in control fibroblasts. This can be explained by the presence of an already less
branched mitochondrial network. In fact, after metabolic reprogramming, the effect of MPP™*
treatment in PRKN-mutated fibroblasts, although significant, was not comparable to control
fibroblast. In line with this, a tendency for the interaction between genetics and treatment
factors (p=0.053) in the galactose-maintained fibroblasts was observed, suggesting a different
response to the metabolic reprogramming according to the genetic background, that attenuate
the MPP'-induced alteration to the mitochondrial network ramification only in control
fibroblasts.

Following these morphological analyses, the effect of the MPP" treatment combined with
metabolic reprogramming was tested considering CS and COX5B levels. The level of CS was
significantly decreased after MPP™ treatment, this reduction was evident in control and PRKN-
mutated fibroblasts either considering cells maintained in standard culture condition (glucose),
and after the metabolic reprogramming. In control fibroblasts, it was also observed an
interaction effect between treatment and metabolism, suggesting a stronger reduction in CS
after the metabolic reprogramming. Future analysis with an increased number of samples may
underline an effect of metabolism too, since the level of CS in galactose-maintained control
fibroblasts seems higher than in glucose condition. In PD patients, although the analysis did
not show any difference in CS level compared to controls at the baseline, the level of CS in
glucose-maintained cells were similar to those of galactose-maintained cells, explaining the
absence of variations in CS levels after the metabolic reprogramming and no effect of the
interaction. The data were then analysed separating all the conditions according to the culture
medium. From these comparisons it was observed how the level of CS was significantly
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affected by the treatment before and after the metabolic reprogramming independently from
the genetic background. CS was found to be higher in PRKN-mutated fibroblasts compared to
control in standard culture conditions. This is in line with an already described increased
enzymatic activity in correlation to PRKN mutations (Griinewald et al. 2010). Previous studies
have already described a higher enzymatic CS activity in cells, among which fibroblasts,
maintained in galactose medium (Aguer et al. 2011; Protasoni and Taanman 2023). Further
experiments implementing the number of samples are necessary to better characterise CS level
and activity after metabolic reprogramming.

Regarding the level of COX5B, in glucose condition it was highlighted a genetics effect
according to which PD patients show a higher level of COX5B. The effect of the metabolic
reprogramming in increasing its level was only detected in control fibroblasts. However, in
PRKN-mutated fibroblasts the data underlined an interaction effect, since in control fibroblasts
COX5B level decreases after MPP™ treatment, but in PD derived cells this trend is reversed. In
line with this, in galactose-maintained cells it was observed a genetics effect. Moreover, data
showed how the combined effect of MPP" treatment and metabolism increased the level of
COXS5B in both genetic backgrounds. Little is known about the protein levels of COX5B in
PD since the most studied aspect regards its activity. However, it has been demonstrated the
link between mitochondrial network morphology and cristae remodelling with ETC complex
IV (Cogliati, Enriquez, and Scorrano 2016b). Thus, the genetics effect observed in glucose-
maintained fibroblasts could be related to the alterations in branch length described before.
Moreover, being already increased, the level of COX5B was not altered by metabolic
reprogramming in PRKN-mutated fibroblasts as in control ones. The already higher level of
COXS5B in PRKN-mutated fibroblasts could be explained by a compensatory effect. Complex
I, IIT and IV, interact together to form a supercomplex called respirasome (Reyes-Galindo et al.
2019). Dysfunction in complex I activity are commonly associated to PRKN mutation (Pacelli
et al. 2011). Thus, to compensate for alterations in complex I activity, mitochondria may exert
an adaptive response by modulating other components of the ETC. On the contrary, the higher
level of COX5B in control fibroblasts could be a response from healthy mitochondria to
provide for OXPHOS boosting.

After the evaluation of mitochondrial markers, the alteration of RAB proteins upon metabolic
reprogramming combined with MPP" treatment was investigated. RABS5 level was not affected
by the treatment nor by metabolism in control fibroblasts, whereas in PRKN-mutated
fibroblasts RABS level was significantly increased after metabolic reprogramming. RABS
increment in PRKN-mutated fibroblasts after metabolic reprogramming can be related to an
attempt to recruit early endosomes, since it has been demonstrated that RABS recruitment is
involved in the early steps of mitophagy (Yamano et al. 2018). Clustering data according to the
medium highlighted a genetics effect in galactose-maintained fibroblasts.

RAB7 level was not affected in PRKN-mutated fibroblasts neither by MPP" treatment nor by
metabolism. On the contrary, in control fibroblasts it was observed a significant effect of the
metabolic reprogramming. Moreover, it was underlined an interaction effect showing a
decrease in RAB7 level after MPP" treatment in glucose medium and an increase in galactose-
maintained fibroblasts. A clear genetics effect was visible before and after metabolic
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reprogramming. In PRKN-mutated fibroblasts there is a lower level of RAB7 compared to
controls. This reduction is observed in both glucose-maintained cells and in galactose-
maintained cells. This is in line with the Parkin-mediated recruitment of both RABS and RAB7
(Yamano et al. 2018), that in these cells is hampered.

RABY was significantly more abundant after metabolic reprogramming in both control and
PRKN-mutated fibroblasts. In galactose-maintained fibroblasts, there was a significant
increment in RAB9 level due to genetics and MPP" treatment. Interestingly, RABO9 level is
significantly higher in metabolically reprogrammed PRKN-mutated fibroblasts after MPP*
treatment with respect to healthy control fibroblasts, thus suggesting the up-regulation of an
alternative Parkin-independent mitophagy and an attempt to eliminate dysfunctional
mitochondria (Saito et al. 2019). However, it was already observed that dysfunctional
mitochondria accumulate in these cells rather than being disposed (Zilocchi et al. 2020).

Being aware that these interpretations are based on the assessment of total protein extracts,
further analyses focusing on functional assays are necessary. This model of metabolic
reprogrammed fibroblasts toward OXPHOS, thus metabolically more similar to neurons, can
be further exploited in the study of PD pathology. Evaluations of mitochondrial marker proteins
levels on mitochondrial extracts and immunofluorescence investigating the localisation of Rab
proteins are needed to better understand the effect of these two experimental conditions
combined. Moreover, in vision of better characterise the effects of metabolic reprogramming,
enzymatic activity evaluation and mitochondrial respiration assessment must be further
explored.
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6 Conclusion

In conclusion, primary human skin fibroblasts proved to be a useful model for studying the
crosstalk between mitochondrial dysfunction and vesicular trafficking alterations in PD
pathology. From the preliminary characterization of the dopaminergic system in these cells,
they showed dopamine-related features, further supporting the role of peripheral cells in both
the pathobiology of the disease and the response to pharmacological treatments. To challenge
mitochondria and mimic the selective dopaminergic neurons degeneration, among the
investigated physical and chemical insults, MPP" treatment was selected as the tool to trigger
mitophagy in this study. Moreover, since another crucial aim was to render fibroblasts more
similar to neurons from a metabolic perspective, the main take-home messages of this project
are focused on galactose-maintained PRKN-mutated fibroblasts compared to controls
(summarized in Fig. 6.1):

e  MPP" treatment (500 uM, 24h) was effective in triggering mitochondria depolarization,
mitochondrial network fragmentation, and a reduction of the mitochondrial mass.

e The morphological analysis of the mitochondrial network revealed an already more
fragmented network in PD samples compared to controls.

e COXS5B was significantly increased after MPP* treatment in both genetic backgrounds,
probably for a rebound effect (an increase of Complex IV activity, due to the blockade
of Complex I). Moreover, PRKN-mutated fibroblasts showed a lower level of COX5B
compared to control ones at the basal level, possibly mirroring some metabolic
rearrangements.

e CS is a reliable marker for mitochondrial mass in our system. After MPP" treatment it
was observed a decrease in both genetic backgrounds. PRKN-mutated fibroblasts
showed lower CS levels at the basal level and, even more strikingly, after mitophagy
induction.

e RABS was found to be more abundant in PRKN-mutated fibroblasts only after
metabolic reprogramming, with no effect observed from MPP™ treatment. This could
be associated with early endosome recruitment as an initial step in mitophagy (prior to
Parkin involvement) or could represent a transcriptional program aimed at
mitochondrial disposal (which would ultimately fail due to the absence of Parkin).

e PRKN-mutated fibroblasts showed a lower level of RAB7 compared to control
fibroblasts. This data is in line with the presence of Parkin loss-of-function mutations
that prevent RAB7 Parkin-mediated recruitment to initiate mitophagy.

e Finally, the data on RAB9Y were the most interesting. An increase in RAB9 levels was
observed in PRKN-mutated fibroblasts both at the basal level and after MPP™ treatment.
In both conditions, this may indicate a possible activation of RAB9-mediated
mitophagy as an alternative to the dysfunctional PINK1/Parkin-mediated pathway in
PD patients. We already know, however, that this is not sufficient to eliminate
dysfunctional mitochondria in PRKN-mutated fibroblasts.
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