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ABSTRACT

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the
progressive loss of nigral dopaminergic (DA) neurons and the formation of Lewy
bodies. Despite most cases being idiopathic, mutations in several genes have been
implicated in familial forms of PD.

In particular, recessive mutations in Parkin gene (PARK2) are the most common cause
of young-onset inherited parkinsonism. Parkin is an E3 ubiquitin ligase involved both in
the control of mitochondrial turnover and in the proteasome-dependent degradation of
proteins, two pathways that have been causally linked to PD development. Although
initially described as a recessive disorder, experimental evidence suggests that
heterozygous Parkin mutations can exert dominant toxic effects causing
neurodegeneration. In accordance with this idea, in 2012 Ruffmann and colleagues
identified the first pure heterozygous R275W Parkin patient with clinical features of
typical late-onset PD and a diffuse Lewy body pathology.

To assess the impact of R275W Parkin, we generated the first mouse line carrying
Parkin R274W mutation, which corresponds to the human R275W substitution.

Unlike Parkin deficient mouse models, both homo- and heterozygous R274W mice
show an age-related motor impairment, degeneration of dopaminergic neurons and
neuroinflammation. We detected structural and functional mitochondrial abnormalities
related to PARIS-PGC-1a axis impairment in R274W+/+ mice brain and skeletal
muscle. Strikingly, we noticed signs of protein aggregation in both R274W+/- and +/+
mice, while we identified bona fide Lewy bodies only in the midbrain of heterozygous
mice.

Additionally, in the brains of R274W mice we discovered overt abnormalities of the
glymphatic system, the main route for brain waste clearance. Our preliminary
observations suggest that Parkin influences aquaporin-4 (AQP4) localization.
Altogether, our data suggest that R274W Parkin substitution behaves both as a loss of-
and a gain of toxic function, highlighting a link between Parkin dominant toxicity and
age-dependent motor impairment, neuroinflammation, DA neurons loss, glymphatic
system dysfunctions and a-synuclein aggregation in vivo.

Hence, our study provides a new robust mouse model to explore PD pathogenesis and
glymphatic dysfunctions, offering the possibility to test novel therapeutic strategies with

great predictivity.



INTRODUCTION
1 Parkinson’s disease (PD)

Parkinson’s disease is the most common movement disorder and the second most
frequent neurodegenerative condition after Alzheimer’s disease (AD), affecting 2-3% of
the worldwide population over the age of 65 (Tysnes et al., 2017). The prevalence of
PD changes by sex, age, and ethnicity. In the western hemisphere, it ranges from 130
to 200 per 100000 in community-based studies, but it increases exponentially in the
ageing population, reaching 2000 per 100000 in people over the age of 80 (Mehanna
et al., 2019). This trend highlights the global burden of Parkinson’s disease: indeed,
with an ageing population and the increase in worldwide life expectancy, people
affected by PD are expected to increase by more than 50% in the next ten years
(Dorsey et al.,, 2007; Simon et al., 2020). Gender differences pertaining to the
incidence of Parkinson’s disease are reflected in a 3:2 ratio of males to females (Miller
et al., 2010), making gender an established risk factor for the disorder.

The first description of PD was elaborated in 1817 by James Parkinson, who described
the disease as a “shaking palsy” presenting with bradykinesia, muscular rigidity,
tremor, and mental alterations (Parkinson, 1817). Despite the heterogeneity of PD
motor features, the motor manifestations described in 1817 represent the prominent
components of the disease and are still used for diagnosis and classification (Goetz,
2011).

The motor symptoms of Parkinson’s disease are consequence of the loss of
dopaminergic (DA) neurons in the substantia nigra pars compacta (SN pc) (Antony et
al., 2013; Kalia et al., 2015), although alterations in other neurotransmitters pathways
have been observed as well. Dopamine reduction and eventually depletion within the
extrapyramidal system leads to decreased excitation of the motor cortex, with the net
result of progressively inhibiting motor activity (Andersen et al., 1990; Hornykiewicz et
al., 2008) [Figure 1].
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Figure 1: Direct and indirect pathway of the extrapyramidal system. Dopamine
produced in the substantia nigra acts differentially in the modulation of two subsets of
striatal neurons. The net effect of dopamine in the direct pathway (bold arrows) is the
potentiation of striatal inhibition on Globus pallidus internal (Gpi), blocking its inhibitory
function on the thalamus and finally enabling excitation of the cerebral motor cortex. In the
indirect pathway (dashed arrows), dopamine diminishes striatal inhibition on Globus
pallidus external (Gpe), which can subsequently inhibit the thalamus. The net result of this
is the activation of Gpi inhibitory outputs, leading to a decrease in motor cortical activity.
Green lines indicate excitatory connections, red the inhibitory ones. Created with
BioRender.com.

1.1 Treatments for motor symptoms
Current treatments only allow to cope with the symptoms of the disorder and aim at
replacing/restoring dopamine levels in the patient’s brain. Still, the management of PD
is complex and faceted, so it requires a tailored pharmacological and non-
pharmacological approach for every patient.
Levodopa (L-3,4-dihydroxyphenylalanine; L-DOPA) is the most used drug and is
especially effective in the early stages of PD. L-DOPA is a pro-drug able to cross the
blood-brain barrier (BBB), reach the brain, and be converted to dopamine in neurons
expressing DOPA decarboxylase. Administration in combination with inhibitors of
peripheral DOPA decarboxylase like Carbidopa (Morgan et al., 2016) allows the
avoidance of peripheral conversion of Levodopa to dopamine. Despite being the most
effective drug to deal with PD motor symptoms, L-DOPA has been shown to become
less efficient with time, probably as the result of progressive neurodegeneration that
affects also non-dopaminergic brain areas (Olanow et al., 2011). Additionally, after
long-term usage, there is an emergence of complications and side effects that include
dyskinesia, motor fluctuations, and psychosis.
For these reasons, other pharmacological agents can be used before or in combination
with L-DOPA. Examples are drugs that mimic dopamine, like DA agonists, and drugs
that inhibit dopamine breakdown, like monoamine oxidase B (MAO-B) inhibitors and
catechol-o-methyltransferase (COMT) inhibitors.
Gene therapy, stem cell therapy, surgical intervention, and deep brain stimulation are
also options that can be taken into consideration to temporarily halt the symptoms of
Parkinson’s disease; however, no definitive disease-modifying cure has been proposed

yet.

1.2 Non-motor symptoms
Along with typical motor symptoms, PD also presents itself with a set of non-motor
disturbances. Among the most common we find olfactory alterations (hyposmia),

cognitive impairment, psychiatric symptoms (especially depression and anxiety), sleep



disorders (excessive daytime sleeping and rapid eye movement sleep behaviour
disorder), autonomic dysfunction, pain, fatigue, and constipation. While motor
impairment appears after 50-80% loss of DA neurons (Hawkes et al., 2009), hon-motor
symptoms are observed in the early phase of PD and often precede the onset of
classical motor symptoms. Such pre-motor phase is referred to as the prodromal phase
and can last for a long time: indeed, the average latency between constipation, sleep
disorders, and motor symptoms is 15 years [Figure 2]. This suggests that the
pathogenic processes that cause PD are ongoing during the pre-motor phase, which
can be used as a temporal window to administer disease-modifying drugs to prevent or

at least delay the symptomatic phase (Antony et al., 2013).
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Figure 2. Non-motor and motor clinical manifestations of Parkinson’s disease. The
prodromal phase can precede the onset and diagnosis of motor symptoms (0 years) of
more than 20 years. Non-motor symptoms characterize also later phases of the disease.
RBD: REM sleep behaviour disorder; EDS: excessive daytime sleep; MCI: mild cognitive
impairment. Created with BioRender.com.

1.3 Lewy pathology is a histological hallmark of PD
In the last few decades, the presence of misfolded proteins arranged in intra- and
extracellular aggregates has been identified as a common feature of many
neurodegenerative disorders, including AD and PD. Indeed, together with the loss of
DA neurons within the SN pc, another hallmark of Parkinson’s disease is the presence
of Lewy bodies (LBs) in many brain areas including the brainstem and cortical regions.
LBs were first observed in 1912 by Dr. Friedrich Lewy, who described them as

“abnormal protein deposits that disrupt the brain’s normal functioning” (Lewy, 1912).



LBs are eosinophilic inclusions of 5-25 um diameter composed of a dense core of
filamentous and granular material surrounded by radially oriented fibres. LBs are found
within the cytoplasm of neurons, while the inclusions found in neuronal processes are
defined as Lewy neurites (Spillantini et al., 1998) [Figure 3]. Lewy pathology is not
observed only in the brain but can also be present in the spinal cord and peripheral
nervous system (Beach et al., 2010). To date, more than 70 different proteins have
been found to localize in Lewy bodies and neurites, the most common being tau,
ubiquitin, and a-synuclein, which has eventually been identified as the major
component of LBs.

The mechanism leading to the formation of Lewy bodies and neurites and their role in
neurodegeneration still remain elusive. Clearly, LBs are not necessary nor sufficient to
induce cell death, given that many cases of PD without Lewy pathology have been
reported (Wakabayashi et al., 2007).

Figure 3: Lewy bodies and neurites in patients’ brains with PD or Lewy body
dementia. a-synuclein immunostaining (brown) reveals the presence of Lewy bodies and
Lewy neurites (A, B) in the substantia nigra of patients with PD. (C) shows intraneural Lewy
bodies and neurites in the cingulate cortex of a patient with LB dementia. Ubiquitin is
stained in blue. Scale bar (A) = 10 um; (B) = 90 um; (C) = 18 um. Adapted from Spillantini
et al., 2018.

2 Pathogenesis of Parkinson’s disease
The pathogenic mechanisms leading to the loss of DA neurons remain unclear. Indeed,
the aetiology of Parkinson’s disease is complex and depends on several factors, both

environmental and hereditary.

2.1 The role of a-synuclein in neuronal death
After its identification as the major component of LBs, a-synuclein and its aggregation
have emerged as a central element for several diseases classified as
synucleinopathies such as PD, multiple system atrophy (MSA) and Lewy bodies
dementia (LBD) (Lee et al., 2016).
a-synuclein is a phosphoprotein abundantly expressed in the presynaptic sites in an

unstructured state. Although the physiological role of the protein is still mostly



unknown, it may be involved in intracellular trafficking in the endoplasmic reticulum
(ER) and Golgi. Several studies have reported that overexpression of a-synuclein in
different cell and animal models induces cell death, with the catecholaminergic neurons
being especially sensitive to this phenomenon (Krueger et al., 1998; Cooper et al.,
2006; Van Ham et al., 2008).

To date, the more accredited hypothesis is that the aggregation of a-synuclein triggers
cell death. Indeed, it has been shown that a-synuclein exists in a variety of structures
such as oligomers, protofibrils, fibrils, and filaments. The most toxic forms are thought
to be protofibrils and fibrils, which can become insoluble under specific conditions and
accumulate into Lewy bodies and neurites. Potential triggers for the aggregation can be
protein load, alterations in protein structure, proteasomal dysfunctions, autophagy
alterations, mitochondrial damage, and oxidative stress (Xu et al., 2002). Additionally,
a-synuclein itself seems to promote these processes, in a putative self-amplifying loop
(Fuchs et al., 2008).

There are two main pathological mechanisms underlying a-synuclein-driven cellular
death. First, a-synuclein protofibrils could permeabilize neuronal membranes forming
pore-like structures (Volles et al., 2002). On the other hand, aggregated a-synuclein
may interfere with microtubule-based subcellular transport, causing synaptic

dysfunctions and perturbations to neuronal homeostasis (Sheng et al., 2012).

2.2 The role of protein aggregation in neuronal death
2.2.1 The ubiquitin-proteasome system (UPS)
Protein aggregation is emerging as a central motif common to different
neurodegenerative disorders. The discovery that a various number of proteins are
present in Lewy bodies points towards a prominent role for protein aggregation in the
pathology of Parkinson’s disease. However, the causative mechanism is still unknown.
The proteasome is a protein complex that degrades damaged or misfolded proteins
through a process called proteolysis, in which peptide bonds are broken. A series of
evidence suggest a link between the ubiquitin-proteasome system (UPS), protein
aggregation, and the development of Parkinson’s disease.
First, histological analysis of LBs revealed the presence of multiple UPS components
like ubiquitin and proteasomal subunits. Additionally, post-mortem analysis of brain
specimens from PD patients revealed a 40% decrease in the activity of the proteasome
especially in the SN pc (McNaught et al., 2001), suggesting a link between UPS
dysfunction and accumulation of proteins in affected brains.
Accordingly, the inhibition of the proteasome in cell culture and mouse striatum gives

rise to ubiquitin- and a-synuclein-positive inclusions and cell death preferentially in



dopaminergic neurons (Rideout et al., 2001). Additionally, coherent with the age-

related nature of PD, proteasome activity decreases with ageing (Saez et al., 2014).

2.2.2 The autophagy/lysosomal pathway (ALP)
An alternative route that can be exploited by the cells to get rid of proteins and protein
aggregates is the autophagy/lysosomal pathway (ALP). Implications of autophagy in
PD came from the detection of autophagic markers in the SN pc of PD patients’ brains,
together with the observation that mouse models deficient for Atg proteins, which are
responsible for autophagosome formation, display neurodegeneration and ubiquitin-
positive aggregates (Anglade et al., 1997). However, to date, it is unclear whether
autophagy may actually play a role in neuronal loss. Indeed, some experimental
settings have shown that ALP activation has a protective effect, while in other systems
it promoted cell death (Hara et al., 2006). The current hypothesis is that autophagic
pathway activation is protective in Parkinson’s disease, while its dysfunctions

contribute to neurodegeneration.

2.2.3 Endoplasmic reticulum (ER) stress and unfolded protein response
(UPR)

Protein misfolding and aggregation could exert cytotoxicity by triggering ER stress.
Indeed, recent studies have identified signs of ER stress in many of the
neurodegenerative diseases characterized by protein accumulation also called
“conformational diseases” (Ogen-Shtern et al., 2016; Schaffar et al., 2004).
Incorrectly folded secretory proteins are degraded by endoplasmic reticulum-
associated degradation (ERAD). After an initial trimming by the ERAD system,
misfolded proteins accumulate in the endoplasmic reticulum quality control
compartment (ERQC), where they are poly-ubiquitinated by E3 ubiquitin ligases and
then directed to the proteasome for their degradation.
ER stress arises as the consequence of a disproportionate accumulation of misfolded
proteins in the ER itself, but also from ERAD and UPS inhibition or dysfunctions
(Duennwald et al., 2008; Leitman et al., 2013). The cell must respond quickly to such
stress in order to re-establish homeostasis, and this response is known as unfolded
protein response (UPR). UPR is initiated by three different triggers: inositol requiring 1
(IRE1), double-strand RNA-activated protein kinase-like ER kinase (PERK) and
activating transcription factor 6 (ATF6) (Schroeder et al., 2005; Gardner et al., 2013).
The net result of such activation is the overexpression of other downstream
transcription factors, such as C/EBP homologous protein (CHOP), and ER chaperons,

like binding immunoglobulin protein (BiP), to eventually compensate and get rid of ER



stress. At this point, if such initial response fails to restore homeostasis and the
condition of stress persists, the cell eventually undergoes apoptosis.

Interestingly, post-mortem brain samples of PD patients showed increased amounts of
BiP, activated IRE1, and PERK (Hoozemans et al., 2007). High BiP levels were also
observed in AD, Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS)
patients (Hoozemans et al., 2009; O'Connor et al., 2008; Carnemolla et al., 2009).
Coherently, UPR activation was noticed in the brains of animal models of HD (Cho et
al., 2009; Carnemolla et al., 2009), ALS (Prell et al., 2012; Nishitoh et al., 2008), AD
(Kohler et al., 2014), and PD (Bellucci et al., 2011).

Finally, a-synuclein oligomers can be found in the endoplasmic reticulum both in PD
animal models and in brain specimens from PD patients (Colla et al., 2012; Hetz et al.,
2014).

Altogether, such data point toward a strong correlation between protein aggregation,

ER stress, and unfolded protein response in the pathogenesis of Parkinson’s disease.

2.3 The role of mitochondria and oxidative stress

The first evidence of a link between mitochondria dysfunctions and PD development
came in the 1980s from the so-called “frozen addicts”, drug users that developed rapid
onset parkinsonism responsive to L-DOPA treatment after the assumption of a new
type of synthetic heroin. Indeed, it was observed that 1-methyl-4-phenyl-1,2,5,6-
tetrahydropyridine (MPTP), a side product of the synthesis process, was able to cross
the BBB and enter the brain, where it was converted by MAO-B to the toxic 4-
phenylpyridinium (MPP*). MPP* is selectively imported by dopaminergic neurons,
where it inhibits mitochondria complex | of the respiratory chain, leading to the
production of reactive oxygen species (ROS), ATP depletion, and cell death. MPTP is
now commonly used to generate mouse models of Parkinson’s disease (Langston et
al., 1983).

Other evidence of the involvement of mitochondria in PD pathology came from the
study of post-mortem human brain specimens. Indeed, the brain and especially the
substantia nigra of PD patients showed a substantial reduction of mitochondria
complex | and, more in general, a restricted functionality of respiratory chain complexes
(Schapira et al., 1990). Additionally, PD patients also displayed a higher rate of
mitochondrial DNA (mtDNA) mutations compared to healthy controls (Bender et al.,
2006).

Dysfunctions in respiratory chain complexes are linked to the production of ROS.
Accordingly, signs of oxidative stress like lipid peroxidation, DNA damage, protein

oxidation, and increased iron deposition have been observed in the SN pc of numerous



PD patients (Mann et al., 1994). However, whether such condition is a consequence of
neuronal stress or can cause the neurodegeneration remains elusive. Interestingly,
dopamine itself can be oxidized and react with other cellular species, thus contributing
to ROS production: dopamine toxic metabolite may explain the selective susceptibility

of DA neurons to neurodegeneration (Palacino et al., 2004; Blesa et al., 2015).

2.4 The role of neuroinflammation
Studies in animal models and humans support a role for neuroinflammation in PD
progression. In the brain, the inflammatory response is mediated by glial (microglia and
astrocytes) activation and peripheral immune cell infiltration. Reactive microglia in the
SN pc of PD patients’ brains was detected for the first time in 1988 (McGeer et al.,
1988). In the next decades, other elements connected to inflammation have been
observed in autoptic PD brain samples, such as astrogliosis and high levels of pro-
inflammatory cytokines like inducible nitric oxide synthase (iNOS), cyclooxygenase 2
(COX2), tumour necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1B), and
interferon-gamma (IFN-y) (Wang et al., 2015).
Interestingly, the activation of the neuroinflammatory system can result in a positive or
detrimental outcome, according to the different types of stimuli and responses of
immune cells. Indeed, microglia activation due to an insult can result in M1 state, which
produces pro-inflammatory cytokines, nitric oxide (NO), and ROS, or in M2 state which
plays an immunosuppressive role and promotes tissue repair. Supporting a detrimental
role for neuroinflammation in neurodegenerative diseases, PD animal models have
shown that misfolded a-synuclein activates M1 microglia and downregulates gene
markers expressed by M2 microglia (Tang et al., 2015).
Astrocytes are glial cells that play a supportive role for neurons and respond to
inflammatory stimuli. Astrocyte activation (astrogliosis) has been observed both in PD
patients’ brains and in animal models of Parkinson’s disease (Glass et al., 2010).
Overall, it seems clear that uncontrolled inflammation caused by synergic activation of
glial cells may contribute to neurodegeneration. However, it remains to be investigated
whether neuroinflammation plays a causal role in the pathogenesis of PD or if it is just

a consequence of neuronal death.
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3 The glymphatic system

The clearance of metabolic waste is fundamental for maintaining brain homeostasis,
and dysfunctions in this process can lead to protein accumulation and
neurodegeneration.

Consequently, it is surprising to know that the brain lacks the typical structures that
drive waste clearance in the other tissues (Jessen et al., 2015).

In the periphery indeed, possibly toxic proteins and metabolic by-products are cleared
through the lymphatic system: an ultrafiltrate of blood plasma percolates from the
microvasculature through the tissue, collects metabolic waste, and enters the lymphatic
capillaries. Once in these capillaries, it is pulled into larger vessels and lymph nodes
via vessels contraction and one-way valves. Finally, the fluid returns to the venous
circulatory system. Waste products are eventually delivered to the liver, where they can
be degraded or reused (Liao et al., 2013).

Conversely, the brain does not display traditional lymphatic vessels (LVs) and
ultrafiltration of plasma is restricted by the BBB (Johanson et al., 2008).

The idea that cerebrospinal fluid (CSF) could serve as a sort of “sink” for brain waste
has been proposed in the 1980s (Rennels et al., 1985; Rennels et al., 1990; Ichimura
et al., 1991), but the description of a proper system with its own structure and activity
has been possible only in 2012 (llif et al., 2012), when studies on rodents discovered a
dynamic network used for brain clearance that was named “glymphatic system” for its

similarities with the peripheral lymphatic system and the involvement of glial cells.

3.1 Structure and functions of the glymphatic system
The glymphatic system is now considered the functional analogue of the lymphatic
system in the central nervous system (CNS). It is a complex and highly polarized
network that allows the rapid interchange of CSF and interstitial fluid (ISF) through
convective fluid fluxes along tunnel-like perivascular spaces (PVSs).
PVSs are doughnut-shaped CSF-containing channels that run alongside the brain
blood vessels: internally, they are layered by smooth muscle cells or pericytes, while
externally they are enclosed by the astrocytes vascular endfeet. Astrocytes are
fundamental to regulate both perivascular and interstitial flows by the highly polarized
expression of AQP4 water channel at the vascular endfeet [Figure 4 A].
The functioning of the glymphatic system has been proposed as follows (llif et al.,
2012):

(1) CSF is produced by the choroid plexus in the third, fourth, and lateral ventricle

(Oreskovic et al., 2010) from where it continuously moves to the subarachnoid

spaces surrounding the cerebral hemispheres.
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(2) At this point CSF is propelled along the periarterial spaces by a combination of
arterial pulsatility and CSF pressure gradients. AQP4 channels on astrocytes’
endfeet facilitates fluid transport into the brain parenchyma, enabling the
generation of a CSF-ISF mix that allows for waste removal.

(3) CSF-ISF mixed with metabolic waste enters with convective movements the
perivenous spaces surrounding deep brain veins, from where it ultimately exits
the brain and reaches the peripheric lymphatic system through cranial nerves,
large vessels, and lymphatic network associated with the meninges (dura)
(Aspelund et al., 2015) [Figure 4 B].

However, while the periarterial influx pathways have been documented in
several studies using different imaging techniques, the efflux routes are less
well described. Indeed, acoustic, hypoglossal, optical, olfactory, and vagal
nerves have been identified as efflux pathways in vivo using dynamic-contrast
magnetic resonance imaging (MRI) studies (Lee et al., 2015; llif et al., 2013),
but it is still unclear whether interstitial waste metabolites travel along the
nerves or inside the nerve itself. The contribution of lymphatic vessels (Ma et
al., 2017) of the dura compared to more peripheral LVs has been debated as
well.
Since its discovery in the rodent brain, the glymphatic system has been identified in
other animals including cats, dogs, pigs, flies, and non-human primates (Rennels et al.,
1985; van Alphen et al.,, 2021). To date, the existence and functionality of a proper
glymphatic system in humans have substantially been accepted (Ringstad et al., 2017),
even though some controversies are still being debated (Mestre et al., 2020). In the last
ten years, impairment in the glymphatic system function has been linked to age-related

issues and several neurodegenerative disorders like AD and PD.
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Figure 4. Basic structure and function of the glymphatic system. A) Perivascular
spaces (PVSs) are doughnut-shaped structures along brain blood vessels, delimited by
pericytes and astrocytes endfeet, where AQP4 is highly expressed. B) Moving through the
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periarterial spaces CSF enters brain parenchyma (blue arrows) where it mixes with ISF and
waste products that leave the brain through perivenous space (brown arrows) to more
traditional lymphatic network. Fluid convective movements are tightly regulated by AQP4
(purple) at astrocytes’ endfeet (yellow). Created with BioRender.com.

3.2 Factors that influence the glymphatic system activity
3.2.1 AQP4 water channels

AQP4 is an integral membrane protein that regulates the water flow across membranes
in response to tonicity and osmolarity changes and represents a fundamental element
of the basic structure of the glymphatic system.
A variety of aquaporins is expressed in the brain and spinal cord, but the most
abundant forms are AQP1, AQP4, and AQP9. AQP4 is the most prevalent aquaporin
channel in the CNS, where it localizes especially in the astrocyte vascular endfeet
(Nielsen et al., 1997). Two distinct splice variants have been identified in the CNS: M1
and M23. While M23 AQP4 isoforms are larger and usually stably found in large square
arrays in the astrocyte foot process, M1 isoforms appear to be smaller and can move
freely in the cell membrane (Oklinski et al., 2016). AQP4 expression is not uniform in
the brain, being lowest in the cortex, hippocampus, and inferior colliculi (llif et al.,
2013): such differences may reflect in the regional heterogeneity of the glymphatic
transport observed in the rodent brain.
Structurally, AQP4 consists of six transmembrane domains with five connecting loops
that form the water channel or aqueous pore, measuring 2.8 angstroms (Halsey et al.,
2018). Like other aquaporins, AQP4 is able to assemble into tetramers; in particular,
both M1-M23 heterotetramers and homotetramers have been observed to be
organized in orthogonal arrays of intramembranous particles (OAPS) by freeze-fracture
microscopy organized (Silberstein et al., 2004) [Figure 5].
AQP4 OAPs are anchored on the membrane by several proteins, including the
dystrophin-associated complex (DAC), which contains a-syntrophin (SNTA1) and
dystroglycan (DAG1), a-dystrobrevin (DTN-A), and dystrophin. Knock-out (KO) animal
models have demonstrated the key role of AQP4 and its interacting partners for the
correct structure and activity of the glymphatic system (Rainey-Smith et al., 2018).
In particular, AQP4 KO mice revealed a reduction of around 65% in CSF flux into the
brain parenchyma and a strong decrease in the clearance of waste solutes compared
to controls (Teng et al., 2018).
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Figure 5: AQP4 M1-M23 organization reveals differences in cluster formation. A, B)
PALM (photoactivation localization microscopy) of UB7MG cells shows that AQP4 M23 (B)
assembles in larger clusters compared to M1 (A). The scale bar of the small square is 100
nm. Adapted from Rossi et al., 2012. C, D) Freeze-fracture electron micrographs of COS-7
cells plasma membrane transfected with AQP4-M1 (C) or M23 (D). Adapted from Crane et
al., 2008.

3.2.2 Sleep
Sleep is a fundamental function conserved through all the known organisms, and sleep
deprivation has proven to be detrimental in all species (Irwin et al., 2017). However, a
broadly accepted theory for the function of sleep has not been defined yet.
The finding that the glymphatic system is mostly active during sleep and not during
wakefulness proposes sleep as the fundamental process that allows the clearing of
potentially neurotoxic waste products from the brain.
Xie and colleagues were the first to describe the relationship between the glymphatic
system and sleep in 2013 (Xie et al., 2013). They observed that the brain influx of CSF
tracers is increased by 95% in asleep and anaesthetized mice compared to awake
animals. Similar evidence was produced by Ma group in 2019 (Ma et al., 2019). In
addition, MRI experiments in human subjects showed increased fluid movement in the
white matter during sleep (Bernardi et al., 2016). Conversely, norepinephrine (NE), a
neuromodulator that promotes arousal, has a suppressive effect on the glymphatic
system activity (O’Donnel et al., 2019). In general, the fundamental role of sleep for
glymphatic system removal of brain metabolites has been demonstrated both in animal
models and humans (Ju et al., 2017).
Glymphatic system activation happens mostly in the non-rapid-eye movement (nREM)
phase of sleep, which is characterized by slow high amplitude electrical waves (1-4 Hz)
of brain activity. Interestingly, anaesthetics associated with such slow wave of activity
(SWA) like dexmedetomidine increase glymphatic influx, while the ones associated
with low amplitude delta waves like isoflurane do not (Hablitz et al., 2019).
However, the mechanism that regulates the switch between brain waste clearance
during sleep and wakefulness remains to be addressed. Additionally, it is also unclear
why clearance processes in the brain do not happen continuously to avoid the

accumulation of toxic waste. A possible explanation is that the rapid movement of the
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large volume of CSF-ISF required for brain clearance may interfere with the synaptic
activity happening during awake consciousness.

Interestingly, disturbance in sleep, which is reported to increase dramatically with age,
has been identified as a risk factor for many neurodegenerative diseases and mood
disorders like PD, AD (Kang et al.,, 2017), and dementia (Lim et al., 2013). In
accordance with this, Winer and colleagues observed that impaired sleep functions
(decreased slow waves and impaired coupling of neuronal activity during nREM sleep)
correlated with a higher level of amyloid beta (AB) and tau deposition in the brain of

patients with Alzheimer’s disease (Winer et al., 2019).

3.2.3 Age
In 2014 Kress group demonstrated that the glymphatic clearance in mice brains
declines by 80-90% with ageing (Kress et al., 2014). The vascular remodelling that
naturally occurs in ageing is one of the factors that may explain such effect. Indeed, the
stiffening of brain arteries and the reduced elasticity of arterial walls result in enhanced
arterial pulse wave velocity and pressure that are mechanically transmitted also to
distal vessels. Such an increase in intracranial pulsatility might significantly impair the
physiological activity of the glymphatic system (Hachinski et al., 2016). Accordingly,
Bedussi and colleagues observed that glymphatic system dysfunctions are implicated
in rat models for hypertension on brain microvessels (Bedussi et al., 2017).
Ageing affects also AQP4 pattern of expression. Indeed, vascular polarization at
astrocytic endfeet is lost in the ageing brain especially along penetrating arterioles
(Kress et al.,, 2014). This phenomenon correlates with the hypertrophy of reactive
astrocytes during neuroinflammation, another typical characteristic of ageing brains
(Sabbatini et al., 1999).
Additionally, ageing is also associated with a reduction in sleep quality and quantity,
with a progressive reduction in SWA in humans already from thirty years of age
(Bohnen et al.,, 2019). Altogether, these data suggest that the glymphatic system
activity naturally declines with age [Figure 6].
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Figure 6: The clearance activity of the glymphatic system is impaired in aged brain.
CSF convective bulk flow (blue arrows) is impaired in aged brain, because of alteration in
vessel architecture, changes in astrocyte morphology in response to inflammatory stimuli,
and modification in AQP4 expression pattern. Consequently, CSF-ISF outflow (brown
arrows) is reduced, and waste accumulates in the brain parenchyma. Created with
BioRender.com.

3.3 Dysfunctions of the glymphatic system and neurodegenerative disorders
The evidence that the activity of the glymphatic system declines with age is important,
as age has been identified as the highest risk factor for neurodegenerative diseases
(Driver et al.,, 2009). The misfunctioning of this clearance pathway might indeed
contribute to the accumulation of misfolded proteins in the brain tissue. Accordingly,
while previous work about protein degradation has focused mainly on intracellular
processes like proteasomal and lysosomal degradation, recent analyses have revealed
the presence in the CSF and ISF of several disease-related protein species: misfolded
amyloid beta and tau in AD (Frost et al., 2009; Weller et al., 2008), phosphorylated a-
synuclein in PD (Kordower et al., 2008), and misfolded superoxide dismutase 1 (SOD1)
in mouse modelling ALS (Grad et al., 2014). Additionally, the emerging concept of a
prion-like spread of protein aggregates (Li et al., 2008; Jucker et al., 2011) could be
supported by the activity of the glymphatic clearing system through the brain
parenchyma. Moreover, many neurodegenerative disorders display an alteration of
sleep pattern.

Clearly, dysfunctions/low function of the glymphatic system could be involved in the

development of neurodegenerative diseases.

3.3.1 Glymphatic system and Parkinson’s disease

The discovery that the glymphatic system is deeply implicated in the removal of
extracellular amyloid 8 in AD patients and animal models (Yang et al., 2011; Michaud
et al., 2013; Da Mesquita et al., 2018) pushed researchers to investigate whether such
clearance pathway could be involved in other neurodegenerative disorders, as
Parkinson’s disease.

The observation that up to 75-80% of PD patients display sleep disturbances over the
course of the disease (Goetz et al., 2010; Chahine et al., 2016), like REM-sleep
behaviour disorder (RBD), changes in cortical sleep-related activity while (Fantini et al.,
2003), reduced sleep quality (Gjerstad et al., 2008), and altered expression of clock
genes that regulate circadian rhythm (Breen et al., 2014) is supportive. Interestingly,
such sleep disturbances usually precede the onset of typical motor symptoms.

Accordingly, idiopathic RBD is now considered a prodromal predictor for the
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development of PD and other synucleinopathies, like LBD and MSA (Schenck et al.,
2013).

A direct involvement of the glymphatic system in the clearance of a-synuclein is still
under investigation. In 2013 Kalaitzakis group observed that a-synuclein aggregates
were increased in the brain tissue of PD patients with sleep disturbances as compared
to those without alterations in the sleep pattern (Kalaitzakis et al., 2013). Additionally,
several recent works have assessed that a-synuclein presence in the CSF of PD
patients is reduced by 13% compared to controls, suggesting an impaired brain
clearance of the protein in PD patients (Mollenhauer et al., 2011; van Dijk et al., 2013;
Gao et al., 2015).

In the last twenty years, glymphatic system activity was visualized in humans by means
of intrathecal injections of gadolinium-based contrast agents followed by MRI (Absinta
et al., 2017). However, such approach cannot be applied to large cohorts of patients
necessary to gain meaningful insights because of possible gadolinium-linked
neurotoxic complications (Patel et al., 2020). The development of a novel minimal-
invasive imaging technique called diffusion tensor image analysis along the
perivascular space (DTI-ALPS) has allowed to successfully assess glymphatic function
without the use of a contrast agent (Taoka et al., 2017). Thanks to this technique, a
reduced glymphatic function has been demonstrated comparing 68 patients with PD
and 129 healthy controls. Additionally, 119 patients with RBD showed a moderate
decline in the glymphatic system activity, which was less relevant compared to PD
patients (Si et al., 2022). Interestingly, this finding suggests that the impairment of the
glymphatic system may start in the prodromal phase of PD and then worsen throughout
the disease.

Other evidence pointing towards a link between the glymphatic system and PD came
from animal models. Delayed glymphatic drainage was observed in mice injected with
a-synuclein fibrils (Ding et al., 2021). A53T a-synuclein mouse model of PD displays a
decrease in the influx of fluorescent cerebrospinal fluid tracer compared to wild type,
together with perivascular aggregation of a-synuclein and mislocalization of AQP4 in
the substantia nigra. Additionally, blocking of meningeal lymphatic drainage through
ligation of cervical LVs worsened the phenotype in A53T mouse model, leading to
further reduction of glymphatic clearance, increased a-synuclein deposition,
astrogliosis and neuroinflammation, dopaminergic neurodegeneration and more severe
motor defects (Zou et al., 2019) [Figure 7]. This evidence suggests that the glymphatic
system plays an important role in the pathology and progression of PD.

To date, the most accredited hypothesis that links glymphatic system and PD is that

early intra- and extracellular aggregation of a-synuclein perturbs glymphatic clearance,
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which in turn further increases a-synuclein deposition, leading to a vicious self-
amplifying circle of protein aggregation, inflammation and astrogliosis that exacerbates

Parkinson’s disease pathology.

WT-sham WT-LDclns A53T-sham A53T-LDclIns
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Figure 7: AQP4 vascular polarization is perturbed in A53T a-synuclein mouse model
of PD and worsens after ligation of cervical lymphatic vessel (LDclns).
Immunofluorescence revealed that AQP4 (green) is correctly located at astrocyte endfeet
(arrowhead) surrounding CD31+ vessels (red) in the substantia nigra of WT-sham mice,
while AQP4 signal was abnormally detected also in the neuropil domains (stars) in the

other three groups, becoming especially prominent in A53T-LDclns condition. Adapted from
Zou et al., 2019.

4 Familial forms of Parkinson’s disease

Despite most forms being sporadic (meaning occurring in individuals with no family
history of PD), a critical step in the understanding of the pathological mechanisms
underlying PD came from the identification of genetic forms of the disorder, which
represent about 10-15% of cases (Kalia et al., 2015). However, genetic contribution is
present also in sporadic (also referred to as idiopathic) PD patients, in the form of
gene-environment interaction and de novo causative mutations.

As sporadic and familial cases are almost clinically indistinguishable (Baba et al.,
2006), modelling genetic PD can produce useful information on the pathogenesis and
aetiology of idiopathic cases as well.

To date, 28 distinct chromosomal regions have been related to Parkinson’s disease,
but only eight of those contain genes that have conclusively been linked to monogenic
PD, the most studied being: SNCA (a-synuclein) and PARKS8 (leucine-rich repeat
kinase 2, LRRK2) for autosomal dominant forms, PARK2 (Parkin), PARK6 (PTEN
induced kinase 1, PINK1), and PARK7 (DJ-1) for autosomal recessive ones (Klein et
al., 2012).
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4.1 Autosomal dominant PD: SNCA and LRRK2

SNCA, encoding a-synuclein, was the first gene to be associated with Parkinson’s
disease (Polymeropoulos et al., 1997). At least five missense mutations (resulting in a-
synuclein A53T, E46K, H50Q, G51D, and A30P) have been linked to autosomal
dominant PD, but also several cases of duplication and triplication of the wild type
SNCA gene have been observed (Appel-Cresswell et al., 2013; Krlger et al., 1998;
Lesage et al., 2013; Zarranz et al., 2004; Singleton et al., 2003). Patients commonly
display motor symptoms of typical late-onset PD with Lewy pathology (Farrer et al.,
2001).

Even though SNCA dominant mutations are extremely rare, accounting for about 1% of
the familial PD cases (George JM, 2002), the discovery that a-synuclein is one of the
major components of LBs generated the idea of a common pathological mechanism for
monogenic and sporadic Parkinson’s disease. In support of this theory, SNCA gene
duplications have been observed in idiopathic PD patients, and a polymorphism in its 3’
UTR and promoter region were identified as risk factors (Narhi et al., 1999; Mueller et
al., 2005). Such evidence suggests a critical dose-effect for a-synuclein expression
both in sporadic and familial forms of PD (Eriksen et al., 2005).

More than 50 mutations have been identified in LRRK2 gene, accounting for 4% of
idiopathic and 10% of hereditary PD cases with autosomal dominant inheritance,
making it the most common cause of dominant Parkinson’s disease (Berg et al., 2005).
LRRK2 G2019S substitution is the most frequently observed in the Caucasian
population (Obergasteiger et al., 2020). Clinical manifestations of LRRK2-PD resemble
motor- and non-motor features of the sporadic disorder, while Lewy pathology is not

always present (Ishihara et al., 2006).

4.2 Autosomal recessive PD: Parkin, PINK1, DJ-1

PINK1, Parkin and DJ-1 proteins are all directly or indirectly involved in mitochondria
quality control and oxidative stress and have been associated with early-onset
recessively inherited Parkinson’s disease. Interestingly, all these PD subtypes present
overlapping clinical features, with SN neurodegeneration, gliosis, and a general
absence of Lewy bodies, especially in individuals carrying Parkin mutations (Farrer et
al., 2001).

Mutations in PARK2, encoding Parkin protein, constitute the most common cause of
early-onset familial PD. Indeed, homozygous missense mutations, copy number
variations and deletions with loss of function (LOF) effect are observed in 50% of the
hereditary PD forms and about 15% of the idiopathic cases (Lucking et al., 2000;
Periquet et al., 2003). Both homozygous and compound heterozygous PARK2
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mutations were identified in PD patients, and Ruffmann and colleagues identified in
2012 the first pure heterozygous Parkin patient, carrying R275W substitution
(Ruffmann et al.,, 2012). Such evidence indicates that heterozygous mutations in
PARK2 gene may not only represent a risk factor for the disease but can also result in
symptomatic manifestations (Castelo Rueda et al., 2021).

Homozygous point mutations, insertions, and deletions with LOF effect in PINK1 and
DJ-1 have also been observed in early-onset PD patients, but at a much lower rate
compared to Parkin-linked cases (Valente et al., 2004; Lockhart et al., 2004).
Heterozygous mutations in PINK1 are considered a risk factor for sporadic PD (Abou-
Sleiman et al., 2006), and DJ-1 has been identified as one of the components of LBs
(Clark et al., 2004), highlighting once again the correlation between monogenic and
sporadic forms of Parkinson’s disease.

Other genes that have been associated with inherited juvenile PD include ATP132A,
CI90RF72, FBX07, PLA2G6, POLG1, SCA2, SCA3, SYNJ1, and RAB39B. Parkinson’s
disease caused by mutations in these genes is rare and shows quite uncommon
symptomatic features, such as cognitive impairment, ataxia, and ophthalmologic

dysfunctions (Puschmann, 2013).

4.3 Genetic risk factors for PD: GBA

In the last decades, genetic elements have been recognised as important risk factors
for the development of Parkinson’s disease (Noyce et al., 2012).

An example is the GBA gene, that encodes B-glucocerebrosidase (CGase). Compound
heterozygous and homozygous mutations are causative of Gaucher disease, a rare
lipid storage disorder. Instead, heterozygous mutations have been linked to an
increased risk of Parkinson’s disease (Gan-Or et al., 2008). Indeed, the accumulation
of misfolded CGase and its lipid substrates causes ER stress and activates UPR
response, possibly resulting in the misfolding of other proteins, including a-synuclein,

thus increasing the risk of PD (Maor et al., 2013).

5 Parkin is a multifunctional E3 ubiquitin ligase

As briefly mentioned in chapter 4.2, mutations in PARK2 have been recognised as the
most common cause of autosomal recessive PD. PARK2 is located on chromosome
6025.2-g27 and encodes a 52 kDa protein called Parkin, a multifunctional E3 ubiquitin
ligase that plays a variety of roles in the cell including the degradation of proteins and
the maintenance of mitochondria homeostasis and integrity (Seirafi et al., 2015). Parkin
is highly expressed in the brain, heart, and skeletal muscle, and it is present both in the

cytosol and marginally in the cell nucleus (Kitada et al., 1998).
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5.1 Structure and activation of Parkin
From the structural point of view, Parkin is composed of 465 amino acids and presents
five different domains with specific functions. The ubiquitin-like domain (UBL, residues
1-76) is located at the N-terminal and is followed by three zinc-coordinating Really
Interesting New Gene (RING) domains: RINGO (residues 141-216), RING1 (residues
217-327), IBR (residues 328-378), and RING2 (residues 411-465) (Seirafi et al., 2015).
Parkin contains two additional linker interdomains that are flexible. The first one follows
the UBL domain and is composed of about 70 amino acids with unknown function. The
second is located between IBR and RING2 domains and is constituted of disordered
segments and an a-helix that binds RING1. This structure is called repressor element
of Parkin (REP) as it negatively regulates the activity of the protein (Dove et al., 2013)
[Figure 8 A].
Functionally, Parkin can be classified as a RING-between-RING (RBR) E3 ubiquitin
ligase (Wenzel et al.,, 2011). E3 ubiquitin ligases participate in the last step of the
ubiquitination process, interacting with ubiquitin-charged E2 enzymes and finally
transferring activated ubiquitin to the substrate protein (Berndsen et al., 2014).
In Parkin, RING1 domain is the putative binding site of the E2 enzyme, while RING2 is
the active domain, with the catalytic cysteine residue for ubiquitin binding located at
position 431 (Hristova et al., 2009). While UBL and REP domains are important for
Parkin activation, functions of IBR and RINGO remain elusive (Beasley et al., 2007).
Interestingly, Parkin is engaged in both monoubiquitination, as well as K48- and K63-
linked polyubiquitination (Peng et al., 2003). While K48-linked ubiquitin chains target
proteins to the proteasome for degradation, K63-linked and other less common types of
ubiquitination (K6 and K11) result in proteasome-independent regulation of protein
trafficking and localization (Komander et al., 2012). Clearly, Parkin role is not solely
restricted to protein degradation.
Parkin activity is strictly controlled by different levels of autoinhibition. First, access to
RING2 catalytic domain is structurally blocked by RINGO. Additionally, UBL and REP
domains occlude E2 binding site located in RING1 domain. Deletions of all these
domains in vitro result in increased Parkin activation (Wauer et al., 2013). Finally, the
long distance between RING1 and RING2 prevents the transfer of activated ubiquitin
from E2 enzyme to Parkin catalytic cysteine [Figure 8 B]. Multiple effectors can
promote the activation of Parkin. In particular, UBL domain plays an important role in
this process: indeed, binding of UBL binding partners such as Epsl15, proteasomal
subunits, and ataxin3 causes the dissociation of UBL from RING1 allowing the switch
from inactive to active conformation with a so-called “butterfly” transition (Chaugule et
al., 2011; Trempe et al., 2013) [Figure 8 C].
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Figure 8: Parkin structural organization reveals its autoinhibition mechanism. A)
Architecture of Parkin protein domains. Linkers and sites with unknown function are in
white. In its autoinhibited state (B), E2 binding site on RING1 (grey) is structurally blocked
by REP and UBL domains, and catalytic cysteine 431 on RING2 (star) is obstructed by
RINGO. (C) Activating stimuli, such as binding of UBL by specific substrates (purple) trigger
a “butterfly” conformational change that exposes Parkin active sites and reduces the
distance (dashed line) between cysteine 431 and E2 binding site, allowing the transfer of
activated ubiquitin. Created with BioRender.com.

5.2 The role of Parkin in Parkinson’s disease

More than 100 PD-linked mutations have been found in Parkin, the most common
being exons 3/4 deletion and R275W substitution (Griinewald et al., 2013). Mutations
in PARK2 typically result in the loss of protein function (LOF). LOF can result upon
conformational changes, impaired zinc coordination (C212Y, C289G and C441R) and
folding (R42P, K211N and TR51P), disrupted catalytic (C431F and G430) and binding
(T240R) sites, altered solubility and localization (R275W and C418R), increased or
decreased ubiquitination and autoubiquitination activity (T415N), modification of
substrate recognition and binding, and impaired mitochondrial translocation (K161N)
(Cookson et al., 2003; Siram et al., 2005; Wang et al., 2005; Hampe et al., 2006).

Clinically, Parkin-linked PD is indistinguishable from sporadic cases (Licking et al.,
2000). Most patients display typical motor and non-motor symptoms, with early onset
(21-50 years) and slow disease progression (Corti et al., 2011). Typically, Lewy body
pathology is not observed in the brains of patients carrying Parkin mutations (Lohmann
et al., 2009). Parkin alterations are observed also in sporadic cases of the disorder.
Indeed, brain specimens collected from idiopathic PD patients revealed decreased
Parkin expression and activity compared to healthy controls (Chung et al.,, 2004),
decreased Parkin solubility, increased levels of ubiquitinated proteins, and upregulation
of PARIS (Shin et al.,, 2011), a substrate of Parkin that is linked to mitochondria

turnover.
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5.2.1 Parkin and protein aggregation
As an E3 ubiquitin ligase, Parkin is deeply involved in the process of protein quality
control and degradation through the ubiquitin proteasome system. Being one of the
mechanisms linked to the development of Parkinson’s disease, the theory that
accumulation of proteins caused by loss of Parkin function could lead to degeneration
is very appealing.
To date, more than 30 putative substrates of Parkin have been identified, but none of
them was found to be exclusively expressed in DA neurons and only a few of them
(Cyclin E, FBP1, Hsp70, P38) accumulate in PD patients’ brains (Zhang et al., 2016).
One of the most interesting substrates is PARIS (ZNF46). PARIS is a transcriptional
repressor of peroxisome-activated receptor gamma coactivator 1l-alpha (PGC-1a), a
key regulator of many aspects of cellular metabolism and mitochondrial biogenesis
(Scarpulla et al., 2008). Interestingly, PARIS accumulates in brain specimens from
autosomal recessive and sporadic PD patients, and mouse models lacking Parkin
show PARIS aggregation in the ventral midbrain region (Shin et al., 2011). This
evidence suggests an important link between Parkin activity and protein aggregation
both in familial and idiopathic Parkinson’s disease.
The non-proteolytic ubiquitin chains catalysed by Parkin can be involved in the
neurodegeneration as well (Peng et al., 2003). Indeed, it was observed that K63-linked
polyubiquitination of several proteins including synphilin-1 (a binding partner of a-
synuclein) and DJ-1 in their misfolded state promotes their sequestration into
juxtanuclear inclusion bodies called aggresomes (Lim et al., 2005; Olzmann et al.,
2007). Additionally, K63-linked polyubiquitin triggers the macroautophagy-mediated
clearance of aggresomes (Tan et al., 2008).
This dual role of Parkin in mediating both proteasome-associated (K48-linked) and
macroautophagy-associated (K63-linked) polyubiquitination indicates that Parkin acts
as an important bridge element between the two major degradation pathways of the
cell. Alterations in Parkin expression and activity can influence the delicate equilibrium

of these processes, eventually leading to protein accumulation and neurodegeneration.

5.2.2 Parkin and the mitochondria
Besides its importance in the UPS system, Parkin modulates mitochondria
homeostasis, biogenesis, quality control and degradation (Harper et al., 2018).
Indeed, Parkin can translocate to damaged mitochondria  upon membrane
depolarization and promote their autophagy-mediated degradation, a process called
mitophagy, in a PINK1-dependent manner. PINK1 works as a sensor of mitochondrial

damage (Rub et al.,, 2017): in healthy mitochondria PINK1 is constitutively imported
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across the mitochondrial outer and inner membranes (MOM, MIM) using TOMM and
TIMM23 transporters, respectively. Inside the mitochondria PINK1 is cleaved and then
released back into the cytosol, where it is targeted for proteasomal degradation. Upon
mitochondria depolarization instead, PINKL1 is retained on the outer membrane where it
accumulates and forms large complexes. Stabilized PINK1 phosphorylates ubiquitin
and Parkin on serine 65 (Ser65) (Kazlauskaite et al., 2014; Koyano et al., 2017).
Chains of phosphorylated ubiquitin on the MOM allow the retain of Parkin on the
mitochondrial membrane. Phosphorylated Parkin is hyperactive and ubiquitinates
several mitochondrial substrates, as for example myosin VI (MYOG6) (Kruppa et al.,
2018).

At this point, ubiquitinated proteins and ubiquitin chains are recognized by autophagy
receptors, leading to the engulfment of the damaged mitochondria into the
autophagosome, which will eventually fuse with the lysosome for cargo degradation.
However, although Parkin importance in mitophagy is highly demonstrated, the
relevance of this process in conditions of moderate stress or in non-dividing cells, like
neurons, is still unclear (Grenier et al., 2013).

Indeed, the majority of studies on post-mortem brain samples of PD patients did not
report overt changes in mitochondrial network and morphology (Zanellati et al., 2015).
Despite the fact that mitochondria of DA neurons derived from patients with Parkin-
linked PD showed swelling and cristae degeneration (Shaltouki et al., 2015), no or little
studies have been performed on mitophagy in these cells.

Parkin is important not only for mitochondria elimination but is also involved in their
biogenesis. Indeed, Parkin ubiquitinates PARIS, a transcriptional repressor of PGC-1q,
one of the key regulators of mitochondrial biogenesis and function. PARIS
ubiquitination leads to its proteasomal degradation, allowing PGC-1a transcription and
subsequent expression of downstream genes such as Nrf-1 and Nrf-2, which increase
cellular respiration, energy utilization and mitochondrial biogenesis (Zheng et al.,
2017). LOF mutations in Parkin mouse models cause PARIS accumulation and a
reduction in the size and the number of mitochondria in ventral midbrain neurons, a
phenotype that was rescued by knockdown of PARIS (Stevens et al.,, 2015).
Additionally, low levels of PGC-1a have been detected in the substantia nigra of PD
patients (Zhen et al., 2010).

Parkin also protects mitochondrial genome integrity by interacting with mitochondrial
transcription factor A (TFAM), thus increasing mitochondrial DNA transcription, and
stimulating its repair. Indeed, higher susceptibility of mtDNA to ROS and reduced
MtDNA repair capacity was observed by Rothfuss and colleagues in Parkin-deficient

fibroblasts derived from a PD patient (Rothfuss et al., 2019), indicating that Parkin-
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dependent protection of mitochondria genome from oxidative stress is lost in

Parkinson’s disease.

5.2.3 Other functions of Parkin
Several studies have also reported that Parkin can promote cell survival through
different pathways.
For example, Parkin has been shown to activate pro-survival nuclear factor-kB (NF-kB)
signalling cascade under stress conditions, by ubiquitination of NF-kB essential
modulator (NEMO) and regulatory kinase IkB (IKK) (Hwang et al., 2010).
Additionally, PARK2 is now considered a tumour-suppressor gene. Indeed, PARK2
deletions are observed in 30% of human tumours, and Parkin null mice are more
susceptible to tumorigenesis (Wahabi et al., 2018). Parkin is thought to exert its anti-
tumorigenic effect by acting as a transcriptional repressor of p53 both binding to its
promoter (daCosta et al., 2009) and by direct interaction with p53 protein (Zhang et al.,
2011).
Finally, Parkin plays a role in innate immunity and pathogens defence promoting
xenophagy, a process in which bacteria (for example Mycobacterium tuberculosis and
Salmonella enterica) are tagged with ubiquitin chains and are degraded by the

autophagy/lysosomal pathway (Manzanillo et al., 2013).

5.3 Parkin-null animal models of Parkinson’s disease

To better understand the role of Parkin in the pathological mechanisms of PD,
numerous animal models have been generated.

KO of Park2 in Drosophila reduces longevity, induces male sterility due to defects in
spermatogenesis, and increases susceptibility to stressors (Pesah et al., 2004). Mutant
flies show moderate motor impairment in flight and climbing ability. The major flight
muscles (IFM) revealed strong degeneration and accumulation of swollen mitochondria
with disintegrated cristae. However, overt degeneration of dopaminergic neurons was
not observed in Parkin null Drosophila brains (Greene et al., 2003). Degeneration at
the muscle level is an interesting feature that is observed almost uniquely in Drosophila
models with Parkin knock-out.

Parkin depletion in mice does not result in any relevant phenotype. In general, Parkin
mutant mice do not show overt DA neurons loss, nor motor impairments (Goldberg et
al., 2003). Some alterations in non-motor behaviour and defects in synaptic plasticity
have been reported in Park2-deficient mice (Hanson et al., 2010), but the results are

sometimes non-coherent. Mice lacking Parkin do not display evident defects in
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mitochondria structure and organization, but mitochondrial respiratory capacity is

decreased (Palacino et al., 2004).

6 Parkin R275W

In 2001 Farrer et colleagues identified a novel 924C>T point mutation in exon 7 of
PARK2 that leads to the substitution of arginine with tryptophan at position 275
(R275W) in the RING1 domain of Parkin protein. R275W mutation was observed in a
patient together with a 40-base pair (bp) deletion in exon3 (Ex3A40).

Clinically, this patient displayed early onset PD and the degeneration of dopaminergic
neurons. Autoptic analysis revealed the presence of a-synuclein-positive LBs in the
brain, suggesting that R275W/Ex3A40 Parkin-pathology was comparable to that seen
in mild to moderate sporadic PD.

Conversely, brain autoptic analysis of a 93-year-old asymptomatic carrier of PARK2
Ex3A40 only did not show alterations in the substantia nigra nor Lewy pathology,
suggesting that hemizygous Ex3A40 confers susceptibility to PD but it is not sufficient
to cause the disease, while R275W compound heterozygosis leads to early-onset
pathology with LBs (Farrer et al., 2001).

In 2012 Ruffmann and his group identified the first pure heterozygous R275W patient
with clinical features typical of sporadic PD, like late onset (62 years old), severe
neuronal loss in the substantia nigra, and diffuse Lewy pathology (Ruffmann et al.,
2012).

As mentioned in 6.2, Parkin-related forms of Parkinson’s disease typically display early
onset and absence of Lewy pathology. Thus, the description of a novel heterozygous
mutation in Parkin that causes a form of the disease that is consistent with sporadic
PD, rather than familial PD, is of great interest and could help uncover pathological
aspects of idiopathic disease.

6.1 Parkin R275W in vitro characterization

Unlike other common PARK2 mutations that result in the complete ablation of enzyme
function, R275W Parkin retains a residual E3 ubiquitin ligase activity at least on some
of its substrates (Lee et al., 2010).

The first characterization of Parkin R275W was performed by Cookson and colleagues
in 2003. They observed that, upon overexpression in HEK 293 cells, wild type Parkin
had a homogeneous distribution in the cytosol and was also present in the nucleus,
while mutant Parkin formed inclusions both in the cytosol and in the nucleus that did
not overlap with DNA. Additionally, they also noticed that Parkin R275W could

generate large perinuclear structures identified as aggresomes (Cookson et al., 2003),
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as they were surrounded by vimentin and contained ubiquitin (Johnston et al., 1998).
The same pattern was observed when wild type or R275W Parkin were overexpressed
in hippocampal neurons.

Similar results were obtained by analysing the impact of R256C substitution, falling as
well in the RING1 domain. Other mutations like A82E, G328E, C431F, and Ex3A40,
falling in different domains, did not influence Parkin subcellular distribution. These data
suggest that the RING1 domain is important for protein folding and its correct
localization (Cookson et al., 2003).

RING1 mutations may indeed cause the misfolding of the protein leading to its
accumulation in intracellular and intranuclear inclusions. This scenario depicts a gain of
toxic function rather than a LOF as a pathological mechanism for Parkin R275W PD.
Accordingly with this idea, several recent studies have proved that about half of PD
patients carrying R275W Parkin mutation display Lewy pathology in several brain areas
(Madsen et al., 2021).

In conclusion, it is possible to hypothesize that depending on the affected domain, each
Parkin mutations can trigger the disease via loss of- and/or gain of function (GOF)

mechanisms, explaining the different genetic profiles of the mutations.

6.2 Parkin R275W Drosophila melanogaster

Drosophila melanogaster has revealed itself to be a useful tool to investigate familial
forms of PD and it has been particularly implied to model Parkin-linked forms of the
disease.

Overexpression of R275W human Parkin in Drosophila causes selective and
progressive degeneration of dopaminergic neuronal clusters, decreased Parkin
solubility and prominent climbing defects in mutant flies compared to wild type. R275W
flies also display increased sensitivity to rotenone-induced neurotoxicity. Additionally,
Drosophila mutants also showed marked fibre degeneration in the flight muscles,
accompanied by severe and pleiomorphic mitochondrial pathologies, characterized by
the presence of vacuolar structures surrounded by layers of membranes, disorganized
cristae, and disrupted membranes. Interestingly, Parkin R275W mutants displayed the
same pathological features as Parkin-null flies, suggesting that Parkin R275W
expression in vivo could be pathogenic even in the presence of wild type protein,
consistent with a dominant-negative effect for the mutation. Additionally, it was
observed that R275W flies present a stronger defect in climbing and different
mitochondrial abnormalities compared to Parkin-deficient Drosophila [Figure 9],

suggesting that Parkin R275W toxic effects may be exerted through a mechanism
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dissimilar from that caused by overt loss of Parkin expression and activity (Wang et al.,
2007).

Interestingly, none of the phenotypes described above was observed in Drosophila that
overexpressed human G328E Parkin, a mutation that occurs outside the RING1
domain (Wang et al., 2005). Conversely, Sang group observed that overexpression of
other mutants with a substitution within the RING1 finger domain (i.e., T240R and
Q311X) caused neurodegeneration of DA neurons and progressive motor impairment
in Drosophila (Sang et al., 2007). Altogether, these studies suggest that the localization
of the substitution is important to determine the pathogenicity of Parkin mutation.

Figure 9: Mitochondrial abnormalities in Parkin-null and Parkin R275W Drosophila
reveal mutation-dependent peculiarities. Transmitted electron microscopy (TEM)
analysis of flight muscle of flies overexpressing wild type human Parkin (WT) (A, B),
R275W (E, F) or lacking endogenous Parkin (PK-/-) (C, D). Scale bar = 1 um for A, C, E.
Scale bar = 0.5 ym for B, D, F. Adapted from Wang et al., 2007.
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AIMS OF THE PROJECT

The main aim of this project was the in vivo and ex vivo characterization of the

functional impact of R274W Parkin variant. To this goal, we generated the first mouse

line carrying the substitution corresponding to the human R275W mutation both in

hetero- and homozygosity.

More in detail our project aims to:

1)

2)

3)

4)
5)

Characterize the effect of R274W mutation in a mouse model. Current genetic
models of Parkinson’s disease fail to recapitulate the major hallmarks of the
disorder, such as age-dependent motor impairment and dopaminergic neurons
loss, neuroinflammation, mitochondrial damage, and protein aggregation. All
these aspects were characterized in our novel mouse model.

Improve understanding of Parkin R274W molecular mechanism. It is well known
that Parkin is important for the mitochondria. We explored the impact of the
mutation on pathways related to mitochondria biogenesis, but also protein
aggregation and triggering of cellular stress.

Obtain new vision about Parkin function: current knowledge links Parkin with
several aspects of mitochondrial homeostasis and protein degradation. Here we
investigated an unexpected role for Parkin in modulating AQP4 localization in
the glymphatic system.

Offer novel information about the effect of Parkin R274W in the skeletal muscle.
Gain new insight into the genetic of Parkin mutation. PARK2 mutations are
usually recessive. However, heterozygous cases are also observed. Our
characterization will help uncover the link between Parkin-linked dominant gain

of toxicity and PD.

The ultimate goal was to verify whether the transgenic Parkin R274W mouse we

generated could be a robust and predictive animal model able to recapitulate the main

features observed in human patients. Ideally, our model could serve not only to study

pathogenic mechanisms but also to test new therapeutic approaches.
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RESULTS

1 Parkin R274W in homozygous mice brains

We generated by CRISPR/Cas9 technology the first C57BL/6N mouse line carrying
R274W Parkin mutation (corresponding to the human R275W substitution). Full
characterization of homozygous and heterozygous mice was performed at 6, 12, and
18 months.

1.1 Homozygous mice display age-dependent motor impairment, DA neurons
loss and astrogliosis

We assessed motor performance of homozygous mice at 6, 12, and 18 months and
compared the results with age-matched wild type (WT). Male and female animals were
included in our cohorts in a 1:1 ratio.
We evaluated motor coordination on the rotarod at increasing acceleration (4-32 rpm),
on the balance beam (12 and 6 mm), and on the pole test.
An impairment in coordination in R274W+/+ mice was observed already at 6 months on
the 12 mm balance beam [Figure 10 B]. Such defects were more evident at 12 months,
were homozygous mice performed significantly worse than age-matched wild type both
in the 6 mm balance beam [Figure 10 E] and in the pole test [Figure 10 F]. Finally,
coordination impairment was overt in 18-month-old R274W+/+ mice, which showed
defects also in the accelerated rotarod test [Figure 10 G, H]. At 18 months, neither wild
type nor homozygous mice were able to perform on the pole test and on the 6 mm
balance beam. No differences were detected in anxiety phenotype nor in the weight of
mutant animals compared to age-matched wild type [Supplementary Figure S1].
Such evidence indicate that R274W+/+ mice display an age-dependent phenotype of

motor impairment in coordination.
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Figure 10: R274W+/+ mice show age-dependent impairment in motor coordination.
We tested male and female mice at the indicated ages. We observed defects on the
rotarod at increased acceleration at 18 months (G), in the balance beam at 6 (B), 12 (E),
and 18 (H) months, and on the pole test at 12 months (F). Old mice were not able to
perform on the 6 mm balance beam nor on the pole test. Data are the means £+ SEM; n WT
= 16-22; n R274W+/+ = 16-22; *, **, *** p<0.05, 0.01, 0.001 vs. wild type.

To define the time-course of nigral degeneration, we evaluated the number of
dopaminergic neurons in the substantia nigra along ageing by means of confocal-
assisted stereological cell count.

Homozygous mice displayed a reduction in DA neurons of 23%, 30%, and 40% at 6,
12, and 18 months respectively compared to age-matched wild type [Figure 11 A, B].
Additionally, we also observed by means of HPLC analysis a reduction in the amount

of dopamine (DA) present in the striatum of mutant mice compared to wild type at 12

31



months of age [Figure 11 C]. The decrease of tyrosine hydroxylase (TH) expression by
dopaminergic neurons in the SN pc of mutant animals was also assessed at 6, 12, and
18 months of age by immunofluorescence analysis [Figure 12].

This phenotype of overt neurodegeneration was also accompanied by astrogliosis, as
suggested by increased GFAP fluorescent signal observed in the striatum and
substantia nigra of homozygous mice compared to wild type [Figure 13]. Indeed, the
glial fibrillary protein GFAP is a common marker of astrocytes which expression is
increased during inflammatory-driven astrocytes proliferation. Augmented intensity of
GFAP signal was also detected in homozygous cortex compared to age-matched wild
type in all the ages analysed [Supplementary Figure S2].

Altogether, our data show that Parkin R274W+/+ mice present an age-dependent PD-
related phenotype starting at 6 months of age.
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Figure 11: R274W+/+ mice show an age-dependent loss of dopaminergic neurons.
(A) TH immunoperoxidase labelling (brown) in the SN pc of WT and R274W homozygous
mice at 6, 12, and 18 months of age. Nuclei are shown in blue. (B) The graph shows
guantification of DA neurons in the substantia nigra of wild type and mutant mice at 6, 12,
and 18 months. Data are the means + SEM; two-sided t-test was performed to compare
intra-age data vs. wild type; n 6M = 8-9; n 12M = 6-8; n 18M = 6; **, p<0.01 (C) HPLC
analysis on striatum revealed that dopamine released in the striatum is decreased in
homozygous mice compared to wild type at 12 months. Data are the means + SEM; n = 3;
* p<0.05 versus wild type. In collaboration with Prof. Michele Morari.
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Figure 12: R274W+/+ mice brains display age-dependent TH loss. (A) Representative
images of SN pc sections from 6-, 12-, and 18-month-old wild type and Parkin R274W+/+
mice stained with anti-TH antibody and DAPI to visualize nuclei. Scale bar = 20 um. (B)
The graph reports the TH mean intensity for each brain region folded on wild type mean;
data are expressed as means +SEM; two-sided t-test was performed comparing intra-age
data vs. wild type; n 6M =3, n 12M = 3, n 18M = 6; *, ** p<0.05, 0.001.
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Figure 13: Parkin R274W+/+ mice brains display an age-dependent astrogliosis. (A)
Representative images of striatum and SN pc sections from 6-, 12-, and 18-month-old wild
type and homozygous mice stained with anti-GFAP antibody (green) and DAPI (blue).
Scale bar = 50 um. The graphs (B, C) report GFAP mean intensity in the striatum and SN
pc respectively. Data are the means + SEM; n 6M = 5-4, n 12M = 4-4; n 18M = 9-10; two-
sided t-test was performed comparing intra-age data vs. wild type; *, **, *** p<0.05, 0.01,
0.001.

1.2 R274W mutation in Parkin causes defects in mitochondrial biogenesis
Given the fundamental role of Parkin in the regulation of mitochondrial turnover, we
examined mitochondria levels in DIV14 cortical neurons derived from wild type and
homozygous mice. To this aim, we used an antibody that recognizes the MOM receptor
Tomm20 and analysed our samples by biochemical means.
First, we observed by western blotting that mitochondrial mass is decreased in

R274W+/+ neurons compared to wild type [Figure 14].
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Figure 14: Mitochondrial mass is reduced in R274W+/+ neurons. Tomm20 was used
as a probe to assess mitochondria quantity in neurons derived from WT or homozygous
mice via western blotting. The graph (B) shows quantification of Tomm20 protein level
normalized on B-actin amount. Data are the means + SEM; n = 6; *, p<0.05 versus wild

type.

We observed a similar result in primary fibroblasts generated from wild type and
homozygous mice [Figure 15 A, B]. Interestingly, performing high resolution
respirometry we also noticed a decreased respiratory capacity [Figure 15 F] in
homozygous cells compared to wild type. In mutant fibroblasts we also noticed the
accumulation of PARIS [Figure 15 C], a known Parkin substrate involved in the control
of mitochondrial biogenesis.

Indeed, PARIS is normally sent to proteasomal degradation by Parkin-dependent
ubiquitination. When Parkin is less present or non-functional, PARIS is able to
translocate into the nucleus, where it represses the transcription of PGC-1a, a master
regulator of mitochondrial biosynthesis, with consequent reduced expression of several

downstream genes that regulate mitochondria biogenesis [Figure 15 D].
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Noteworthy, PGC-1a mRNA levels are reduced in homozygous fibroblasts compared to
wild type [Figure 15 E], indicating that R274W mutation in Parkin impairs PARIS-PGC-
1a pathway of mitochondrial biogenesis.

Finally, we demonstrated that overexpression of PGC-1a is sufficient to restore

mitochondria content in mutant fibroblasts [Figure 15 G, H].
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Figure 15: Mitochondrial biogenesis through the PARIS-PGC-1a pathway is impaired
in R274W+/+ fibroblasts. (A) We analysed by western-blotting protein lysates prepared
from wild type and Parkin R274W+/+ primary fibroblasts. The graphs report Tomm20 (B)
and PARIS (C) levels expressed as optical density and normalized on 3-actin amount. Data
are expressed as means +SEM, (B) n = 15-14; (C) n = 9; *, p<0.05 versus wild type. (D)
Parkin controls PARIS degradation via the proteasome. PARIS represses the transcription
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of PGC-1a, a master regulator of mitochondrial biogenesis. Parkin LOF induces PARIS
accumulation, down-regulates PGC-1a transcription, and eventually leads to decreased
mitochondrial biogenesis. (E) We assessed PGC-1a mRNA level in wild type and Parkin
R274W+/+ primary fibroblasts by qRT-PCR. The graph represents the relative expression
of PGC-1a mRNA level, normalized on B-actin and RPL27 mRNA amount. Data are
expressed as means +SEM, n = 5-6; **, p<0.01 versus wild type.

(F) In collaboration with Dr. Irene Pichler, we assessed oxygen consumption in wild type
and homozygous primary fibroblasts by high resolution respirometry. The graph reports
routine activity (routine respiration), complex | and complex ll-dependent activity (upon
treatment with malate, glutamate, and succinate), maximal respiration (maximal uncoupled
respiration after uncoupler addition), respiration after inhibition of complex | (upon
Rotenone inhibition), residual oxygen consumption due to oxidative side reactions (after
addition of antimycin A) and difference between maximal respiration and routine respiration
(spare capacity). Data are expressed as means £SEM; n = 5; *, ** p<0.05, 0.01 versus wild

type.

(G) We transfected primary fibroblasts derived from wild type and Parkin R274W+/+ mice
with empty vector or with FLAG-PGC-1a vector. Cells were stained with anti-FLAG (red)
and anti-Tomm20 (green) antibodies and DAPI to visualize the nuclei. Scale bar = 20 pm.
The graph (H) shows that overexpression of PGC-1a increases Tomm20 levels
(transfection F(1, 47)= 45.15, p<0.0001, ****) with more efficacy on R274W+/+ fibroblasts
than WT (interaction F(1, 47)= 4.132, p=0.0478, *; Bonferroni post hoc test: WT empty
vector vs FLAG-PGC-1a p-value<0.05, and R274W+/+ empty vector vs FLAG-PGC-1a p-
value<0.0001).

2 Parkin R274W in heterozygous mice brains
To deepen our understanding on the pathological mechanism of R274W mutation in

Parkin, we profiled heterozygous mice at 6, 12, and 18 months.

2.1 Heterozygous mice display age-dependent motor impairment, DA neurons
loss and astrogliosis

In parallel to what we did for homozygous mice, we tested WT and R274W+/- mice at
6, 12, and 18 months of age for motor coordination on the rotarod at increasing
acceleration (4-32 rpm), the balance beam (12 and 6 mm), and the pole test. Our
cohorts included male and female animals in a 1:1 ratio.
We observed decreased coordination in heterozygous mice compared to age-matched
wild type on the rotarod 4-32 rpm at 12 [Figure 16 D] and 18 months [Figure 16 G], and
on the balance beam at all the time points tested [Figure 16 B, E, H]. Decreased
performance on the pole test was detected at in mutant mice at 12 months [Figure 16
F]. At 18 months, neither wild type nor heterozygous mice were able to perform on the
pole test and on the 6 mm balance beam. No differences were detected in anxiety
phenotype nor in the weight of mutant animals compared to age-matched wild type
[Supplementary Figure S3].
Altogether, our data show that R274W+/- mice display age-dependent defects in motor

coordination that mirror the phenotype of homozygous mice.
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Figure 16: R274W+/- mice show age-dependent impairment in motor coordination.
We tested male and female mice at the indicated ages. We observed defects on the
rotarod at increased acceleration at 12 (D), and 18 months (G), on the balance beam at 6
(B), 12 (E), and 18 months (H), and on the pole test at 12 months (F). Old mice were not
able to perform on the 6 mm balance beam nor on the pole test. Data are the means %
SEM; n WT = 17-23, n R274W+/- = 17-22; *, ** *** *x* 1<(0.05, 0.01, 0.001, 0.0001 vs.
wild type.

To analyse whether motor defects result from nigral neurodegeneration we evaluated
the density of dopaminergic neurons in the substantia nigra of wild type and
heterozygous mice along ageing by means of TH immunofluorescence.

The intensity of TH staining was reduced by 55%, 40%, and 49% at 6, 12, and 18

months respectively compared to age-matched wild type [Figure 17 A, B].
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Figure 17: Parkin R274W+/- mice brains exhibit TH loss. (A) Representative images of
substantia nigra pars compacta sections from 6-, 12-, and 18-month-old wild type and
heterozygous mice stained with anti-TH antibody (green) and DAPI to visualize nuclei
(blue). Scale bar = 25 um. (B) The graph reports the TH mean intensity for each age; data
are expressed as means +SEM; n 6M = 4, n 12M = 4-5, n 18M = 5; two-sided t-test was
performed comparing intra-age data vs. wild type; *, p<0.05.

Next, we noticed a significant increase in GFAP fluorescent signal in heterozygous
striatum and substantia nigra compared to wild type [Figure 18], indicating that both
neurodegeneration and astrogliosis are a consequence of Parkin R274W mutation. We
noticed increased astrogliosis also in heterozygous cortex compared to WT in all
considered ages [Supplementary Figure S4].

Altogether, our data show that heterozygous mice present an age-dependent PD-

related phenotype starting at 6 months of age.
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Figure 18: Parkin R274W+/- mice brains show astrogliosis. (A) Representative images
of striatum and SN pc sections from 6-, 12-, and 18-month-old wild type and heterozygous
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mice stained with anti-GFAP antibody (green) and DAPI (blue) to visualize nuclei. Scale bar
= 50 um. The graphs (B, C) report GFAP mean intensity in the striatum and SN pc
respectively. Data are the means £+ SEM; n 6M =7, n 12M = 7-8, n 18M = 6-8; two-sided t-
test was performed comparing intra-age data vs. wild type; *, * *** p<0.01, 0.05, 0.0001.

3 Parkin R274W exerts a gain of toxic function

Our discovery that the phenotype of homozygous and heterozygous mice is
comparable both for motor impairment, neurodegeneration and astrogliosis suggest
that the pathologic mechanism for R274W Parkin is different from a simple loss of

function.

3.1 Parkin R274W alters protein solubility through a dominant-negative
mechanism

To better define the features of mutant Parkin, we characterized the level of expression
and the solubility profile of WT and R274W Parkin in mice brains. To this aim we
evaluated the amount of protein and its solubility in 1% Triton-X100.
We observed that in homozygous brains Parkin is less expressed compared to wild
type at 6, 12, and 18 months [Figure 19 A, B]. Additionally, Parkin accumulates in the
insoluble fraction of mutant brains in all the time points analysed [Figure 19 C, D],
indicating that the aminoacidic substitution alters the solubility of the protein. The same
effect was observed in primary cortical neurons derived from wild type or homozygous
mice [Figure 20].
Interestingly, all these observations were replicated on heterozygous brain samples at
12 months compared to age-matched wild type [Figure 21], suggesting that a single
mutant allele is sufficient to alter Parkin solubility profile leading to its detergent-
resistant accumulation.
This hypothesis was confirmed by experiments performed in HEK293 cells, which
normally express relevant levels of Parkin. Overexpression of human R275W and not
of WT Parkin causes the accumulation of the protein in the insoluble fraction [Figure 22
A, B], mirroring what happens in heterozygous mice brains. The formation of R275W
Parkin aggregates was also observed in HEK293 cells by means of
immunofluorescence staining, as already showed by Cookson work in 2003 (Cookson
et al., 2003) [Supplementary Figure S5].
Given the phenotype of altered solubility observed both in homo- and heterozygous
genotypes, we wondered whether R274W mutation may act through a dominant

negative effect, thus also affecting the solubility of WT protein.
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To better understand this aspect, we overexpressed in HEK293 cells WT-myc Parkin
together with WT-flag Parkin or R275W-flag Parkin, and then compared the distribution
of WT-myc Parkin in Triton-X100 soluble and insoluble fractions.

Coherently with our hypothesis, we observed that Parkin WT-myc is more insoluble
when co-expressed with mutant Parkin [Figure 22 B, C], indicating that R275W protein
affects the biochemical characteristics of wild type Parkin.

Altogether, these results suggest that R274W mutation alters Parkin solubility both in
homo- and heterozygous condition, supporting a dominant gain of toxic function for this

aminoacidic substitution.
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Figure 19: Parkin is less expressed and more insoluble in R274W+/+ brains.
Biochemical analysis of brain specimens from 6, 12, and 18-month-old mice revealed
reduced protein level (A) and increased presence in Triton-X100 insoluble fraction of Parkin
in homozygous mice compared to wild type (C). The graphs show quantification of protein
levels normalized on B-actin (B) and protein insolubility (D) normalized on -actin and total
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Parkin level, folded on reference wild type mean. Data are the means £ SEM; n 6M = 9; n
12M =5; n 18M = 6; **, **** 1<0.01, 0.0001 vs. wild type.
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Figure 20: Parkin is less expressed and more insoluble in R274W+/+ neurons.
Biochemical analysis of cortical neurons from E18.5 mice showed reduced Parkin level (A)
and its increased insolubility in Triton-X100 fraction (C) in homozygous mice compared to
wild type. (B) The graph shows quantification of Parkin levels normalized on B-actin folded
on wild type mean. (D) The graph shows quantification of Parkin in Triton-X100 insoluble
fraction, normalized on B-actin and total Parkin level, and folded on wild type mean. Data
are the means = SEM; (A) n = 8; (C) n = 10-9; *, **, p<0.05, 0.01 vs. wild type.
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Figure 22: Parkin R275W exerts a dominant negative effect on the solubility of WT
protein in HEK293 cells. (A) We assayed the solubility profile of Parkin-flag WT and
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R275W in samples prepared from transfected HEK293 cells (WT = Parkin endogenous/wild
type; R275W = Parkin endogenous/R275W). (C) We overexpressed in HEK293 cells WT-
myc + WT-flag or WT-myc + R275W-flag Parkin and compared the solubility profile of WT-
myc protein in Triton-X100 soluble and insoluble fraction. The amount of WT-myc Parkin in
the insoluble fraction increases when it is co-expressed with R275W-flag and not WT
Parkin. (B, D) The graphs report the amount of Parkin in the Triton-X100 insoluble fraction,
normalized on B-actin and total Parkin level. Data are expressed as means +SEM; n = 8; *,
**xx p<0.05, 0.0001 versus wild type.

3.2 Signs of protein aggregation are observed in mutant mice brains

Next, we decided to examine homozygous and heterozygous mice brains for
histological hallmarks of protein aggregation. To this aim, we performed an
immunoperoxidase labelling in the brains of 18-month-old WT and mutant mice for
markers of protein aggregation such as ubiquitin and p62 (an autophagosome cargo
protein).

The midbrain of mutant mice revealed an increased number of ubiquitin and p62
positive cells and an enhanced signal intensity compared to wild type both for
homozygous [Figure 23] and heterozygous mice [Figure 24], while no differences were
observed in other brain regions [Supplementary Figure S6, S7].
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Figure 23: Midbrain of homozygous mice reveals strong immunostaining for
ubiquitin and p62, common markers of aggresomes. (A) Immunoperoxidase labelling
for ubiquitin or p62 (brown) in the midbrain of 18-month-old wild type or R274W+/+ mice.
Nuclei are seen in blue. Graphs show the number of cells that are positive to ubiquitin (B)
or p62 (D) and corresponding signal intensity (C, E). Data are the means + SEM; n = 4-3; *,
*** p<0.05, 0.001 vs. wild type.
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Figure 24: Midbrain of heterozygous mice reveals strong immunostaining for
ubiquitin and p62, common markers of aggresomes. (A) Immunoperoxidase labelling
for ubiquitin or p62 (brown) in the midbrain of 18-month-old wild type or R274W+/- mice.
Nuclei are seen in blue. Graphs show the number of cells that are positive to ubiquitin (B)
or p62 (D) and corresponding signal intensity (C, E). Data are the means + SEM; n = 4-3; *,
** p<0.05, 0.01 vs. wild type.
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3.2.1 Parkin R274W is associated with Lewy pathology in heterozygous
brains

a-synuclein phosphorylated on serine 129 (pS129 a-syn) is the most well-known and
abundant component of Lewy bodies in human PD patients.
The immunostaining with anti pS129 a-syn antibody on wild type, hetero-, and
homozygous brains of 18-month-old mice indicated an increased signal in mutant
tissue. Interestingly, in the midbrain of R274W+/- mice we detected the presence of
cellular inclusions that resemble Lewy bodies, together with a strong pS129 a-syn
immunostaining in the neurites. These observations were not replicated in R274W+/+
midbrain [Figure 25].
Such evidence suggests that heterozygous R274W Parkin mutation is associated with
Lewy pathology, resembling what is observed in human patients.
Consistently, we observed that a-synuclein is more insoluble in heterozygous brains at
12 months compared to age-matched wild type. Such an increase was not detected in
homozygous brains obtained from mice of the same age [Figure 26].
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Figure 25: Lewy body-like inclusions are observed in the midbrain of hetero- but not
homozygous mice. (A) Immunoperoxidase labelling for S129 phosphorylated a-synuclein
(pS129 a-syn) (brown) in the midbrain of 18-month-old wild type, R274W+/- or R274W+/+
mice. Nuclei are seen in blue. pS129 a-synuclein-positive inclusions are observed in the
midbrain of heterozygous brain both in cell body and neurites, and at smaller extent in the
cortex and striatum. Increased immunoreactivity is detected in the midbrain of both mutant
genotypes, (B, C), but no Lewy body-like structures are seen in homozygous animals. (A) n
= 6; (B, C) n = 4. Scale bar = 50um. Scale bar of dashed white square = 25 pm.

A  Triton-X100 soluble  Triton-X100 insoluble B 0.59 o
£
WT R274W+/- WT R274W+/- 2 044 _%
=
§- -f::. 0.3 [ =]
a-syn — — i 28 o
s500 +
-45 55
B-actin| T ———— e e e— ey 3 o414 .
g - ¢
0.0—————
WT R274W+/-
C  Triton-X100 soluble  Triton-X100 insoluble D 0.6
WT R274W+/+ WT R274W+/+ £ ¢
S ! A
a-syn i — o o — | 15 §§ 0.4 % A
w- 7 8 : _y
i -45 8= ©aa
B-aCtIn ——— = T — S _— ggoz_ 4
S
2
0.0-
WT R274W+/+

Figure 26: a-synuclein is more insoluble in heterozygous brain. (A, C) We analysed
the solubility profile of a-Synuclein in wild type, hetero- and homozygous hemispheres at 12
months through western blotting. (B, D) The graphs show levels of a-synuclein in Triton X-
100 insoluble fraction in heterozygous (B) and homozygous (D) brains normalized on B-
actin and total a-synuclein amount. Data are expressed as means +SEM; (B) n = 7-5, (D) n
= 5-10; ** p<0.01 versus wild type.
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3.3 ER stress and UPR activation are observed in mutant brains

Protein aggregation triggers ER stress and subsequent unfolded protein response
through BiP overexpression (Leitman et al., 2013; Gardner et al.,, 2013). To verify
whether Parkin R274W triggers UPR activation, we evaluated the expression of BiP, in
the brain of 12-month-old wild type, hetero-, and homozygous mice by western blotting.
We observed a significant increase in the levels of BiP expression in both mutant
genotypes compared to wild type [Figure 27 A, B], indicating the presence of ER stress
in homo- and heterozygous brains.

Coherent with this finding we also detected an increase in BiP mRNA levels in
homozygous cortex at 6, 12, and 18 months compared to age-matched wild type
[Figure 27 E].
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Figure 27: R274W Parkin triggers UPR activation. We assessed BiP amount in
hemispheres derived from WT, hetero- (A) and homozygous (B) mice at 12 months of age.
The graphs (C, D) show the levels of BiP normalized on 3-actin amount. BiP is increased in
R274W+/- (C) and R274W+/+ (D) mice compared to age-matched wild type. Data are the
means + SEM; (C) n = 7-8; (D) n = 5-6; *, **, p<0.05, 0.01 vs. wild type. (E) We evaluated
the levels of BiP mRNA in homozygous cortex at 6, 12, and 18 months via gRT-PCR. BiP
expression increases in mutant tissue in all the time points. The graph reports BiP
expression normalized on RPL27 and B-actin at 6, 12, and 18 months, folded on
corresponding wild type mean. Data are the means = SEM; n 6M =5; n 12M = 6; n 18M =
5; *, ** p<0.05, 0.01 vs. wild type.

To explore whether Parkin R275W directly causes UPR, we overexpressed either the

wild type or the mutant protein in HEK293 cells. Consistent with our hypothesis, we
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observed an increase of BiP mRNA also in this heterologous model upon acute Parkin
R275W expression [Figure 28 A].

Additionally, to further confirm the specificity of this correlation, we noticed that only
overexpression of mutant Parkin and not of NSF T645D, another protein known to
aggregate in PD (Pischedda et al., 2021), triggers the increase of BiP mRNA level
[Figure 28 B].
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Figure 28: Activation of UPR is observed for Parkin R275W and not for aggregating-
prone NSF T645D. We overexpressed (A) Parkin WT or R275W and (B) NSF WT or NSF
T645D in HEK293 cells.

(A) Parkin R275W and not WT overexpression causes the activation of UPR through
overexpression of BiP mRNA. (B) Increase in BiP mRNA expression was not observed in
HEK293 cells overexpressing aggregating prone NSF T645D, compared to wild type. The
graphs show BiP mRNA level normalized on rRNA 18S mRNA amount. Data are reported
as means +SEM; n = 6-6; ** p<0.01.

4 Alterations in AQP4 expression suggest impairment of the
glymphatic system

As the involvement of the glymphatic system in neurodegenerative diseases is
becoming more evident, we decided to explore whether glymphatic dysfunctions are
present in our novel PD mouse model.

In brain specimens gathered from 18-months old mice, we observed the presence of
GFAP-surrounded whole-shaped structures that were rarely found in wild type tissue.
Interestingly, we noticed that these structures were also positive to CD31, a marker of
endothelial cells [Figure 29 B] and AQP4 [Figure 29 C] staining. Hence, we concluded
that these structures resemble the architecture of the glymphatic system [Figure 29 A],
composed of blood vessels surrounded by astrocyte endfeet. These structures were
not only increased in number, but also showed an enlarged diameter in homo- and

heterozygous brain compared to wild type.
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Figure 29: R274W mice show alterations of the glymphatic system architecture. (A)
The cartoon indicates the principal components of the glymphatic astrocytes i.e., CD31+
blood vessels (red) and GFAP+ astrocyte endfeet (yellow) expressing high levels of
polarized AQP4 (purple). PVS is presented in light blue. Created with BioRender.com. (B)
Representative images of enlarged GFAP+(green)/CD31+(red) structures in the cortex,
striatum, and hippocampus of 18-month-old homozygous mice. (C, D) Representative
images of enlarged AQP4+(green)/GFAP+(red) structures in the cortex, striatum, and
hippocampus of 18-month-old WT and heterozygous mice. Scale bar = 25 um. The graphs
show number (E) and maximum diameter (F) of such structures. Data are expressed as
means +SEM, n = 3-4; *, ** ** np<0.05, 0.01, 0.001 versus wild type; #, p<0.05 R274W+/-
versus R274\W+/+.

AQP4 is a fundamental component of the glymphatic system. Accordingly, glymphatic
dysfunctions are also characterized by the redistribution of AQP4 from endfeet to the
astrocyte body (Kress et al., 2014). Strikingly, we noticed that in brain tissue from18-

month-old homozygous mice AQP4 immunofluorescent signal was diffused into the
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brain parenchyma, while in tissue from wild type mice of the same age it remained
mostly confined to the perivascular space [Figure 30 A].

Glymphatic alterations are characterized by changes not only in the distribution of
AQP4, but also in its expression levels. To verify this aspect, we analysed brain tissue
derived from 6- and 18-month-old wild type and R274W+/+ mice. We observed that
AQP4 levels are reduced in homozygous mice at 6 months compared to age-matched

wild type, while the trend is inverted at 18 months [Figure 30 B, C].
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Figure 30: AQP4 expression is altered in homozygous mice brains. AQP4
mislocalization from astrocyte endfeet correlates with glymphatic dysfunctions. (A) We
observed a diffuse AQP4 immunofluorescent signal in R274W+/+ brain tissue compared to
wild type at 18 months of age. Correct perivascular localization is shown by red arrowhead,
while red asterisk indicates mislocalization into the cell body. Scale bar = 25 um. (B) We
analysed by western blotting brain tissue from 6- and 18-month-old wild type and
homozygous mice. We observed that AQP4 protein level is reduced compared to age-
matched wild type at 6 months, while an increase is observed at 18 months. (C) The graph
shows amount of AQP4 protein normalized on B-actin levels. Data are expressed as means
+SEM; n 6M = 4; n 18M = 5; two-sided t-test was performed comparing intra-age data vs.
wild type; *, **, p<0.05, 0.01.
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To better understand the link between Parkin and AQP4 expression, we overexpressed
M23 AQP4-V5 in HEK293 cells together with wild type or R275W Parkin. Noteworthy,
we observed that co-expression with WT but not with R275W Parkin correlates with a
significant increase of AQP4 M23 protein levels [Figure 31 A, B].

AQP4 sub-cellular distribution is controlled by a complex code of post-translational
modifications (PTMs), including phosphorylation and ubiquitination (Hsu et al., 2015;
Vandebroek et al., 2020). For this reason, we investigated whether Parkin might
influence AQP4 cellular localization. To this aim, we overexpressed in HEK293 cells
M23 AQP4-V5 and WT or R275W Parkin and observed protein distribution by means of
immunofluorescent assays. Interestingly, we observed that wild type but not R275W
Parkin favours AQP4 membrane localization [Figure 31 C].

Strikingly, similar findings were obtained from astrocytes derived from WT and
R274W+/+ mice. Indeed, endogenous AQP4 mostly decorates the periphery and the
membrane of wild type astrocytes, whereas it aggregates in cytoplasmic puncta in
homozygous cells [Figure 31 D].

Altogether, our data indicate that Parkin is important for the correct expression and
organization of AQP4 in the architecture of the glymphatic system, that is instead

altered in the presence of R274W substitution.
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Figure 31: Parkin influences AQP4 expression and distribution. (A) Western blot
analysis revealed that M23 AQP4-V5 levels increase when WT but not R275W Parkin is
co-expressed in HEK293 cells. The graph (B) shows the level of M23 AQP4-V5 normalized
on B-actin. Data are expressed as means +SEM; n = 7; **** p<0.0001 versus empty vector;
####, p<0.0001 R275W versus WT. (C) The co-expression of Parkin WT but not R275W
(red) influences the localization of M23 AQP4-V5 (green) in HEK293 cells. Nuclei are
visualized in blue. Scale bar = 20 um (D) AQP4 localization is different in primary
astrocytes derived from wild type and R274W+/+ mice. AQP4 is visualized in green, Rab10
decorating the endomembrane system is shown in red, nuclei in blue. Scale bar = 20 um.
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5 The impact of Parkin R274W on the skeletal muscle

The finding that R275W Drosophila model shows impairment in motor abilities linked to
muscular strength (Wang et al., 2007) prompted us to verify whether skeletal muscle
physiology may be affected in our mouse model as well. First, we detected by
biochemical means a reduction in Parkin levels in 12-month-old homozygous tibialis
anterior (TA) muscle compared to age-matched wild type [Figure 32], indicating that
reduction in Parkin is not confined to the central nervous system but is also seen in the

periphery.
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Figure 32: Parkin is decreased in homozygous skeletal muscle. (A) Parkin levels are
reduced in 12-month-old homozygous mice compared to wild type in tibialis anteriore (TA).
(B) The graph shows Parkin amount normalized on B-actin. Data are expressed as means
+SEM; n = 5-6; **, p<0.01 versus wild type.

5.1 Decreased muscular strength is observed in R274W mice
To analyse the phenotype of muscular fatigue we tested wild type, homo- and
heterozygous mice at 6, 12, and 18 months on the rotarod at fixed acceleration (12
rpm), on the hanging wire and by the anterior limbs grip strength.
We observed a decreased muscular performance in homozygous mice at 12 months in
the rotarod at fixed acceleration [Figure 33 D]. At 18 months, R274W+/+ mice
performed poorly in all the tests performed [Figure 33 G, H, I].
In heterozygous mice, we observed a worse performance on the rotarod at fixed
acceleration at 6, 12, and 18 months [Figure 34 A, D, G] and on the hanging wire at 12
and 18 months [Figure 34 E, H] compared to age-matched wild type.
Altogether, these data show that both R274W+/+ and R274W+/- mice display an age-

dependent strength impairment starting at 12 months of age.
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Figure 33: R274W+/+ mice show age-dependent impairment in muscular strength.
We tested male and female mice at the indicated ages. We observed defects on the
rotarod at fixed acceleration at 12 (D) and 18 months (G), and in the hanging wire and
anterior limbs grip strength at 18 months (H, 1). Data are the means + SEM; n WT = 13-24,
N R274W+/+ = 13-22; *, ** *xx *ixk n<(.05, 0.01, 0.001, 0.0001 vs. wild type.
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Figure 34: R274W+/- mice show age-dependent impairment in muscular strength. We
tested male and female mice at the indicated ages. We observed defects on the rotarod at
fixed acceleration at 6 (A), 12 (D), and 18 months (G), and in the hanging wire at 12 (E),
and 18 months (H). Data are the means £ SEM; n WT = 10-26, n R274W+/- = 13-18; *, ***,

*% p<0.05, 0.001, 0.0001 vs. wild type.

5.2 Homozygous mice display alterations in the skeletal muscle

Having observed a phenotype of reduced muscular strength in mutant mice, we

analysed skeletal muscle histology.

We focused our analysis on homozygous mice at 12 and 18 months, when muscular

performance is overtly impaired. Histological experiments were conducted on soleus

muscle, as it contains predominantly type | slow twitch fibres (Carroll et al., 2012),

which are the most involved in efforts of long duration.
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Haematoxylin and eosin staining on transversal sections of the soleus muscle revealed
a 20% and 26% decrease in the fibres cross-sectional area (CSA) of mutant mice
compared to wild type respectively at 12 and 18 months [Figure 35 A, B], with an
increase in the interstitial tissue that surrounds the muscle units [Figure 35 C]. These
findings suggest that homozygous mice present a degeneration in the skeletal muscle
already at 12 months of age. The same phenotype was observed on heterozygous

tissue derived from 12-month-old mice [Supplementary Figure S8J.
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Figure 35: R274W mutation alters muscle tissue structure and organization in
homozygous mice. (A) Representative images of haematoxylin and eosin staining on 14
transversal sections of soleus muscle of 18-month-old wild type and homozygous mice.
Decrease in muscle fibres size quantified as cross-sectional area (CSA) and increase in
interstitial tissue are observed in homozygous tissue compared to wild type (B, C). Data are
expressed as means +SEM; n 12M = 12-13, n 18M = 4-3; two-sided t-test was performed
comparing intra-age data vs. wild type, *, **, p<0.05, 0.01.
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5.3 Homozygous muscle cells show alterations in the mitochondria, impaired
fusion ability and reduced proliferation

At this point, we wanted to understand whether reduced strength and defects in muscle
structure may follow mitochondrial impairment. To this aim we derived myoblasts from
wild type and homozygous mice. Myoblasts are precursors of muscle cells that
differentiate in vitro into myocytes which can fuse together to form multinucleated
myotubes. Myotubes are terminally differentiated cells useful to study the
characteristics of muscle fibres in vitro (Guo et al., 2020).
Transmitted electron microscopy (TEM) analysis of R274W+/+ myotubes revealed
strong alterations in mitochondria, which appeared enlarged, vacuolated, with
membrane and cristae degeneration compared to wild type [Figure 36 A]. Similarly to
what we observed in neurons and fibroblasts, we also detected a reduction of Parkin
level [Figure 32 B, D] and of mitochondrial mass in mutant myotubes compared to wild
type, both using western blotting and gRT-PCR [Figure 36 C, E, F].
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Figure 36: R274W+/+ myotubes show mitochondria defects. (A) Representative images
of TEM analysis on wild type and homozygous myotubes. Scale bar = 2. In collaboration
with Dr. Michael Hess. (B) We analysed wild type and R274W+/+ myotubes for Parkin
content via western blot. The graph (D) shows Parkin level normalized on B-actin. Data are
expressed as means +SEM; n = 5; ** p<0.01 versus wild type.

(D) Biochemical analysis using Tomm20 antibody revealed a decrease in mitochondrial
mass in homozygous myotubes compared to wild type. The graph (E) shows Tomm20
levels normalized on B-actin. Data are shown as means +SEM; n = 4; ** p<0.01 versus
wild type. (F) COX2 mRNA level is decreased in homozygous myotubes. The graph shows
COX2 mRNA normalized on RPL27. Data are shown as means +SEM; n = 4; *, p<0.05 vs
WT.

Myoblasts differentiation and fusion processes strongly rely on ATP levels (O’Connor et
al., 2008). Interestingly, myoblasts derived from homozygous mice showed a strong
decrease in their fusion ability compared to wild type ones [Figure 37 A, B].
Additionally, myotubes generated from the fusion of homozygous myoblasts displayed
a 25% reduction in their diameter compared to wild type [Figure 37 A, C], suggesting
that R274W substitution in Parkin leads to altered formation of muscle fibres.

In addition, we observed that PARIS protein accumulates in R274W+/+ myotubes
compared to wild type [Figure 37 D, E], while mRNA levels of PGC-1a and TFAM
[Figure 37 F, G] are reduced, indicating that R274W mutation in Parkin impairs PARIS-
PGC-1a pathway of mitochondria biogenesis not only in the CNS but also in the
peripheral skeletal muscle.

Interestingly, it was observed by Bae group that the accumulation of PARIS in
myoblasts causes their reduced proliferation, leading to cell senescence (Bae et al.,
2020). Indeed, EdU analysis of myoblasts derived from wild type and homozygous
mice showed that mutant cells are less proliferative, remaining mostly blocked in
G1/G0 phase [Figure 38].

Altogether, our data imply that Parkin R274W-dependent disruption of PARIS-PGC-1a

pathway impairs different features of muscle development.
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Figure 37: R274W Parkin impairs myotubes formation, as well as mitochondria
biogenesis. (A) We differentiated myoblasts from wild type and R274W+/+ mice for 72
hours. Myogenic differentiation was evaluated by the expression of myosin heavy chain
using Pan-MyHC antibodies (green). Nuclei are visualized by DAPI in blue. Scale bar =
100u. Fusion index (B) was calculated as the number of multinucleated cells folded over
total number of myosin-expressing differentiated cells (green). (C) The graphs show
maximum diameter of wild type and homozygous myotubes, calculated with FIJI. For
graphs (B, C) each point represents the mean of three technical replicates of a single cell
line derived from a different mouse. Data are expressed as means +SEM, n = 3; *, ***,
p<0.05, 0.01, versus wild type.

PARIS-PGC-1a pathway is impaired in homozygous myotubes. (D) We selected a single
line of wild type and homozygous myoblasts. After differentiation into myotubes for 72
hours we processed samples for biochemical characterization. (E) The graph shows PARIS
levels in wild type and R274W+/+ myotubes normalized on B-actin. Data are represented
as means +SEM, n = 4; *, p<0.05 versus wild type. (F, G) The graphs show mRNA levels of
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PGC-1a and TFAM normalized on RPL27 mRNA. Results are reported as means £SEM, n
= 4; * *** n<0.05, 0.0001, versus wild type.
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Figure 38: Parkin R274W+/+ myoblasts proliferate less than wild type ones. We
analysed proliferative behaviour of wild type and homozygous myoblasts by means of a
EdU assay. Only proliferative cells (G2, S phase) are able to incorporate fluorescently
labelled EdU. Phospho-histone H3 (PH3) was used to specifically stain cells undergoing
mitosis (M). DNA content (DAPI) was used to normalize the levels of fluorescent markers.
Single cell analysis was performed in collaboration with HTS facility at CIBIO. (A) Each
point of the graph represents a single cell and the relative position on x- (DNA content) and
y-axis (LogEdU) was used to distinguish between different cell cycle phases. (B) The graph
shows percentage of cells in G1/G0, G2, and M phase. Each point represents the mean
values of all the single cells for each well analysed. Data are expressed as means +SEM, n
= 3; **, *** p<0.01, 0.001, versus wild type.
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DISCUSSION

1 Parkin R274W mouse is a robust model of PD, combining LOF and
GOF effects
One of the most relevant setbacks in the study of PD pathogenesis and drug testing is
the absence of animal models displaying the features typical of the disorder. Indeed,
PD animal models should present late-onset, age-dependent, and progressive
degeneration of DA neurons leading to motor symptoms responsive to L-DOPA
treatment (McGonigle et al., 2013). Another key aspect would be the presence of Lewy
pathology, even though PD cases without LBs have also been reported. Animal models
should also be predictive of human response to drugs. However, to date no single
animal model was able to show all the mentioned features (Jagmag et al., 2016).
Due to the easy possibility of genetic manipulation via transgene expression, knock-in
and knock-out approaches, the rodent has become the mainly used system to model
neurodegenerative diseases. However, despite different types of approaches in gene
manipulation and different candidate genes, none of the current transgenic mouse lines
can serve as a good model for PD (Dawson et al., 2012; Barker et al., 2020). Indeed,
both a-synuclein and LRRK2 mice models fail to recapitulate DA neurodegeneration,
despite showing some signs of alterations in the nigro-striatal system, presence of
Lewy pathology only in rare cases, and minimal levels of motor impairment (Chesselet,
2007; Chesselet et al., 2008). Intoxication models of PD like non-human MPTP primate
and 6-OHDA rodents are currently the most used for symptomatic drug testing, as they
seem to be predictive enough of human response, even though they do not replicate
the neurodegenerative nature of the disorder (Fox et al., 2010).
Among Parkin genetic models, Parkin KO mice display only slight defects in the
balance beam at 18+ months (Goldberg et al., 2003), but these results could not be
replicated (Perez et al., 2005). Subtle alterations of coordination were also observed in
the Q311X Parkin mouse model (Lu et al., 2009).
Strikingly, motor tests on our R274W Parkin model revealed that coordination is
impaired both in homo- and heterozygous mice starting from 6 months of age, with the
strongest defects observed at 18 months, indicating that motor deficits are overt and
progressive in our transgenic line. Motor performance was analysed both on male and
female mice, but no significant sex-related variations were reported.
No differences were detected in the anxiety phenotype nor in the weight of mutant
animals compared to age-matched wild type, suggesting that the alterations observed

are strictly confined to the motor area.
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Decreased coordination is classified as one of the major motor symptoms for the
diagnosis of PD and has been put in relation to the death of dopaminergic neurons in
the SN pc. Accordingly, our ex vivo characterization of mouse midbrain tissue showed
that dopaminergic neurons are lost and TH expression is reduced at 6, 12 and 18
months both in homo- and heterozygous mice compared to wild type. A stereological
count in heterozygous tissue is still needed to confirm this result. However, this finding
is important because age-dependent TH loss was never observed before in Parkin-null
mice (Goldberg et al., 2003), and a reduction of dopaminergic neurons was only
reported in the Q311X Parkin mouse at 16 months (Lu et al., 2009; Regoni et al.,
2021).

Moreover, we observed that loss of dopaminergic neurons is accompanied by
increased astrogliosis in the mutant striatum and cortex at all time points, while the
increase of astrocytes in the substantia nigra was more heterogeneous.
Complementary assays are still necessary to validate these data. Finally, whether the
increase in astrocytes represents a cause or is just a consequence of
neurodegeneration is still to be addressed. Nevertheless, these results suggest that
diffuse neuroinflammation is an early histological marker of both hetero- and
homozygous brains.

Altogether, these data show that the R274W Parkin mouse line we generated is among
the few genetic models which show age-dependent coordination impairments,
degeneration of dopaminergic neurons and astrogliosis, making it relevant not only for

further investigation into PD pathogenesis but also for testing therapeutic drugs.

Parkin R274W behaves as a LOF mutant on the mitochondria

Defects in mitochondria structure and functionality have been deeply connected with
the pathogenesis of PD, especially since the discovery of PD-linked mutations in
PINK1 and Parkin, which coordinate the removal of damaged mitochondria through
mitophagy. Several studies have shown that loss of PINK1 or Parkin in different cell
types including DA neurons leads to defects in mitophagy and increased cell death
(Cummins et al., 2018). These findings generated the idea that impaired mitophagy
may account for neurodegeneration in PD.

However, despite much evidence coming from in vitro studies, there is little indication
that PINK1 and Parkin actually mediate mitophagy in vivo. Additionally, it has been
severely debated whether degeneration of dopaminergic neurons could be caused by
defective mitophagy (Whitworth et al., 2017).

Anyhow, defects in mitochondria structure and decreased respiratory capacity are often

observed in brain specimens derived from PD patients and animal models of disease,
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indicating that alterations in these organelles play a role in PD pathogenesis.
Interestingly, Parkin substrate PARIS was observed to accumulate in the brain of
sporadic PD patients (Shin et al., 2011). PARIS accumulation leads to the
downregulation of PGC-1a, a key regulator of mitochondrial biogenesis. The PARIS-
PGC-1a pathway is controlled by the activity of Parkin, which is responsible for PARIS
proteasomal degradation and subsequent increased PGC-1a expression. Accordingly,
Parkin-null mice show PARIS accumulation in brain tissue, a diminished number of
mitochondria and degeneration of dopaminergic neurons (Lee et al., 2017; Siddiqui et
al., 2015), leading to the hypothesis that decreased mitochondria biogenesis may be
involved in the neurodegeneration process.

To gain insight into the mechanisms of R274W substitution in Parkin, we decided to
explore its effect on the PARIS-PGC-1a pathway of mitochondrial biogenesis.
Remarkably, we observed a net reduction in mitochondrial mass by western blot
analysis in DIV14 cortical neurons derived from homozygous mice. Similar results were
obtained in mutant fibroblasts, which showed a decrease in mitochondria quantity and
defects in the PARIS-PGC-1a pathway, with an increase in PARIS protein level and a
decrease in PGC-1a mRNA. Interestingly, PGC-1a overexpression was able to restore
mitochondria levels in Parkin R274W+/+ fibroblasts, suggesting that this could be a
good therapeutic strategy to deal with mitochondria defects.

This result is coherent with recent work published by Kumar group, in which they
observed that PARIS knockdown in Parkin-null human DA neurons was enough to
restore mitochondrial function, and this could not be obtained by solely rescuing the
mitophagy pathway (Kumar et al., 2020). Despite experiments addressing the role of
mitophagy in our mouse model have yet to be performed, these data suggest that
Parkin R274W mutation behaves as a LOF on the PARIS-PGC-1a axis, leading to
decreased mitochondria biogenesis in neurons and fibroblasts.

As several pieces of evidence indicate that PGC-1a reduction is deeply involved in PD
pathogenesis, the modulation of its expression has been proposed as a possible
therapeutic strategy in the early phase of the disease. However, it should be noted that
the neuroprotective effect of PGC-1a in the SN is controversial. Indeed, some works
showed that the transgenic expression of PGC-1a exerts a protective effect on
dopaminergic neurons in the MPTP mouse model of PD (Schintu et al., 2009; Carta et
al., 2011; Mudo et al., 2012), while other groups observed that PGC-1a overexpression
in the acute MPTP rat model sensitized dopaminergic neurons to MPTP toxicity (Clark
et al., 2012), and the same strategy was proven ineffective in the 6-OHDA rat model of
PD (Laloux et al., 2012).
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Finally, we also observed that homozygous fibroblasts displayed a reduced
mitochondria functionality at different levels of the respiratory chain, indicating that
Parkin R274W not only impairs mitochondria biogenesis through the PARIS-PGC-1a

axis, but also their functionality.

Parkin R274W behaves as a dominant GOF mutant in the CNS

The observation that heterozygous mice display a phenotype that mirrors the one of
homozygous animals both at the motor and the histological level supports the idea that
R274W Parkin is not a simple LOF mutant.

Coherent with this hypothesis we observed that total Parkin levels are reduced in a
similar manner in homozygous and heterozygous brain tissue at 6, 12, and 18 months
of age. It was reported in literature that R275W substitution destabilizes Parkin
structure leading to its degradation (Yi et al., 2019), but the comparable reduction of
protein level in both genotypes suggests that wild type protein is affected as well.

Given that mutant Parkin forms aggresomes in vitro (Cookson et al., 2003), and that
half of the patients with R275W Parkin-PD displays Lewy pathology (Madsen et al.,
2021), we decided to deepen our knowledge of protein aggregation in our mouse
model. Unluckily, we were not able to verify whether Parkin forms proper aggregates in
the brain of hetero- and homozygous mice, because of the absence of commercially
available KO-validated antibodies for specific immunodetection of Parkin/Parkin
mutants. However, we plan to perform immunostaining experiments using recently
released antibodies by BioLegend® which produced promising results in the midbrain
of mice and human PD patients (Tokarew et al., 2021).

In this work, we analysed signs of Parkin altered solubility by western blotting.
Noteworthy, we found that Parkin accumulates in Triton-X100 insoluble fraction both in
R274W+/+ and R274W+/- mouse lines. These observations suggest not only that
R274W substitution alters Parkin structure and folding, but also that mutant Parkin
affects the wild type protein. Therefore, our data suggest that Parkin R274W acts as a
dominant-negative mutation on the protein solubility.

To better understand the effect of R274W substitution on protein aggregation, we
analysed the distribution of other proteins known to accumulate and decorate
aggresomes in the brains of PD patients, such as ubiquitin and p62 (Liu et al., 2016).
For the moment, we have focused our analysis on tissue derived from 18-month-old
animals, as aged mice should present a phenotype that is closer to the clinical situation
of symptomatic PD patients. In the future, we intend to repeat our analysis also on

tissues gathered from 6- and 12-month-old mice.
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We observed that ubiquitin and p62 staining is more pronounced in the midbrain of
transgenic homo- and heterozygous mice compared to WT. Intriguingly, no difference
between genotypes was observed in other brain areas analysed, suggesting that
protein aggregation may happen primarily in the midbrain and SN, similarly to what is
observed in sporadic PD patients. Protein aggregation points towards a gain of toxic
function for R274W Parkin mutant.

a-synuclein phosphorylated on serine 129 was identified as the main component of
LBs in human patients (Samuel et al., 2015). Strikingly, we noticed an accumulation of
a-synuclein pS129 in the midbrain of 18-month-old heterozygous mice, both in cell
bodies and neurites, replicating Lewy pathology that is observed in most sporadic PD
patients. This finding was remarkable, as none of the genetic PARK2 knock-out models
exhibits LBs (Goldberg et al., 2003; ltier et al., 2003), which are only observed in
mouse models of a-synuclein mutation/overexpression (Masliah et al., 2000; Giasson
et al., 2003) and in the Q311X Parkin mouse (Lu et al., 2009).

In line with Parkin-deficient mouse models, homozygous mice do not show a-synuclein
pS129 aggregates in the midbrain at 18 months of age. This observation is coherent
with literature data showing that correct lysine 63-linked poly-ubiquitination by Parkin is
required for the sequestration of misfolded proteins into aggresomes and their
subsequent elimination through degradation pathways (Olzmann et al., 2007; Chin et
al., 2010). The complete absence of wild type protein could thus impair this
mechanism. Biochemical analysis of a-synuclein solubility supports this idea, as
increased insolubility was observed only in heterozygous and not in homozygous
brains. However, additional experiments are needed to validate these data.

Taken together, biochemical and histological findings indicate that R274W Parkin
mutation triggers protein aggregation and could thus be classified as a GOF
substitution.

Protein aggregates can activate the UPR, an elaborate pathway which turns on to
defend the cell from stress. BiP, one of the best-characterized chaperons of the UPR,
is indeed increased in homo- and heterozygous brains at 12 months, and augmented
BiP mRNA expression was observed in homozygous cortexes already at 6 months of
age, suggesting that protein stress is an early factor in PD pathogenesis.

In vitro characterization of R275W mutant brings support to the hypothesis that protein
stress is generated through a dominant GOF mechanism. Indeed, once overexpressed
in HEK293 cells, R275W protein forms aggregates that colocalize with ubiquitin.
Additionally, cells that overexpress mutant but not WT protein show enhanced BiP
MRNA expression. Interestingly, increased BiP was observed only after overexpression
of R275W Parkin, and not of NSF T645D, a PD-linked protein prone to aggregation
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(Pischedda et al., 2021), suggesting that UPR activation is selectively linked to specific
types of aggregates.

Finally, coherent with the idea of a dominant-negative mechanism, overexpression of
Parkin R275W mutant in HEK293 cells increased the insolubility of wild type protein,
suggesting that mutant Parkin may bind and sequester wild type form. This result is in
agreement with the work of Wang group, which observed that R275W overexpression
in Parkin-null Drosophila aggravates motor impairment even if it does not accelerate
neurodegeneration, suggesting that mutant protein may affect the functionality of
surviving neurons (Wang et al., 2007).

Altogether, these data imply that the effect of Parkin R275W mutation is more complex
than the one derived from a simple loss of Parkin activity. A mechanism of dominant
gain of toxic function for R275W substitution offers an explanation not only for the
phenotype observed in our heterozygous mice but also in heterozygous and compound
heterozygous PD patients.

Additionally, a gain of toxic function for the mutation explains why we observe overt
phenotype of motor impairment, neurodegeneration and neuroinflammation in our
transgenic mice, while almost no PD-linked hallmarks are observed in Parkin-null
mouse models (Perez et al., 2005). Moreover, Parkin deficient mice may benefit from
compensatory mechanisms (He et al.,, 2018), which may not be put in place if the
protein function is not completely ablated.

It is of particular interest to notice that the only other mouse model that displays some
degree of motor deficits, mitochondria abnormalities, dopaminergic loss and a-
synuclein aggregation is the Q311X Parkin mouse (Lu et al., 2009; Regoni et al.,
2021), in which mutant Parkin is introduced as a bacterial artificial chromosome (BAC)
thus replicating heterozygous condition. Q311X and R275W substitutions both impair
the RING1 domain of Parkin and behave as dominant GOF mutations in mice and
Drosophila models, suggesting that the RING1 domain is critical for the correct
functionality of the protein and its mutation can be related to Parkin-linked dominant

toxicity.

2 Parkin R274W impairs the architecture of the glymphatic system,
which may serve for the clearance of phosphorylated a-synuclein

In the last decade, many neurodegenerative disorders have been put in relation by the

presence of protein aggregates in the brain tissue. For this reason, the proposal of the

glymphatic system as the main brain clearance route is particularly appealing in this

field.
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Alterations in the glymphatic system have especially been linked to Alzheimer’'s
disease, with the observation that human patients’ brains display enlarged perivascular
spaces compared to healthy individuals [Supplementary Figure S9].

Strikingly, we observed that our mouse model shows similar alterations, with the
presence of enlarged CD31+/GFAP+/AQP4+ structures especially localized in the
cortex and striatum of homo- and heterozygous mice at 18 months of age. A clear
distinction of the space between the blood vessel and the astrocyte endfeet was not
possible in our working condition, as perfusion and paraformaldehyde fixation eliminate
blood pressure causing the collapse of the PVS. For this reason, we talk about a
general enlargement of the glymphatic structures in mutant tissue, which should bona
fide reflect what happens in the perivascular space. However, in vivo studies using MRI
approach with fluorescent brain tracers will be needed in the future to assess the
functioning of the system in our mouse model.

The loss of AQP4 endfeet localization is another key feature of glymphatic dysfunction
that was observed in different mouse models of AD, ageing, and brain injury.
Accordingly, we noticed that in Parkin R274W+/+ brain tissue the immunofluorescent
signal of AQP4 is more dispersed and less localized around vessels compared to wild
type, suggesting that R274W substitution is linked to the mislocalization of AQP4.

This observation led to the idea that Parkin activity is necessary for the correct
expression and localization of AQP4 in the membrane of the astrocytes. Coherent with
this hypothesis, we observed that AQP4 is not correctly localized in homozygous
astrocytes compared to wild type.

Such findings are supported by in vitro experiments on HEK293 cells, in which we
noticed that AQP4 is located to the membrane when wild type Parkin is overexpressed,
while such localization is lost when R275W Parkin is present. To date, our experiments
have been performed using M23 isoform of AQP4, but they need to be replicated both
using M1 isoform and M1:M23 combination.

Recent evidence from proteomic studies proposes AQP3, another member of the
aquaporins family, as a putative Parkin substrate (Zittlau et al., 2022). AQP3 and AQP4
share a common peptide, KKGKDQS, harbouring the putative ubiquitin acceptor site
(in bold). It is thus intriguing to speculate that Parkin could ubiquitinate AQP4 and
promote its correct membrane insertion.

However, Parkin could also act indirectly by ubiquitinating other proteins involved in the
control of AQP4 trafficking. For example, a-syntrophin is part of the protein complex
that is needed to maintain AQP4 proper position in the membrane. Interestingly, a-
syntrophin present a PDZ (PSD-95/Discs-large/Zona Occludens-1) domain which was

proven necessary for the correct sarcolemmal insertion of AQP4 (Adams et al., 2001).
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Literature data have shown that PDZ element is present in several Parkin substrates,
and that monoubiquitination at this level is not connected with proteasomal degradation
(Joch et al., 2007), suggesting that PDZ ubiquitination is linked with the regulation of
substrate function.

At the moment, preliminary data produced in our laboratory by in vitro ubiquitination
seem to exclude a direct interaction between Parkin and AQP4 (data not shown), but a
deeper analysis is needed to confirm this hypothesis. However, whether it occurs
directly or indirectly, it is fascinating to think that incorrect ubiquitination by Parkin
mutants may alter AQP4 localization and expression, possibly hampering glymphatic
system functionality.

This idea is coherent with the observation that AQP4 levels are increased in the
presence of wild type and not R275W Parkin in HEK293 cells. A reduction in AQP4
levels is also observed in homozygous mice brains at 6 months of age, suggesting that
R274W substitution may behave as a loss of function in this context. The increased
AQP4 signal that we observed in the brains of 18-month-old R274W+/+ mice may be
the result of a compensatory mechanism that leads to augmented non-polarized
expression of the protein, a condition that was also seen in aged brains, during brain
inflammation but also in neurodegenerative disorders like Alzheimer’s disease (Simon
et al. 2022; Salman et al., 2022).

The correlation between glymphatic system dysfunctions and AD is becoming clearer
and clearer, as it turned out to be evident that this route is important for the removal of
B amyloids and that it is often altered in the brains of humans and animal models of
disease. Whether this could be applied also to Parkinson’s disease is appealing but still
under discussion. Undoubtedly, PD and AD present many similarities, among which we
can list neurodegeneration, inflammation, cognitive deficits, prodromal sleep
disturbances and protein aggregation.

An important step to validate the link between glymphatic dysfunctions and Parkinson’s
disease pathology would be to show that this route is implied in the clearance of
phosphorylated a-synuclein, the major component of Lewy bodies. Interestingly, we
produced some preliminary data that show how pS129 a-synuclein signal decorates
the glymphatic structures in our mouse model at 18 months of age. Remarkably, we
observed that in the midbrain of the heterozygous mice, the only genotype in which we
detected proper a-synuclein aggregates, cells positive to pS129 a-synuclein
accumulate in close proximity to the enlarged glymphatic structures [Supplementary
Figure S10], suggesting that glymphatic system may actually play a role in the
elimination of a-synuclein aggresomes in PD. However, many other experiments are

needed to confirm this data. Additionally, it is still not clear whether alterations in the
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glymphatic system architecture can be considered as a part of the pathological
cascade or a simple consequence of the disease progression. It is interesting however
to speculate that our mouse line displays such an overt Parkinsonian phenotype
because it combines Parkin LOF and GOF, which may be exacerbated by impairments
in the glymphatic system route of brain waste removal.

Interestingly, the activity of the glymphatic system clearance pathway can clarify why
protein aggregation observed in homo- and heterozygous brains was restricted to the
midbrain region, while neuroinflammation, protein stress and UPR are observed also in
other brain areas. Indeed, according to Braak theory, extracellular waste products can
spread throughout the brain and outside the CNS (and vice versa) with a specific
pattern in time and space (Rietdijk et al., 2017). It is possible that such distribution may
follow the route of the glymphatic system inside the CNS and of the lymphatic system
in the periphery. In accordance with this, dysfunctions of AQP4 polarization in the brain
of human AD patients have been proven to be predictive of both amyloid B deposition
levels and Braak staging (Zeppenfeld et al., 2017). However, these are just preliminary
findings that need to be further validated both in humans and animal models of AD and
other neurodegenerative disorders.

In any case, a link between PD and dysfunction of the glymphatic system may offer a
novel strategy to improve the removal of brain aggregates.

In conclusion, our mouse model might represent an important tool to model glymphatic

system alterations linked to PD, a potential new target for PD pharmacology.

3 Parkin R274W impairs the skeletal muscle at different levels by
disrupting the PARIS-PGC-1a pathway of mitochondrial biogenesis

PD in humans is also characterized by motor symptoms that are not strictly correlated
with dopamine depletion in the extrapyramidal system. For example, bilateral muscle
weakness and fatigue are often present in PD patients with unilateral parkinsonism
(Cano-de-la-Cuerda et al., 2010). It is still not clear whether impairments in the muscle
are caused by central deficits due to lack of dopamine (Frazzitta et al., 2015), incorrect
muscular stimulation and stiffness, or other peripheral causes secondarily linked to PD
like ATP depletion, mitochondrial degeneration, and inflammation (Kosti¢ et al., 2016).
It is important to recognize the causes of muscular deficits in order to select the best
treatments and ameliorate PD patients’ quality of life.

Parkin R274W homozygous and heterozygous mice display defects in muscular
strength and increased fatigue compared to wild type starting from 12 months of age.
Accordingly, our ex vivo analysis of muscle tissue revealed alterations in the structure

and organization of the fibres, with decreased diameter and enlargement of interstitial
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tissue, similarly to R275W Drosophila. Alterations in muscle functionality were recently
observed also in the 6-OHDA rat model of PD (Albarracin et al., 2022), while they were
never investigated in mice. Although histological data on muscle tissues need to be
expanded, these findings suggest that R274W Parkin correlates with muscle issues in
12- and 18-month-old hetero- and homozygous mice.

In 2007 Wang group demonstrated that both Parkin-null and R275W Drosophila
displayed mitochondrial alterations in the indirect flight muscles. Coherent with these
observations, TEM analysis of myotubes derived from our R274W+/+ mice showed
seriously damaged mitochondria. Additionally, muscle cells derived from R274W+/+
mice also displayed alterations in their ability to replicate and fuse, processes that
deeply rely on the correct functionality of the mitochondrial respiratory chain.
Considering that histological analysis on muscle tissue offered similar results for both
mutant genotypes, we expect that experiments on R274W+/- myotubes will reveal
comparable defects.

To obtain insight into the mechanisms that link Parkin R274W substitution, impaired
mitochondria, and defects in muscle tissue we again explored the PARIS-PGC-1a
pathway of mitochondrial biogenesis, which is activated by Parkin (Shin et al., 2011).
Interestingly, we observed that this pathway is impaired in presence of R274W
mutation not only in homozygous neurons and fibroblasts, but also in the skeletal
muscle. Indeed, we noticed that PARIS accumulates in homozygous muscle cells.
PARIS accumulation has been put in relation to ROS production that may damage
mitochondria and at the same time reduce cell proliferation (Bae et al., 2020). On the
other hand, the downregulation of PGC-1a and its downstream target genes may lead
to the reduction in mitochondrial mass that we observed in homozygous myotubes both
by gRT-PCR and biochemical assays.

Altogether, these data show that Parkin R274W causes different alterations in the
mitochondria which mirror the ones observed in the CNS and in mutant fibroblasts.
This indicates that the correct functionality of Parkin is important for mitochondrial
biogenesis and tissue functionality not only in the CNS but also in the periphery.

The modulation of the PARIS-PGC-1a axis represents a therapeutic target also in the
skeletal muscle. In accordance with this, several groups have shown that
overexpression of PGC-1a in the muscle of aged mice leads to decreased oxidative
stress, increased energy metabolism, muscle integrity and regeneration (Garcia et al.,
2018; Southern et al., 2019). In the future, we intend to evaluate whether PGC-1a
overexpression can rescue myoblasts’ phenotype of fusion and replication and can

restore mitochondrial content in mutant cells.
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4

Significance and innovation of our mouse model

Consistent with our results, we believe that our project has provided several key

findings:

5

1) R274W Parkin acts as a LOF on the PARIS-PGC-1a pathway leading to de-
creased mitochondria biogenesis both in the CNS and in skeletal muscle.

2) R274W Parkin acts as a dominant GOF in the CNS leading to protein accumu-
lation and a-synuclein deposition in the midbrain.

3) R274W Parkin impairs the structure of the glymphatic system.

4) R274W Parkin mouse line is a new model of genetic PD: to date no genetic
mouse model was able to recapitulate all the features of human Parkinson’s
disease. Parkin R274W mice instead present age-dependent motor impairment
and neurodegeneration, decreased striatal dopamine, mitochondrial aberrations
and decreased respiratory capacity, neuroinflammation, a-synuclein positive
aggregates, protein stress, muscle alterations and glymphatic architecture defi-
cits. Our transgenic mouse model configures itself as a key tool to clarify patho-
logical mechanisms of PD and to design and test therapeutic strategies with a
good predictive index.

5) R274W Parkin mouse line is a new model of glymphatic dysfunction: currently,
the studies focusing on glymphatic alterations are based on AQP4-null mice
(Cui et al., 2021) or on the mechanical blockage of the lymphatic system (Zou
et al., 2019; Ding et al., 2021). These animal models are far from the conditions
happening during ageing and are not suitable for the assessment of pharmaco-
logical interventions. Parkin R274W mice represent a hew opportunity to model
and treat glymphatic dysfunction.

Future directions

In the future, we plan to plan to complete our characterization of the R274W model
with the time point and genotypes missing for some experiments. Additionally, we
would like to better explore the role of neuroinflammation in our mice: in particular,
we will investigate whether astrogliosis is present before the presentation of motor
symptoms (i.e., 3 months). We will also explore the interaction between astrocytes
and neurons, exploiting co-cultures of different combinations of WT/mutant cells to
understand whether the effect of R274W substitution primarily affects glial or neu-
ronal cells.

Further analysis will also be performed to understand when protein aggregation in
the midbrain begins, and the mechanism underlying it. We will also try to identify

the process through which R274W Parkin triggers the deposition of pS129-a-
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synuclein. As a therapeutic strategy, we would like to test drugs known to stimulate
the removal of aggregates (i.e., trehalose as in Assoni et al., 2021; Pischedda et
al., 2021) and verify whether this strategy can ameliorate the motor impairment ob-
served in our mouse line.

We also plan to deepen our analysis on mitochondria alterations, performing TEM
experiments on mutant neurons, brains and muscle tissue. We will also explore
possible alterations in mitophagy using mitochondria-targeted probes of membrane
polarization (i.e., mt-Keima). Additionally, rescue experiments with overexpression
of PGC-1a/downregulation of PARIS will also be performed both on fibroblasts and
myoblasts, to assess whether improvement of mitochondria biogenesis may posi-
tively affect the phenotype of mutant mice.

Our analysis of the glymphatic system will be expanded both ex vivo and in vivo.
Ongoing experiments in our laboratory are aiming to disclose the link between Par-
kin and AQP4. In particular, we are evaluating whether Parkin directly ubiquitinates
AQP4 by means of biochemical in vitro assays.

Finally, we plan to assess the functionality of the glymphatic system by combining
the use of MRI and cisterna magna infusion of fluorescent tracers as described in
the work of Mestre group (Mestre et al., 2018). Modulation of the glymphatic sys-

tem activity will also be taken into consideration for future experiments.
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MATERIALS AND METHODS

EXPERIMENTAL MODELS DETAILS

Animals

The University of Trento and National Ministry of Health approved all animals protocol
(authorization #162/2022-PR). Experiments were designed to limit the number of mice
to be sacrificed respecting the 3Rs rule and according to national guidelines. All the
experiments were done in compliance with EU Directive 2010/63 and national law D.L.
26/2014.

Parkin R274W+/+ mice were generated via CRISPR/Cas9 technology by Taconic
Biosciences. Transgenic animals were crossed with C57BL/6N mice for more than 10
generations to produce R274W+/- and WT littermates. Transgenic animals are viable
and fertile. Animals were kept in a normal light/dark cycle (12 hours light, 12 hours
dark) with food and water ad libitum. At 6-, 12- and 18-months Parkin R274W+/+,
R274W+/- and WT mice were evaluated for behavioural performance. Male and female
mice were used in the same ratio. After motor assessment, mice were sacrificed
according to guidelines with CO, or anaesthetic overdose followed by transcardial
perfusion to gather the skeletal muscle tissue (TA, soleus) and brain.

Primary cell cultures: neurons

Primary cortical neurons were derived from embryonic day 17.5-18.5 wild type and
Parkin R274W+/+ mouse embryos through dissection procedure. Neurons were plated
at a 150 cells/mm?density on 12-well culture plates coated with poly-d-lysine 50 pg/ml
and grown in Neurobasal (Gibco) supplemented with B27, L-glutamine 0.5 mM and 10
png/mL gentamicin. Cells were incubated at 37°C in a humified 5% CO; incubator.
Fibroblasts

Mouse fibroblasts were collected from female and male wild type and Parkin R274W
mouse ears. Tissue was incubated with 70% ethanol for 5 minutes. After air-drying, the
ears were cut into small pieces and incubated for 60 minutes at 37°C with a 1:1 mixture
of collagenase Il (Worthington) and dispase Il (Gibco). Smashed tissue was put in a 70
UM cell strainer and ground using a syringe plunger. Cell suspension was centrifuged
twice for 7 minutes at 580g at 4°C. Surnatant was discarded, and pellet was
resuspended and grown in DMEM with 20% FBS, 1% L-glutamine and 1% Pen-Strep.
A complete medium change was performed after 48 hours, and after that was replaced
every third day. Cells were incubated at 37°C in a humified 5% CO; incubator. Cells
were split 1:10 every 4 days with 0.25% trypsin and cryopreserved at need in 90% FBS
—10% DMSO.
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Myoblasts and myotubes

Female and male wild type and R274W+/+ mice were sacrificed at 3 months of age,
and all the hind-limbs muscles were collected and minced. Disaggregated tissue was
incubated in Muscle Dissaociation Buffer (MDB, 490 U/mL collagenase Il in HamF10,
1% Pen-Strep, and 1% L-glutamine) for 40 minutes at 37°C under 70 rpm agitation. A
wash was performed in ice cold Wash Media (WM, 1% Pen-Strep, 1% L-glutamine,
10% Horse Serum in HamF10) followed by centrifugation at 1600 rpm for 5 minutes at
4°C. After supernatant removal, dispase Il (11 U/mL in PBS) and collagenase 1l (1960
U/mL in PBS) were added to the pellet and incubation was performed at 37°C under 70
rpm agitation for 20 minutes. Supernatant was further dissociated using 18” and 20”
syringe needles and 70 pm Nylon strainer. After each step, a wash in WM was
performed followed by centrifugation at 1600 rpm for 10 minutes at 4°C.

Muscle satellite cells were isolated from the resulting pellet using MACS® (magnetic
cells separation) technology by Miltenyi Biotec. Isolated cells were plated in 60mm
collagen-coated (Collagen Sigma C3867) Petri dishes and growth in Growth Medium
(GM, 2% Pen-Strep, 1% L-glutamine, 20% FBS, 2.5 ng/mL FGFf in HamF10). Medium
was changed every second day. Cells were incubated at 37°C in a humified 5% CO-
incubator. Cells were split at around 70% of confluency with 0.25% trypsin and
cryopreserved at need in 90% FBS — 10% DMSO.

To induce differentiation, cells were plated at 20000 cells/cm? onto matrigel-coated
plates in GM. After 24 hours, cells were placed in Differentiation Medium (DM, 2% Pen-
Strep, 1% L-glutamine, 2% Horse Serum in DMEM) for 72 hours.

METHODS DETAILS

Behavioural tests

Before proceeding to motor tests, mice were habituated to the presence of the operator
for 5 consecutive days.

Rotarod

Balance and coordination were measured using the rotarod apparatus from Ugo Basile
(Biological Research Apparatus). The rotarod was set with increasing speed from 4 to
32 rpm with a ramp-rate of 120 seconds or with fixed acceleration of 12 rpm, and the
time needed to fall off the rotarod was recorded. Mice were habituated to the task for
four consecutive days. The fourth trial of the last test day was evaluated for statistical

analysis. A cut-off of 300 seconds was imposed.
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Balance beam walking

The beam apparatus consists of 1-meter beams with a flat surface of 12 mm or 6 mm
located 60 cm above the table, with a black box filled with nesting material at the end
(endpoint). On the other side of the beam (start), a halogen lamp was placed as an
aversive stimulus.

Time required to reach the endpoint from the start was recorded. The stopwatch was
stopped when the anterior limbs of the animal reached the endpoint. Three trial tests
were performed with one minute of rest in between. The result of the fourth trial was
considered for statistical analysis. The beams were cleaned with 70% ethanol followed
by water before placing the next mouse on the apparatus. A cut-off of 30 seconds was
imposed.

Pole Test

In the vertical pole task, mice were placed on a 50 cm vertical pole with a diameter of
1.2 cm with the head facing upwards. Mice were habituated to the task in three trials for
two consecutive days. On test day, mice were subjected to three trials: the total time
taken to turn the body completely and descend (latency) was recorded. A cut-off of 20
seconds was imposed. Data are shown as a mean of three trials performed during test
day.

Hanging Wire Test (four limbs)

Mice were placed on a metal grid. The grid was kept upside down and total hanging
time was recorded. The stopwatch was stopped when the animals had lost grip with all
four limbs. Three trials were performed for each mouse, and the best performance was
used for statistical analysis. A cut-off of 300 seconds was imposed.

Grip Strength Test (anterior limbs)

Strength in the anterior limbs was measured using the grip strength apparatus from
Ugo Basile (Biological Research Apparatus). The maximum strength was set to 500g/f
at a rate of 30gf/s. Mice were placed so that their anterior limbs could grasp a
horizontal bar, and gently pulled by the tail with a direction parallel to the ground. Mean
peak force of three consecutive trials with one minute rest in between was measured
using the Ugo Basile DCA software. Mean peak force was then normalized on the
animal weight, measured on the same day of the test.

Novel Object Recognition (NOR)

The NOR test was performed in an open arena (60x50x30cm). Habituation was
achieved over three consecutive days. On test day, mice were exposed to habituation,
familiarization, and novel object recognition. During familiarization, each mouse was
placed in the centre of the arena for 5 minutes with two identical objects. Objects were

removed, and after 5 minutes pause a familiar object (old) and a new one were
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introduced in the arena for 5 minutes. Object recognition was scored when the mouse
nose was within 0.5 cm of an object. Data represent the percentage of time spent
exploring the novel object compared to total exploration. The role (familiar or new) of
the objects and their relative position were randomly permuted from mouse to mouse.
The objects consisted of wooden cylinders, cubes, and pyramids. Arena was cleaned
with 70% ethanol between trials. Data were analyzed using EthoVision XT software.
Open Field

In the open field test, an open arena of 60x50x30cm was used. Time of exploration in
the central zone was recorded and compared to the borders of the arena. Total time of
exploration was set at 300 seconds.

Light Dark

The light dark test was performed in a brightly illuminated arena with a dark insert. Mice
were placed in the dark side of the arena. The total time spent in the bright side of the
arena was recorded and used as an index of anxiety, as more anxious animals will
spend less time in the bright compartment. Total time of exploration was set at 600

seconds.

Animal Sacrifice

Mice were euthanized with carbon dioxide (COy) inhalation according to AVMA
Guidelines for the Euthanasia of Animals. After sacrifice mice were decapitated, and
brains and hindlimb muscle tissue were collected. Brain hemispheres and TA muscle
were stored at -20°C for subsequent biochemical preparations. Gastrocnemius and
soleus muscle were frozen in isopentane placed on liquid nitrogen and kept at -80°C

for immunostaining experiments.

Transcardial Perfusion and Brain Freezing

Anaesthetic administration was performed via intraperitoneal injection. Complete
unconscious stage was checked by loss of pain reflex in the pawi/tail. Mice were placed
on perfusion stage and after exposure of the abdominal wall and heart cavity, a needle
attached to a peristaltic pump was inserted in the left ventricle. PBS perfusion was
followed by perfusion with paraformaldehyde (PFA) 4% in PBS for 5-10 minutes. Mice
were decapitated and brains were kept in 4% PFA-PBS solution overnight at 4°C.
Fixed brains were then put in ice-cold sucrose 30% solution overnight at 4°C until
complete sinking.

Tissues were washed in PBS and covered in O.C.T. (compound embedding medium

for cryostat, Killik) for 20 minutes before inclusion. Brains were put in polystyrene
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boxes filled with O.C.T. and placed on an ethanol freezing bath until complete
solidification. Frozen samples were stored at -80°C until cryostat sectioning.

Cryostat Sectioning

Frozen brains and soleus muscles were cut using Thermo Scientific HM525 NX
cryostat at a temperature of -21°C. 14 um transversal sections were cut and placed on
Polysine™ Adhesion Microscope Slides (Epredia). Slides were stored at -20°C until

further analysis.

Immunostaining

The list of antibodies used is displayed in Supplementary Table S1.
Immunofluorescence

For cell cultures, cells were seeded at low density on g12mm Cover Glasses (Thermo
Fisher Scientific). Cells were fixed with PFA 4% for 10 minutes and washed with PBS.
Brain sections were defrosted at RT and washed in PBS. Antigen retrieval was
performed when needed using Citrate Buffer (Sodium citrate 10 mM in dH.O, Tween
0.05%, pH 6) for 20 minutes at 100°C.

After washing with PBS, samples were incubated for 1 hour in saturation buffer (2.5%
BSA, 10% goat serum, 0.2% Triton). Subsequent washes were all performed with PBS-
Triton 0.2%. Samples were incubated with primary antibodies in incubation buffer
(2.5% BSA in PBS-Triton 0.2%) overnight at 4°C. After three washes of 10 minutes
each, specimens were incubated with fluorescent secondary antibodies in incubation
buffer for 1 hour. DAPI was used to visualize nuclei. After three washes of 10 minutes
each, slides were mounted using FluorSave™ Reagent (Millipore).

Images were acquired using optical microscope Zeiss Axio Imager M2 and analysed
for signal intensity using FIJI software.

DAB Immunohistochemical Staining

Slices were treated as described above for antigen retrieval and saturation. After
incubation with primary antibodies, slices were washed three times for 5 minutes in
PBS-Triton 0.2% and then incubated with peroxidase blocking reagent (H-O. 3% in
PBS) for 15 minutes. Samples were incubated with biotinylated secondary antibodies in
incubation buffer for 45 minutes. After three washes of 5 minutes in PBS-Triton 0.2%
slices were incubated for 30 minutes with ABC(avidin-biotin complex)-HRP kit
(Vectastain®) for signal amplification. Specimens were washed three times for 5
minutes in PBS-Triton 0.2% followed by a PBS wash. Slices were incubated with DAB
Chromogen Solution (Biotium) for 30 seconds to 1 minute maximum depending on the
antibody. The intensity of tissue staining visualized by brown precipitate was monitored

under a light microscope.
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Samples were then rinsed in PBS and deionized water. Hematoxylin counterstain was
performed to visualize the nuclei. Specimens were mounted using DPX mounting
medium (Sigma).

Slices were visualized in brightfield illumination using optical microscope Zeiss Axio
Imager M2 equipped with a colour camera and analysed for signal intensity using FIJI
software.

Hematoxylin & Eosin Staining (H&E)

Sections were defrosted and washed in deionized water. Glass slices were covered
with Mayer’'s Hematoxylin (abcam) for 4 minutes. After 2 minutes wash in distilled
water, bluing was achieved by dipping slices into a Differentiation Solution (70% EtOH;
0.3% HCI) and Scott’s Solution. Slides were washed in water for 2 minutes, then in
70%, and 90% alcohol. Eosin Y solution (abcam) was applied for about 30 seconds.
Samples were washed in absolute alcohol for 1 minute. After being washed in xylene
for 3 minutes, slices were mounted using DPX mounting medium (Sigma). Samples
were visualized in brightfield illumination using optical microscope Zeiss Axio Imager
M2 equipped with a colour camera and analysed for signal intensity using FIJI

software.

Plasmids and Transfection

WT Parkin-Flag pcDNA 3.1+ vector was a kind gift of Dr. Jenny Sassone. R275W
Parkin-flag construct was generated by site-directed mutagenesis to introduce C>T
single point mutation within the coding sequence at position 823. E. coli DH5alpha
were transformed to amplify the plasmid. Primers used for cloning and sequencing are
shown in Supplementary Table S2.

The pcDNA 3.1-c-Myc-Parkin  plasmid was purchased through GeneScript
(OHuU26139C).

The pcDNA 3.1-Flag-PGC-1a plasmid was purchased through Addgene (#45501).
Empty pcDNA 3.1+ vector was used as transfection control.

HEK293 cells were transfected with Jet-PEI (Polyethylenimine, Polysciences) with a
ratio DNA:PEI of 0.8:100. Desired micrograms of DNA were dissolved in PEIl and
vortexed for 10 seconds. The DNA-PEI mix was then incubated at room temperature
for 10 minutes and added to cell medium.

Mouse primary fibroblasts were transfected with Lipofectamine 2000 (Life
Technologies) following manufacturer’s instructions. Medium was changed after 24

hours. Cells were processed after 48 hours.
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Soluble-Insoluble Assay, Western Blotting and Antibodies

For Soluble-Insoluble assay, cells were lysed in cold Lysis Buffer (150 mM NacCl, 50
mM HEPES, 1% Triton) completed with protease inhibitors (Calbiochem) for 30
minutes at 4°C. After 10 minutes of 16000 g centrifugation at 4°C, the supernatant was
collected and used as soluble fraction, while the pellet was used as Triton-X100
insoluble fraction. Laemmli Buffer was added to the samples, followed by 10 minutes
boiling at 95°C.

For total amount of protein analysis, cells were lysed in cold RIPA Buffer (150 mM
NaCl, 2mM EDTA, 50mM Tris-HCI, 1% NP40, 0.25% sodium deoxycholate, pH 7.4)
completed with protease inhibitors (Calbiochem) for 30 minutes at 4°C. After 10
minutes of 10000 g centrifugation at 4°C, Laemmli Buffer was added to the supernatant
and samples were boiled for 10 minutes at 95°C.

Brain hemispheres from WT or R274W mice were processed in the same way after
being lysed in Lysis or RIPA buffer using a 7 ml glass dounce tissue grinder (Wheaton).
Samples were then loaded onto 10% or 15% handcast polyacrylamide gels for protein
identification by Western blotting.

Proteins were transferred onto nitrocellulose membrane (Sigma-Aldrich) at 25V for 10
minutes using Trans-Blot Turbo Transfer (BioRad). After 1 hour saturation in blocking
buffer (5% non-fat dry milk in 20 mM Tris, 150 mM NaCl, 0.1% Tween20, pH 7.4)
primary antibodies were left overnight in blocking buffer at 4°C. Three washes of 10
minutes in TBS-Tween 0.1% were performed before 1 hour incubation with HRP-
conjugated secondary antibodies in blocking buffer. The list of antibodies employed is
presented in Supplementary Table S3.

ECL prime or select detection systems (Cynagen) were used to detect proteins and
images were acquired with ChemiDoc Touch imaging system (BioRad).

To obtain protein quantification, FIJI software was used to measure the optical density
of the bands.

For total protein analysis, B-actin was used as a housekeeping to normalize protein
content. For soluble-insoluble assay, protein levels in the soluble fraction were

normalized on total protein level normalized on B-actin.

RNA extraction and quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from cells and cortexes using Total RNA Purification Kit
(Norgen) and Animal Tissue RNA Purification Kit (Norgen) respectively, according to
manufacturer’'s protocol. After extraction, RNA concentration was quantified with
NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific). After DNAse

treatment (Thermo Fisher Scientific, according to manufacturer’s instructions),
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complementary DNA (cDNA) was generated using gRT SuperMix (Bimake). The
cDNAs were used for quantitative PCR (gPCR) exploiting iTaq Universal SYBR®
Green Supermix and CFX96 RealTime System (BioRad) for 40 cycles. Primers utilized
are shown in Supplementary Table S4.

All samples were triplicated, and transcripts levels normalized for housekeeping genes
relative abundance (B-actin, RPL27, HPRT, rRNA18S). Data shown were produced
using Bio-Rad CFX Manager software and analyzed according to ddCt algorithm.

Transmitted Electron Microscopy (in collaboration with Prof. Michael Hess)
Myoblasts were plated onto Thermanox plastic cell culture coverslips (Thermo Fisher
Scientific) at 20000 cells/cm? and differentiated into myotubes as already described.
Samples were fixed using glutaraldehyde solution (Sigma) in 0.1 M phosphate buffer
for 12 hours. Specimens were analysed by Transmitted Electron Microscopy (TEM) in
the laboratory of Prof. Michael Hess to look at mitochondria structure.

HPLC measure of Striatal Dopamine (in collaboration with Prof. Michele Morari)

Endogenous dopamine levels in striatal tissue were measured by HPLC, as described
in Marti et al., 2003. After o-phthaldialdehyde/mercaptoethanol addition, tissue
homogenate was loaded onto 5-C18 Chromosep columns. The column was perfused
(0.48 mL/min) with a mobile phase composed of 10% methanol, 2.5% tetrahydrofuran
(pH 6.5), and 0.1 M sodium acetate. A Beckam pump was used to obtain a two-step
gradient of methanol in aqueous buffer. The levels of dopamine were normalized on

the weight of starting tissue.

Analysis of Mitochondrial Activity (in collaboration with Dr. Irene Pichler)
High-resolution respirometer (Oxygraph-2k; Oroboros Instruments) was used to
measure mitochondrial respiration in primary mouse fibroblasts.

First, cells were permeabilized with digitonin (8 pg/mL) in MiRo5 medium (10 mM
KH2P0O4, 60 mM lactobionic acid, 20 mM HEPES, 3 mM MgCI2, 0.5 mM EGTA, 20
mM taurine, 110 mM D-Sucrose and 1 mg/ml BSA fatty acid free). To characterize
mitochondrial respiration the following aspects were assessed: physiological respiration
with endogenous substrates (routine respiration), complex I- and complex Il-dependent
respiration, maximal capacity of the electron transfer system after uncoupler addition,
respiration after complex | inhibition with Rotenone (Rot). Residual oxygen
consumption (ROX) was measured after addition of antimycin A (2.5 pM). Spare
capacity was determined as the difference between maximal respiration and routine

respiration. Absolute respiration values were normalized for the total number of cells
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(1x10%) and total activity of citrate synthase (nmol ml?* min?). All reagents were

purchased from Sigma Aldrich.

Statistical analysis

For guantification analysis of brain slices, three fields for each brain region were
acquired. The mean of the three fields was considered as one value for each animal.
For myoblasts and myotubes experiments, three replicates have been performed for
three different cell lines obtained from distinct mice. Each point in the graph is the
mean of the three technical replicates.

For experiments including live animals, sample sizes were determined with the
software G*power (3.1 version).

All data are expressed as the mean + standard error of the mean (SEM). GraphPad
PRISM was used to perform data analysis through unpaired Student's T-test (two
classes), or ANOVA post hoc test (Bonferroni correction) (more than two classes with
one degree of freedom). For the analysis of more than two classes with 2 or more
degrees of freedom, two-sided ANOVA was used. Normality distribution was always
tested prior to apply a parametric or non-parametric test. The level of significance (P,

F) is indicated throughout the text.
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Supplementary Figure S1: R274W+/+ mice do not show non-motor differences
compared to wild type. We tested male and female mice at the indicated ages. We did
not observe differences in the cognitive performance (A, E, 1), nor in the anxiety (B, C, F, G,
J, K) compared to age-matched wild type. Differences in weight (D, H, L) were not
significant between genotypes. Data are the means + SEM; n WT = 10-16; n R274W+/+ =
11-20.
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Supplementary Figure S2: R274W+/+ mice cortex displays age-dependent
astrogliosis. (A) Representative images of cortex sections from 6-, 12-, and 18-month-old
wild type and Parkin R274W+/+ mice stained with anti-GFAP antibody (green) and DAPI to
visualize nuclei (blue). Scale bar = 50 um. (B) The graph reports the GFAP mean intensity
for each time-point folded on wild type mean. Data are shown as the means +SEM; n 6M =
4;n 12M =5; n 18M = 10; two-sided t-test was performed comparing intra-age data vs. wild
type; *, **, *** p<0.05, 0.01, 0.001. One-way ANOVA (Bonferroni post hoc) showed that
GFAP signal is increased in WT at 18 months compared to 12 months (p<0.0001, ****) and
6 months (p<0.0001, ****),
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Supplementary Figure S3: R274W+/- mice do not show non-motor differences
compared to wild type. We tested male and female mice at the indicated ages. We did
not observe differences in the cognitive performance (A, E, 1), nor in the anxiety (B, C, F, G,
J, K) compared to age-matched wild type. Differences in weight (D, H, L) were not
significant between genotypes. Data are the means + SEM; n WT = 9-21; n R274W+/- = 9-
19.
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Supplementary Figure S4: R274W+/- mice cortex displays age-dependent
astrogliosis. (A) Representative images of cortex sections from 6-, 12-, and 18-month-old
wild type and Parkin R274W+/- mice stained with anti-GFAP antibody (green) and DAPI to
visualize nuclei (blue). Scale bar = 50 um. (B) The graph reports the GFAP mean intensity
for each time-point folded on wild type mean. Data are shown as means +SEM; n 6M = 4; n
12M = 5; n 18M = 4-5; two-sided t-test was performed comparing intra-age data vs. wild
type; *, **, *** p<0.05, 0.01, 0.001. One-way ANOVA (Bonferroni post hoc) showed that
GFAP signal is increased in WT at 12 months compared to 6 months (p = 0.0191, *).
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Supplementary Figure S5: R275W Parkin forms ubiquitin-positive aggregates in
HEK293 cells. Parkin R275W forms aggregates that colocalize with ubiquitin. We
processed HEK293 cells transfected with Parkin-Flag WT or R275W for imaging purpose.
Cells were stained with anti-Flag (green) and anti-Ubiquitin (red) antibodies and DAPI to
visualize the nuclei. Parkin-ubiquitin colocalization is detected in yellow. Scale bar = 10 pm.
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Supplementary Figure S6: Ubiquitin and p62 do not change in the cortex and
striatum of homozygous mice at 18 months. (A) Immunoperoxidase labelling for
ubiquitin (A) or p62 (B) (brown) in the cortex and striatum of 18-month-old wild type or
R274W+/+ mice. Nuclei are seen in blue. No differences were observed between
genotypes. N = 4-3.
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Supplementary Figure S7: Ubiquitin and p62 do not change in the cortex and
striatum of heterozygous mice at 18 months. (A) Immunoperoxidase labelling for
ubiquitin (A) or p62 (B) (brown) in the cortex and striatum of 18-month-old wild type or
R274W+/- mice. Nuclei are seen in blue. No differences were observed between

genotypes. N = 4-3.
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Supplementary Figure S8: R274W mutation alters muscle tissue structure and
organization in heterozygous mice. (A) Representative images of haematoxylin and
eosin staining on 14 transversal sections of soleo muscle of 12-month-old wild type and
heterozygous mice. Decrease in muscle fibres size quantified as cross-sectional area
(CSA) and increase in interstitial tissue are observed in mutant tissue compared to wild
type (B, C). Data are expressed as means +SEM; n=9; *, ** p<0.05, 0.01 versus wild type.
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Supplementary Figure S9: Alterations in AD brains suggest an impairment in the
glymphatic system. The white matter of an AD patient (B) stained with haematoxylin and
eosin shows many enlarged perivascular spaces compared to a healthy age-matched
control (A). (C) shows normal, (D) slightly enlarged, (E) severely dilated perivascular space.
Adapted from Roher et al.,, 2003. (F) In addition to decrease in the glymphatic system
activity that occurs with age (due to stiffening of arteries, astrogliosis, and AQP4
mislocalization), in Alzheimer’s disease amyloid beta accumulate in the periarterial spaces,
causing their enlargement and further impairment of glymphatic clearance. Created with
BioRender.com.

wild type R274W+/+ R274W+/-

[ A

Supplementary Figure S10: a-synuclein pS129 colocalizes with putative glymphatic
structures in mutant mice brain. (A) Representative images of immunoperoxidase
labelling for S129 phosphorylated a-synuclein (pS129 a-Syn) (brown) in the midbrain of 18-
month-old wild type, R274W+/- or R274W+/+ mice. Increased immunoreactivity around the
structures of glymphatic system is observed in homozygous and especially heterozygous
mice compared to wild type. N = 6. Scale bar = 25um.
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Type Antigen Host Dilution AR Code

Primary TH Rabbit 1:1000 No AB152 Sigma
Primary TH Chicken 1:400 Yes AB76442 Abcam
Primary GFAP Rabbit 1:800/1:1000 No 712389 ”(r:]Z” Signa-
Primary GFAP Mouse 1:500 Yes = 60190 Proteintech
Primary Tomm20 Rabbit 1:250 No  HPA011562 Sigma
Primary FLAG Rabbit 1:500 No F7425 Sigma
Primary FLAG Mouse 1:500 No ~ SC-166355 Santa
Cruz
Primary p62 Rabbit 1:800 No AB109012 Abcam
Primary Ubiquitin Rabbit = 1:100/1:250 = Yes ABB7780 Abcam
Primary pS129 a- Mouse 1:500 No  AB184674 Abcam
synuclein
Primary CD31 Rabbit 1:400 Yes AB9498 Abcam
Primary AQP4 Mouse 1:500 ves ~ SC-32739 Santa
Cruz
Primary V5 Mouse 1:500 No #13202“?13” sigha-
Primary Rab10 Rabbit 1:500 No AB237703 Abcam
Primary Pan-MyHC Mouse 1:33 No MF 20 DSHB
Secondary  Anti-Rabbit 488  Goat 1:500 - 111-545-144 Jack-
son Laboratory
Secondary Anti-Mouse 488  Goat 1:500 - 115-545-144 Jack-
son Laboratory
Secondary Anti-Chicken 488  Goat 1:300 - AB150169 Abcam
Secondary  Anti-Rabbit 568 Goat 1:500 - A11011 Invitrogen
Secondary = Anti-Mouse 568 Goat 1:500 - A11004 Invitrogen
Biotinylated anti- ,
Secondary Mouse HRP Horse 1:500 - BA-2000 Vector
Secondary Dlotinylated anti- o 1:500 ; BA-1000 Vector

Rabbit HRP

Supplementary Table S1: Antibodies used for immunostaining. For each antibody the
type (primary/secondary), the antigen, the host, the dilution, the necessity of antigen
retrieval (AR), and the code are reported.
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R275W

FW TGTGTGACAAGACTCAATGATTGGCAGTTTGTTCACGACCCTC

cloning
R275W
loni Rev GAGGGTCGTGAACAAACTGCCAATCATTGAGTCTTGTCACACA
cloning
Parkin se-
) FW GAAACATCAGTAGCTTTGCAC
guencing

Supplementary Table S2: Primers used for
sequencing. C>T substitution introduced at position 823 is in bold. Primers are reported
with 5’-3’ orientation. FW: forward, Rev: reverse.

Type
Primary
Primary

Primary

Primary

Primary
Primary
Primary
Primary

Primary

Primary
Secondary

Secondary

Antigen
Tomm20
PARIS

Parkin

B-actin

FLAG
MYC
a-synuclein
BiP/GRP78

AQP4

V5
Anti-Rabbit

Anti-Mouse

Host
Rabbit
Rabbit

Mouse

Mouse

Mouse
Mouse
Mouse
Rabbit

Mouse

Mouse
Goat

Donkey

Dilution
1:500
1:500
1:500

1:1000

1:1000

1:800

1:500

1:500

1:200

1:1000

1:5000

1:5000

R275W Parkin mutagenesis and

MW (kDa)
16
100/70
55
42

15

78
35

Code
HPAO011562 Sigma
AB130867 Abcam

P6248 Sigma

SC-811178 Santa
Cruz

SC-166355 Santa
Cruz

SC-40 Santa Cruz

610787 BD bio-
sciences

SPA-826 Stressgen

SC-32739 Santa
Cruz

#13202 Cell signa-
ling

#7074 Cell signaling

715-039-191 Ther-
moFisher

Supplementary Table S3: Antibodies used for western blotting. For each antibody the
type (primary/secondary), the antigen, the host, the dilution, the predicted molecular weight
(MW), and the code are reported.
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Reverse

Forward
PGC-1a AGCCGTGACCACTGACAACGAG GCTGCATGGTTCTGAGTGCTAAG
BiP TGTCTTCTCAGCATCAAG CAAGG CCAACACTTCCTGGACAGGCT
BiP CTGTCCAGGCTGGTGTGCTCT CTTGGTAGGCACCACTGTGTTC
COX2 ACGAAATCAACAACCCCGTA GCAGAACGACTCGGTTATC
TFAM CCAAAAAGACCTCGTTCAGC CTGCTTTTCCTCAGGAGACA
B-actin CAACGGCTCCGGCATGTG CTCTTGCTCTGGGCCTCG
RPL27 AAGCCGTCATCGTGAAGAACA CTTGATCTTGGATCGCTTGGC
HPRT CATTATGCTGAGGATTTGGAAAGG CTTGAGCACACAGAGGGCTACA
rRNA18S GCAGAATCCACGCCAGTACAAG GCTTGTTGTCCAGACCATTGGC

Supplementary Table S4: Primers used for gRT-PCR. Primers designed on human

sequences are indicated in bold. Primers are reported with 5°-3’ orientation.
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