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ABSTRACT






Abstract

The possible implication of transcription factor EB (TFEB) as a therapeutic target in
Parkinson’s disease (PD) has gained momentum since it was discovered that TFEB
controls lysosomal biogenesis and autophagy and that its activation might counteract
lysosomal impairment and protein aggregation. However, the majority of putative
direct targets of TFEB described to date is linked to a range of biological processes
that are not related to the autophagy-lysosomal system. In this thesis, we assessed
the effect of overexpressing TFEB by means of an adeno-associated viral vector in
mouse substantia nigra dopaminergic neurons and studied several molecular
processes that may offer potential benefits in the context of PD. In this line, we
demonstrated that TFEB overexpression drove a previously unknown bona fide
neurotrophic effect accompanied by an enhanced dopaminergic function, activation
of pro-survival signaling pathways and mitochondrial changes that altogether may
contribute to render neurons less prone to cell death. To delve further into this
concept, we studied the therapeutic potential of TFEB in a parkinsonian context, that
induced by the neurotoxin MPTP. In this regard, we showed that TFEB
overexpression was indeed able to block MPTP-induced neurodegeneration both at
the cell body level as well as striatal dopaminergic terminals and restored neuronal
activity/function and phenotype in the MPTP mouse model of PD. Moreover, TFEB
overexpression also counteracted the deleterious events like lysosomal depletion
and mitochondria-mediated cell death that are linked to MPTP neurotoxicity and PD.
Besides, we unraveled that activating the autophagy-lysosomal pathway by knocking
down the master repressor of autophagy ZKSCANS3 did not prevent MPTP-induced
neurodegeneration or atrophy. Altogether, our results uncover new mechanisms
decisive for the neuroprotective effect elicited by TFEB and highlight increasing
TFEB activity as a therapeutic approach to fight neuronal death and restore neuronal

function in PD and other neurodegenerative diseases.






INTRODUCTION






1. Introduction

1.1. Parkinson’s disease

1.1.1. Pathophysiology

It has been over 200 years since Dr James Parkinson was first to describe a
neurological syndrome called paralysis agitans (shaking palsy), which later would
bear his name (Parkinson, 1817; Schnabel, 2010). Parkinson’s disease (PD) is a
chronic neurodegenerative disorder mainly characterized by progressive loss of
dopaminergic neurons in the substantia nigra pars compacta (SNpc), which project
their axons to the basal ganglia and synapse in the striatum (i.e. caudate and
putamen nucleus). These neurons contain neuromelanin (NM), a dark-brown pigment
that can be both seen microscopically and macroscopically. Loss of these NM-laden
neurons demonstrates the marked loss of dopaminergic neurons as a principal
neuropathology of PD. Another neuropathological hallmark required for a definitive
diagnosis of PD is the presence of intracytoplasmic eosinophilic inclusions named
Lewy bodies (LBs) (Dauer and Przedborski, 2003; Poewe et al., 2017) (Figure 1).
Although a-synuclein is the major constituent of LBs (Spillantini et al., 1998), a large
number of other components such as ubiquitin, lipids and chaperones, among others,

have also been described (Wakabayashi et al., 2007).

Degeneration of SNpc dopamine (DA)-secreting neurons leads to a depletion of this
neurotransmitter in the striatum, and thus results in the characteristic cardinal motor
features of PD such as resting tremor, rigidity, bradykinesia and postural instability.
On this basis and given that neurodegeneration in this region starts before the onset
of motor symptoms, some controversy is present about the estimates of SNpc
neuron loss at disease onset. Some works state that motor symptoms appear when
about 50-70% of the SNpc dopaminergic neurons are lost (Lang and Lozano, 1998;
Dauer and Przedborski, 2003; Ross et al.,, 2004). However, a more recent study

suggests that the motor signs of PD start to appear when about 30% of the
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Figure 1. Neuropathology of Parkinson’s disease. (a) Macroscopically (inset) and transverse
analysis of post-mortem midbrains show the selective loss of SNpc dopaminergic neurons. (b-d)
Hematoxylin and eosin staining of the SNpc region in (b) a healthy control showing a normal
distribution of NM-laden neurons versus PD post-mortem patients showing a (c) moderate or (d)
severe pigmented neuron loss. (e-g) Immunohistochemistry against a-synuclein in PD post-mortem
tissue demonstrates the presence of (e) intracytoplasmic Lewy bodies rich in a-synuclein (arrow), (f)
intracellular and extracellular a-synuclein deposited structures, and (g) a-synuclein spheroids in
neuronal axons. (h-i) Schematic representation of (h) the normal nigrostriatal pathway, which is
composed of dopaminergic neurons whose bodies are located in the SNpc and project their axons to
the striatum, where they release dopamine, versus (i) degeneration of the nigrostriatal pathway due to
the loss of dopaminergic neurons in PD. (Adapted from Poewe et al., 2017 Nat. Rev. Dis. Primers;
Dauer and Przedborski, 2003 Neuron)

dopaminergic neurons of the SNpc are lost in comparison to age-matched controls
(Cheng et al., 2010).

Even though PD was initially reported as a motor disorder due to cell loss is mainly
concentrated in ventrolateral and caudal portions of the SNpc with sparing of the
more medial and dorsal regions (Fearnley and Lees, 1991), it has long been
documented that the neuropathology underlying PD involves many other brain areas
that are not directly involved in motor control. These areas include: noradrenergic
areas such as locus coeruleus; cholinergic areas such as the dorsal motor nucleus of
vagus and the nucleus basalis of Meynert; serotonergic areas such as the raphe

nuclei of the brainstem; and other regions such as the hypothalamus, the olfactory



tubercle and parts of the limbic cortex and the neocortex. Therefore, most of PD
patients reveal a wide variety of non-motor signs, including autonomic dysfunction
(e.g. constipation, orthostatic hypotension and urogenital dysfunction),
neuropsychiatric dysfunction (e.g. anhedonia, apathy, anxiety, psychosis and
dementia), sleep disorders (e.g. sleep fragmentation, insomnia and rapid eye
movement sleep behavior disorder) and sensory symptoms (e.g. abnormal
sensations and pain) (Braak et al., 2003; Poewe, 2008). Some of these non-motor
symptoms actually antedate motor disturbances by several years or even decades,

and thus may have a potential diagnostic utility in early stages of PD (Figure 2).
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Figure 2. Clinical motor and non-motor symptoms of Parkinson’s disease. Before the diagnosis
based on cardinal motor features, PD is preceded by a prodromal phase based by non-motor
symptoms such as sleep disorders, constipation and hyposmia. Over the course of the disease, PD is
driven by both motor and non-motor symptoms, which induce progressive disability (From Poewe et
al., 2017 Nat. Rev. Dis. Primers).



1.1.2. Symptom management

As discussed above, loss of SNpc neurons leads to striatal DA depletion, which
causes the major PD motor symptoms. In dopaminergic neurons, DA is synthesized
through DOPA-decarboxylase enzyme from L-3,4-dihydroxyphenylalanine (L-DOPA),
which is first yielded from the hydroxylation of the amino acid L-tyrosine through the
rate-limiting enzyme on DA biosynthesis, tyrosine hydroxylase (TH) (Molinoff and
Axelrod, 1971; Barron et al., 2010).

To date, no effective strategy has been successfully developed to halt the
progression of PD due to the poor understanding of the molecular mechanisms
underlying the progressive neurodegeneration of the disease. However, sundry
pharmaceutical strategies have been developed to alleviate PD-associated motor
symptoms, such as MAO or COMT inhibitors and DA receptor agonists, which are
available in different formulations the most common being the tablets. Since these
treatments have plentiful side effects, all are titrated to the lowest effective dose
(Buyan-Dent et al., 2018).

Nevertheless, replenishment of striatal DA through the oral administration of L-
DOPA, generally known as levodopa, still represents nowadays as the gold standard
of PD treatment (Tambasco et al., 2018). Unlike DA, levodopa can cross the blood-
brain barrier (BBB) and be taken up into remaining dopaminergic neurons, where it is
metabolized to DA and released into the synapse over time to stimulate striatal DA
receptors (Hauser, 2009). Co-administration of levodopa with carbidopa or
benserazide, which are dopa-decarboxylase inhibitors (DDCIs), reduces the
peripheral conversion of levodopa to DA and thus increasing the bio-availability of
levodopa and enhancing its clinical effect (Nagatsu and Sawada, 2009; Salat and
Tolosa, 2013). Despite levodopa successfully improves motor symptoms in early PD
stages, its long-term administration results in a decline of its effectiveness and is
often associated with unbearable side effects such as dyskinesias (hyperkinetic
involuntary movements), wearing-off (re-emergence of motor symptoms due to the

lowing effect of levodopa) and “on-off” fluctuations (sudden changes in movement
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control), among others (Poewe et al., 2010; Salat and Tolosa, 2013). This fact
renewed interest in neurosurgical procedures such as stimulation of the subthalamic
nucleus (STN), which has been demonstrated as an effective treatment for advanced
stages of PD when levodopa is no longer effective (Benabid et al., 2000). High-
frequency stimulation or lesions of the STN reduce the excessive activity of this

region and thus alleviate PD motor symptoms (Thobois et al., 2002).

Even though motor signs are the main focus of therapeutic strategies in PD, the
broad spectrum of non-motor symptoms are common in PD patients and often
contribute to the impairment of patients’ quality of life. Some drugs already approved
for another indication are available to treat each concrete symptom, albeit they are of
limited efficacy, especially those related to treat wakefulness and sleep disorders
(Seppi et al., 2019).

1.1.3. Etiology and risk factors

Although the exact cause of PD remains elusive, research studies point to
multifactorial etiology including environmental factors, genetics, or a combination of
both (de Lau and Breteler, 2006). Epidemiologic studies reveal that most PD cases
are idiopathic (sporadic) and only about 10% of PD patients have a familial history

(Thomas and Beal, 2007).

Aging is the most irrefutable risk factor for developing PD. Meta-analyses studies
demonstrate that PD has a global prevalence with age that affects 2-3% of the
population above 65 years, and it is expected to increase over time due to rising
aging population and the expectancy of life (Pringsheim et al., 2014). Gender seems
to play another key role, indicating a higher prevalence and incidence in men than in
women probably due to the latter are somehow protected by increased estrogen
activity (Haaxma et al., 2007; Shulman, 2007).
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1.1.3.1. Environmental factors

Many environmental risk factors have been proposed to contribute in sporadic PD
pathogenesis, being lifelong exposure to pesticides (i.e. insecticides, herbicides and
fungicides) the most proposed to increase risk of PD (Lai et al., 2002; Yan et al.,
2018). Mitochondrial dysfunction by inhibiting complex | of the electron transport
chain (ETC) has been reported as the main mechanism through these compounds
can produce parkinsonism (Betarbet et al., 2000; Cochemé and Murphy, 2008). In
fact, decreased complex | activity has been documented in the SNpc of patients with
PD (Schapira et al., 1990), supporting the proposition that pesticides may play a key

role in the PD pathogenesis.

Some specifics diets have also been described to contribute in the susceptibility of
PD. While animal fat consumption has a positive association of PD (Anderson et al.,
1999), others such as coffee consumption display a strong negative association
(Palacios et al., 2012). In fact, caffeine showed a dose-response reduction in the risk
of PD among caffeine consumers (Costa et al., 2010), probably by antagonizing
adenosine A2A receptors (Rivera-Oliver and Diaz-Rios, 2014). Cigarette smoking is
a well-known cause of adverse health outcomes, even though numerous studies
have consistently shown that smoking is associated with a drastic reduced risk of PD
(Hernan et al., 2002; Thacker et al., 2007). Some works support the hypothesis that
nicotine can exert its neuroprotective effect through increasing DA release or
inhibiting MAO-B enzyme thus preventing toxin-induced neuronal damage (Tan et al.,
2003; Quik, 2004; Quik et al., 2008). Other factors such as physical activity may be
associated with a lower risk of PD (Chen et al., 2005a), although it has to be further

explored.

Regarding other environmental factors such as exposure to metals, alcohol
consumption, intake of antioxidant vitamins or trauma and head injury, are not very
straightforward and their potential relevance in the etiology of PD remain unknown

(Lai et al., 2002; de Lau and Breteler, 2006).
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1.1.3.2. Genetics

Large genome-wide association studies (GWAS) have shed light on the genetic basis
of PD, especially identifying numerous mutations in several genes of PARK loci that
cause familiar forms of the disease. Of those confirmed, mutations in SNCA
(PARK1/4), encoding for a-synuclein, LRRK2 (PARK8), VPS35 (PARK17) and
CHCHD2 (PARK22) display an autosomal dominant mode of inheritance, while
mutations in PRKN (PARK2), PINK1 (PARK®6), DJ-1 (PARKY), ATP13A2 (PARK9),
PLA2G6 (PARK14), FBX07 (PARK15), DNAJC6 (PARK19), SYNJ1 (PARK20) and
VPS13C (PARK23) are responsible for autosomal recessive PD forms (Lesage and
Brice, 2009; Edvardson et al., 2012; Klein and Westenberger, 2012; Krebs et al.,
2013; Lesage et al., 2016). An updated review of the PARK genes and loci believed
to cause familiar PD is listed in Table 1. These genes located in PARK loci codify for
proteins that are implicated in many different processes of the cell, despite most are
involved in maintenance of mitochondrial quality system. In fact, alterations in
mitochondrial homeostasis have been documented to be affected in both familial and
sporadic PD patients (Subramaniam and Chesselet, 2013), thus making

mitochondria one of the main candidates in PD pathogenesis.

Although some familiar forms of PD are clinically indistinguishable from sporadic PD,
others cause atypical clinical features (e.g. early onset). Nevertheless, GWAS have
confirmed that some PARK genes are also affected in sporadic PD. Moreover, many
mutations in other genes not related to PARK loci have also been described to
increase the risk of sporadic PD, being those in GBA71 gene the most prevalent
(Poewe et al., 2017). Recessive mutations in GBA1 gene encoding for the lysosomal
enzyme glucocerebrosidase (GCase) are known to cause the most common lysosomal-
storage disorder, Gaucher's disease (GD). Furthermore, heterozygous GBAf1
mutations are also present in 5-25% of idiopathic PD cases, thus making GBA1
mutations the highest genetic risk factor for PD (Schapira, 2015; O’'Regan et al.,
2017). In this context, GCase activity was found to be decreased in PD patients carrying
GBA1 mutations (Gegg et al., 2012) and even in patients with no GBA1 affectation

(Alcalay et al., 2015), further supporting a role of defective lysosomal function in PD.
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Table 1. PARK-designated PD loci.

PARK1/
PARK4

PARK2

PARKS3
PARKS

PARK6

PARK7

PARKS8

PARK9

PARK10
PARK11
PARK12

PARK13

PARK14

PARK15

PARK16

PARK17

PARK18

PARK19

PARK20

PARK22

PARK23

SNCA

PRKN

Unknown
UCHL1

PINK1

DJ1

LRRK2

ATP13A2

Unknown
Unknown
Unknown

HTRA2

PLA2G6

FBXO7

Unknown

VPS35

EIF4G1

DNAJC6

SYNJ1

CHCHD2

VPS13C

a-synuclein

Parkin

Unknown
UCH-L1

PINK1

DJ-1
LRRK2 /
Dardarin

ATPase 13A2

Unknown
Unknown
Unknown

HTRAZ2 / Omi

Phospholipase
A2 Group VI

F-box only
protein 7

Unknown

VPS35

elF-4G1

HSP40 Auxilin

Synaptojanin 1

CHCHD2

VPS13C

AD

AR

AD
AD

AR

AR

AD

AR

AD
AD
Unknown

AD

AR

AR

Unknown

AD

AD

AR

AR

AD

AR

AD, autosomal dominant; AR, autosomal recessive.
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Synaptic protein. Major component
of LB

E3 ubiquitin ligase involved in
protein degradation

Unknown
Processing of ubiquitin precursors

Mitochondrial kinase involved in
mitochondrial quality control

Redox-sensitive chaperone with
an anti-oxidative stress function

Multiple functions by several
protein domains

Maintenance of lysosomal and
mitochondrial cation homeostasis

Unknown
Unknown
Unknown

Serine protease involved in
caspase-dependent apoptosis
Lipase involved in phospholipid
metabolism

E3 ubiquitin ligase involved in
protein degradation

Unknown
Mitochondria-peroxisomes and
endosome-trans-Golgi trafficking
Recruitment of mRNA to the
ribosome

Regulation of molecular
chaperone activity

Regulation of synaptic vesicle
dynamics

Negative regulator of
mitochondria-mediated apoptosis

Delivery of damaged mitochondria
cargo to lysosomes



1.1.4. Experimental animal models

The establishment of experimental models of PD is crucial to shed light on the
pathophysiological mechanisms underlying PD neuronal cell death. Over the years,
many organisms have been used to model PD from vertebrate organisms such as
rodents (Vingill et al., 2018), nonhuman primates (Vermilyea and Emborg, 2015) and
fishes (Matsui et al., 2012) to invertebrates like nematodes (Martinez et al., 2017),

flies (Xiong and Yu, 2018) and yeast (Menezes et al., 2015).

Notwithstanding none of these models faithfully recapitulate the complexity of the
human condition, tremendous strides toward contributing to a better understanding of
the neurobiological basis of the disease and assessment of novel therapies have

been achieved.

1.1.4.1. Genetic models

In contrast to toxin-based models, genetic models are based on targeted mutation or
deletion of those genes known to cause PD in humans. On the one hand, deletion or
mutation of protective genes (i.e. PINK1, PRKN and DJ17) should be able to
recapitulate PD much in the same way that mutations on these genes cause PD in
humans (Lee et al., 2012). Nonetheless, individual deletion of these genes (Dawson
et al., 2010) or even deletion of the three at the same time (Kitada et al., 2009) have
absent neuronal degeneration. On the other hand, even though we currently know
that genetic alterations (i.e. mutations, duplications and triplications) in SNCA gene
cause various inheritance PD-associated forms, transgenic a-synuclein models also
fail to display a consistent dopaminergic neuronal death and only subtle functional
features are observed (Fernagut and Chesselet, 2004). Viral vectors are another
genetic tool that has been used to induce a robust induction of a transgene in a
determined region of the brain by means of stereotactic injections (Lee et al., 2012).
Recombinant adenoviral, adeno-associated viral (AAV), retroviral and lentiviral

vectors have been widely used for gene delivery in the central nervous system, but
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AAV remain the most used due their high transduction efficiency, specific cellular
tropism and low immunogenicity (Schneider et al., 2008; Piguet et al., 2017). In this
regard, many works have used AAV to drive exogenous a-synuclein in the SNpc,
showing dopaminergic neurodegeneration and reproducing behavioral motor deficits
in both rats and mice (Kirik et al., 2002; Decressac et al., 2012a; Oliveras-Salva et
al., 2013). Besides, new genetic models recently emerged focusing on other PD-
associated genes, such as VPS35 (Tang et al., 2015), FBXO7 (Vingill et al., 2016),
ATP13A2 (Kett et al., 2015), and GBA1 (Soria et al., 2017), and albeit some of them
seem to be promising genetic models, to date none of the current genetic models

completely fulfills all of the key features of the human disease.

1.1.4.2. Toxic models

Neurotoxin-based models have been used over the years for testing degeneration of
the nigrostriatal pathway and nowadays remain the cornerstone in simulating PD.
Classically, these models are based on 6-hydroxydopamine (6-OHDA) and 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) administration. While both are selective
catecholaminergic neurotoxins, the former has to be injected directly into the brain
due to 6-OHDA barely crosses the BBB, whereas the latter can be systematically
injected (Bové et al., 2005; Blesa and Przedborski, 2014).

Despite 6-OHDA and MPTP neurotoxin-based animal models are the best
characterized and most widely used, the more recently developed rotenone and
paraquat models have emerged to increase the understanding of PD neuronal cell

death (Salama and Arias-Carrion, 2011; Bové and Perier, 2012).

1.1.4.2.1. The MPTP mouse model

MPTP was identified in early 1980s, when drug addicts self-administered a street

preparation of MPPP, an analog of the narcotic meperidine, contaminated with MPTP

16



and developed a severe and irreversible parkinsonism (Langston et al., 1983).
Several years later, postmortem examination of these patients confirmed moderate to
severe neurodegeneration of the nigrostriatal pathway (Langston et al., 1999).
However, MPTP toxicity is not restricted to humans, since many species have been
used to model PD such as nonhuman primates (Meissner et al., 2003; Porras et al.,
2012), mice (Bové and Perier, 2012) and even worms (Kitamura et al., 1998). Rats,
though, were found to be resistant to MPTP neurotoxin (Zuddas et al., 1994), since
the dose required to induce dopaminergic neurodegeneration implied an
extraordinary mortality rate (Giovanni et al.,, 1994). Still, some studies succeed
modeling PD in rats by stereotaxic injection of the active metabolite of MPTP, MPP”*
(Staal and Sonsalla, 2000). Nevertheless, mice and monkeys are the most common
MPTP models, being the former the most popular choice given that no training and
no sundry resources are needed (Bové et al., 2005; Tieu, 2011), although mice
gender, age and strains play a key role in variations of MPTP sensitivity (Muthane et

al., 1994; Smeyne et al., 2005).

Many regimens of intoxication have been used in the MPTP mouse model, but the
acute and sub-acute regimens are the most characterized so far (Bové and Perier,
2012). On the one hand, Jackson-Lewis and Przedborski developed the acute MPTP
regimen, which consists of four intraperitoneal (i.p.) injections of 20 mg/kg MPTP with
2 hour intervals in a single day. This type of regimen leads to about 70% of SNpc
dopaminergic neurons to be lost and consequently up to 90% of dopamine depletion
in the striatum (Jackson-Lewis et al., 1995). However, with this type of regimen
dopaminergic neurons die by a non-apoptotic cell death, contrasting to human
disease (Mochizuki et al., 1996; Hirsch et al., 1999). On the other hand, Tatton and
Kish developed the sub-acute regimen consisting of one i.p. injection of 30 mg/kg
MPTP daily for five consecutive days (Tatton and Kish, 1997). This regimen leads to
a more progressive neurodegeneration with 30% of dopaminergic cell loss and 50%
depletion of DA in the striatum. In this case, the mechanism of neuronal cell death is
apoptotic and the lesion is stabilized within 21 days after the last MPTP injection (Vila

et al., 2001; Perier et al., 2007). However, other approaches regarding MPTP
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administration have been attempted in order to achieve a more progressive
dopaminergic degeneration, such as those related to co-administrate MPTP with
probenecid (Petroske et al., 2001) to reduce MPTP metabolism, or even using

osmotic pumps in order to infuse low doses of MPTP over time (Fornai et al., 2005).

The mechanism of MPTP toxicity has been widely characterized (Dauer and
Przedborski, 2003; Vila and Przedborski, 2003). After its administration, MPTP, as a
lipophilic compound, rapidly crosses the BBB and is taken up by glial cells, where it is
first converted to 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP*) by MAO-B
enzyme. Levels of this enzyme, only shared with serotonergic neurons, is believed to
be the responsible of different sensitivity to MPTP between mice strains (Meredith
and Rademacher, 2011). MPDP" is then converted to MPP" and released to the
extracellular space, where it is taken up by dopaminergic neurons through dopamine
transporter (DAT) (Figure 3).
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Figure 3. Metabolism and mechanism of action of MPTP. When MPTP is systemically injected, it
rapidly crosses the BBB and is metabolized to the active toxic compound MPP™ in astrocytic cells.
MPP" has high affinity for DA transporters (DAT) and thus is taken up by dopaminergic neurons,
where it mainly inhibits complex | of the ETC in mitochondria. From Vila and Przedborski, 2003 Nat.
Rev. Neurosci.
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Once inside dopaminergic neurons, MPP™ acts at multiple levels. On one side, MPP”
enters to the mitochondria due to the inside-negative mitochondrial membrane
potential (Awm) and inhibits complex | of the ETC, producing reactive oxygen species
(ROS) and a reduction of adenosine triphosphate (ATP) levels (Dauer and
Przedborski, 2003). On the other side, MPP* can also enter into synaptic vesicles
through vesicular monoamine transporter-2 (VMAT2) and leads to a redistribution of
vesicular DA to the cytosol, where, in turn, is autoxidized and generates toxic free
radicals harmful to neurons (Lotharius and O’Malley, 2000). These pathological
events have also been documented in PD neurons (Schapira et al., 1990; Hattingen
et al., 2009; Burbulla et al., 2017). Besides, it has also been demonstrated that MPP”
acts as a destabilizing factor, affecting microtubule dynamics and therefore inducing
synaptic dysfunction by axon fragmentation (Cappelletti et al., 2005; Burke and
O’Malley, 2013). The combination of all these events triggers a cascade of molecular

pathways that ultimately lead to neuronal cell death.

To date, the MPTP model remains as the gold standard of PD available models
because it recapitulates several features of the disease, including: (i) SNpc
dopaminergic lost; (ii) sparing of VTA dopaminergic neurons; (iii) greater affectation
of projections (especially those to the putamen) than nigral cell bodies; and (iv) a-
synuclein post-translational modifications (Dauer and Przedborski, 2003; Bové and
Perier, 2012). For all above commented, numerous studies have used the MPTP
mouse model to study the mechanisms of dopaminergic neuronal death and the
development of neuroprotective strategies (Vila et al., 2001; Perier et al., 2005, 2007;
Ramonet et al., 2013; Bové et al., 2014; Franco-lborra et al., 2018a; Pil Yun et al.,
2018a).

1.1.5. Mechanisms of neuronal cell death and therapeutic targets in PD

A better understanding of the pathological mechanisms underlying PD neuronal cell
death is crucial for the discovery of potential neuroprotective strategies. The most

progress to date has been focused in the loss of SNpc dopaminergic neurons that
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explains the motor signs of the disease (Zeng et al., 2018). Albeit diverse efforts
have been carried out to deepen our current knowledge of PD pathogenesis, the

mechanism that ultimately leads to cell death is still unsettled.

Some insights into PD pathogenesis come from PD postmortem patients, although
most actually arise from experimental models of PD, mainly those produced by
neurotoxins such as MPTP. The most significant mechanisms include dysregulation
of: oxidative stress and dopamine metabolism, survival and programmed cell death
pathways, mitochondria, calcium, alpha-synuclein, protein handling and non-cell-
autonomous mechanisms (Levy et al.,, 2009; Fahn et al., 2011; Zeng et al., 2018).
Modulation of these mechanisms is currently being tested as putative neuroprotective
strategies in clinical trials (Athauda and Foltynie, 2015) (Figure 4). However, these
pathways cross-interact with each other, generating an even more complex network
and thus limiting the effectiveness of these neuroprotective strategies. Hence,
neuroprotective approaches that act at multiple levels may increase the likelihood of

developing better disease-modifying treatments for PD.
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mechanism of PD pathogenesis such as protein misfolding, oxidative stress, apoptosis and microglial
activation. From Athauda and Foltynie, 2015 Nat. Rev. Neurol.

1.1.5.1. Oxidative stress and dopamine metabolism

The imbalance between the generation of ROS and cellular antioxidant defenses,
commonly known as oxidative stress, has long been described as a potential
mechanism that leads to cell demise. The main evidence of such pathological event
relies on postmortem analyses of PD patients, which confirmed an increased
presence of oxidized proteins (Keeney et al., 2006), DNA (Zhang et al., 1999) and
lipids (Bosco et al., 2006) in the SNpc. In line with the above, the reduced form of
glutathione (GSH) and glutathione peroxidase (GPx), which are leading antioxidants
of brain cells, are however decreased in the SNpc of PD patients (Kish et al., 1985;
Pearce et al., 1997). Contribution of ROS in neuronal cell death was described years
ago by the fact that boosting ROS scavengers, such as glutathione and superoxide
dismutase (SOD), have a neuroprotective effect in various PD animal models
(Asanuma et al., 1998; Leret et al., 2002; Cheng et al., 2009).

There are several sources of ROS, such as those derived from mitochondrial
dysfunction and neuroinflammation, although DA metabolism is one of the maijor
outcomes of ROS (Fahn et al., 2011; Hwang, 2013). In normal conditions, DA is
normally stored into synaptic vesicles through VMATZ2, preventing DA oxidation due
to low vesicular pH levels (Segura-Aguilar and Paris, 2014). This vesicular DA is
transported to the neuronal terminal, where it is released into the synaptic space.
Extracellular DA is picked up by DAT and either recycled into synaptic vesicles or
metabolized by monoamine oxidase B (MAO-B) to 3,4-dihydroxyphenyl-3-
acetaldehyde (DOPAL), which is then oxidized to 3,4-dihydroxyphenylacetic acid
(DOPAC) by aldehyde dehydrogenase (ALDH). Around 50% of DOPAC is
eliminated, while the other half is finally converted to homovanillic acid (HVA), the
final metabolite of DA, through catechol-O-methyltransferase (COMT). Especially

DOPAL has been reported to be an endogenous neurotoxin with high electrophilicity
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able to adversely interact with proteins and producing ROS (Vanle et al., 2017), and
its implication in neuronal cell demise has been reported in rodents (Panneton et al.,
2010). Indeed, DOPAL levels are increased in postmortem PD tissue (Goldstein et
al., 2011).

Otherwise, cytosolic DA (pH 7.4) is highly reactive and can be easily oxidized. In fact,
this may be triggered due to decreased VMATZ2 density levels that actually have
been observed in the SNpc of PD patients (Thibaut et al., 1995). Likewise, mice
expressing low VMAT2 have an increased cytosolic DA levels, DA oxidation,
increased ROS levels, several damage to cellular components and exhibit a
progressive loss of dopaminergic neurons (Caudle et al., 2008). In line with this and
as commented previously, it has been demonstrated that in the MPTP model there is
a redistribution of vesicular DA to the cytosol that contributes to the generation of
ROS (Lotharius and O’Malley, 2000). DA oxidation leads to quinones and
semiquinones like 6-OHDA, which has been used over the years to model PD thus
highlighting the vulnerability of dopaminergic neurons to oxidative stress (Schapira
and Jenner, 2011). Other DA-induced adducts, such as aminochrome or soluble
alpha-synuclein oligomers, have also been demonstrated to increase ROS and to be
harmful for neurons (Hastings et al., 1996; Burbulla et al., 2017; Mor et al., 2017). In
contrast, lowering cytosolic DA by increasing VMAT2 levels has a neuroprotective

effect in PD-related neurodegeneration (Mufioz et al., 2012; Lohr et al., 2014, 2016).

The final step of DA oxidation leads to NM, whose levels are increased in PD
neurons (Halliday et al., 2005; Carballo-Carbajal et al., 2019). However, its particular
role has remained quite mysterious until now. In line with this, we have recently
demonstrated that NM progressive buildup interferes with normal cell function,
triggering PD-like neuronal degeneration and dysfunction, and that lowering NM
levels by enhancing lysosomal exocytosis confers a bona fide neuroprotection
(Carballo-Carbajal et al., 2019).
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Some therapeutic strategies aimed to reduce oxidative stress, such as rasagiline and
selegiline, have proven to be of limited effectiveness in clinical trials (Athauda and
Foltynie, 2015). Interestingly, increasing urate levels, glutathione levels and reducing
iron accumulation, however, are currently being evaluated and by the moment they
seem to demonstrate more potent disease-modifying effects (Athauda and Foltynie,

2015).
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Figure 5. Oxidative stress hypothesis of PD. Increased oxidation of DA together with increased iron
levels in PD patients could lead to the formation of DA-derived quinones and semiquinones, which
damage cellular components such as DNA, proteins and lipids, thus inducing neuronal death. From
Zecca et al., 2004 Nat. Rev. Neurosci.

1.1.5.2. Survival and programmed cell death pathways alterations

An efficient network of signal transduction pathways is crucial for the maintenance of
neuronal viability (Morrison et al., 2003). In this regard, various intracellular signaling
cascades, such as mitogen-activated protein kinase (MAPK) and protein kinase B
(AKT)/mammalian target of rapamycin (mTOR), are critical for the fate of a neuron

that can result in cell death or persistent survival (Morrison et al., 2003; Kumar Jha et
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al., 2015). Several changes in various proteins implicated in either ligand level (e.g.
neurotrophic factors) or the intracellular signaling cascade have been reported in PD
patients (Toulorge et al., 2016), thus creating a disequilibrium that tips the balance

towards neuronal death.

1.1.5.2.1. MAPK pathway

MAPK is a superfamily of serine/threonine protein kinases present in all eukaryotic
cells and its signaling is characterized by a 3-tier signaling cascade by
phosphorylation: MAPKKK, MAPKK and MAPK (Burke, 2007). After diverse stimuli
(e.g. growth factors, oxidative stress and cytokines), the interaction of MAPKKK with
a small GTP-binding protein belonging to the Ras/Rho family results in the
phosphorylation and therefore activation of MAPKKK, which, in turn, phosphorylates
and activates MAPKK. MAPKK, when activated, phosphorylates the threonine and
tyrosine residues of the activation loop of kinase subdomain VIII of MAPK. Finally,
MAPK phosphorylates in a proline-directed manner a widely number of substrates
implicated in numerous processes of the cell including cell cycle control, protein
biosynthesis, differentiation, survival and apoptosis, among others (Kyriakis and
Avruch, 2012). Three major branches of MAPKs have been characterized: the
extracellular signal-regulated kinases (ERKSs), the c-JUN N-terminal kinases (JNKs)
and the p38 kinases (Zhang and Liu, 2002; Dzamko et al., 2014). In general, while
the activation of the ERKs is normally implicated in cell survival, the JNKs and p38
kinases are often facilitating neuronal apoptosis (Morrison et al., 2003) (Figure 6). In
fact, ERK and JNK-p38 are mutually regulated in an opposed manner (Xia et al.,
1995; Kyriakis and Avruch, 2012). For all above commented, several research
studies have been gathered to study the contribution of MAPK signaling in PD

pathogenesis.
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Figure 6. Simplified scheme of MAPK signaling. After diverse stimuli, a cascade of
phosphorylations is initiated through the 3-tier of MAP kinases (MAPKKK, MAPKK, MAPK) that
ultimately leads to phosphorylation of several substrates, generating different cellular responses.

There is accumulating evidence that JNK and p38 are robustly activated and
therefore contributing to dopaminergic death in different PD models (Choi et al.,
1999; Saporito et al., 2000; Newhouse et al., 2004). Indeed, both the substrate of
JNK, c-jun, and p38 have been reported to be increased in the SNpc of PD patients
(Hu et al., 2011). In this regard, genetic or pharmacological inhibition of JNK or p38
signaling results in a potential neuroprotection in several PD animal models (Hunot et

al., 2004; Chambers et al., 2011, 2013; Crocker et al., 2011; Choi et al., 2014).

In contrast, ERK has found to be important in neuronal survival, plasticity, memory
and growth (Xia et al., 1995; Xue et al., 2000; Sweatt, 2001; Thiels and Klann, 2001).
ERK can act at multiple levels to lead an ultimately pro-survival effect (Lu and Xu,
2006). On the one hand, ERK induces a transcriptional repression or decreases the
activity of pro-apoptotic molecules (e.g. caspases, BIM, BAD) and, at the same time,

an upregulation of anti-apoptotic proteins (e.g. BCL-XL, CREB) via enhancement
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both their transcription and activity (Lu and Xu, 2006). Some of these effects are
partially mediated by p90 ribosomal S6 kinase (p90RSK), the most known substrate
effector of ERK1/2 (Xing et al., 1996; Carriere et al., 2008). However, an increased
levels of the phosphorylated form of ERK1/2 (Zhu et al., 2003) and p90RSK (Zhu et
al., 2002) have been found in dopaminergic neurons of PD patients, although it is
believed that ERK signaling is initiated as a neuroprotective compensatory
mechanism to counteract death signals (Hetman et al., 1999). In contrast, some
studies have reported that, under some special circumstances, this pathway can act
in a pro-apoptotic manner contributing to neuronal death (Kulich and Chu, 2001,
Gbémez-Santos et al., 2002; Cheung and Slack, 2004). Therefore, further elucidation
about ERK1/2 function in regulating both survival and cell death is required to

understand its precise role in PD pathogenesis.

1.1.5.2.2. AKT/mTOR pathway

AKT/mTOR has been long known to be a crucial pathway for neuronal survival and
growth (Burke, 2007). AKT is a serine/threonine kinase whose activation occurs
when many ligands, normally growth factors, bind to their receptors on the cell
surface resulting in an induction of phosphatidylinositol 3-kinase (PI3K), which
activates AKT. Activated AKT has an anti-apoptotic effect at multiple levels: (i)
inhibition of JNK signaling by negatively regulating the JNK pathway scaffolds JIP1
(Kim et al., 2002) and POSH (Figueroa et al., 2003); (ii) inhibition of fork head box-O
class (FOXO) transcription factors and thus reducing the expression of pro-apoptotic
molecules, such as BIM,; (iii) increasing the levels of anti-apoptotic proteins, such as
BCL-XL; and (iv) activation of mTOR signaling (Levy et al., 2009; Winter et al., 2011).

mTOR is a serine/threonine protein kinase, belonging to PI3K-related kinase family,
that exists in two complexes referred to as mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2) (Coquillard et al., 2015), which regulate multitude of
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intracellular signaling proteins depending of nutrient availability and cellular

bioenergetics (Altomare and Khaled, 2012).

mTORC1 it is made up of three core proteins: mTOR as a catalytic subunit,
regulatory-associated protein of mTOR (Raptor) and mammalian lethal with Sec13
protein 8 (mLST8); and two inhibitory subunits, DEP-domain-containing mTOR-
interacting protein (Deptor) and proline-rich AKT substrate 40 kDa (PRAS40)
(Laplante and Sabatini, 2009). Besides AKT, activation of mTORC1 can also be
achieved through ERK pathway, which inhibits tuberous sclerosis complex 2
(TSC2/tuberin), a negative regulator of mTORC1 activity (Winter et al., 2011).
Inhibition of TSC2 leads to the activation of Ras homolog enriched in brain (Rheb),
which, in turn, activates mTORC1 (Parmar and Tamanoi, 2010). mTORCH1 is pivotal
for cell growth and metabolism, and for such it requlates many processes like protein
synthesis, lipid synthesis, nucleotide synthesis and autophagy (Saxton and Sabatini,
2017). In particular, mTORC1 activates protein synthesis and cell growth by
phosphorylating p70 ribosomal S6 kinase 1 (S6K1) and eukaryotic translation
initiation factor 4E (elF4E)-binding protein 1 (4E-BP1). Phosphorylation of S6K1 on
Thr389 by mTORC1 leads to its activation, which, in turn, phosphorylates many
substrates (e.g. RPS6 and elF4B) to promote mRNA translation (Magnuson et al.,
2012). It has also been demonstrated, though, that both ERK1/2 and p90ORSK can
also phosphorylate and activate S6K1 and RPS6, linking the ERK pathway directly to
the mRNA translational machinery (Roux et al., 2007). Besides, 4E-BP1 binds and
sequesters elF4E, inhibiting protein translation. When 4E-BP1 is phosphorylated by
mTORCH1, it releases elF4E and allows the formation of elF4F complex and the
subsequent translation initiation (Gingras et al., 1999). Moreover, mTORC1 also
activates the sterol responsive element binding protein (SREBP), which is involved in
lipid biosynthesis (Lewis et al., 2011), and bifunctional methylenetetrahydrofolate
dehydrogenase/cyclohydrolase (MTHFD2) that regulates purine biosynthesis (Ben-
Sahra et al., 2016). By contrast, autophagy is negatively regulated by mTORC1
through phosphorylation and thereby repression of unc-51 like kinase 1 (ULK1) and
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autophagy-related protein 13 (ATG13), which are important for autophagy initiation
(Ganley et al., 2009; Hosokawa et al., 2009).

Regarding mTORC2, it is formed by: mTOR as a catalytic subunit, rapamycin-
insensitive companion of mTOR (Rictor), protein observed with Rictor-1 (Protor-1),
mLST8, mammalian stress-activated protein kinase interacting protein (mSIN1); and,
as in mTORCH1, the inhibitory subunit Deptor (Laplante and Sabatini, 2009). In
contrast to mMTORC1, mTORC2 regulates other functions including: cytoskeletal
remodeling by phosphorylating the protein kinase C (PKC) family (o, 3,y and ¢),
paxillin, RhoA and Rac1; and cell survival by phosphorylating AKT at S473
hydrophobic domain (Laplante and Sabatini, 2009; Saxton and Sabatini, 2017)
(Figure 7). However, AKT can also be phosphorylated on the same residue by other
kinases, such as TANK binding protein 1 (TBK1) (Ou et al., 2011).

The key role of AKT and mTOR activities on dopaminergic survival is strengthened
by the fact that diminished levels of phosphorylated/activated AKT were found in
SNpc dopaminergic neurons of PD patients (Malagelada et al., 2008). This could be
explained due to increased levels of RTP801/REDD1, a pro-apoptotic protein that
suppresses mTOR activity through TSC complex and induces neuronal cell death
(Brugarolas et al., 2004; Malagelada et al., 2006), were found in TH-positive neurons
of PD patients (Malagelada et al., 2006). Moreover, AKT activity has also been found
to be reduced in different models of PD (Malagelada et al., 2008; Tasaki et al., 2010),
whereas overexpression of AKT was shown to have neuroprotective effects in
several PD models (Salinas et al., 2001; Ries et al., 2006; Malagelada et al., 2008;
Aleyasin et al., 2010; Tasaki et al., 2010). However, protein translation, one of the
main mTORC1 downstream functions, has received little attention in PD (Taymans et
al., 2015). Since only few studies have linked protein translation machinery with PD
pathogenesis (Tain et al., 2009; Malagelada et al., 2010; Garcia-Esparcia et al.,
2015), this fundamental cellular function and its connection with neuronal survival still

needs to be further investigated.
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Figure 7. Scheme of mTOR signaling pathway. Binding of some ligands, such as growth factors, to
their receptors initiates the AKT and ERK signaling, which increase mTORC1 activity by inhibiting the
repressor of Rheb, TSC2. mTORCH1, in turn, induces several cellular responses such as cell growth,
protein translation, cell cycle progression, lipid synthesis and inhibition of autophagy. From Coquillard
et al., 2015 SOJ Immunol.

1.1.5.2.3. Neurotrophic factors

Neurotrophic factors such as glial cell line-derived neurotrophic factor (GDNF), brain-
derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF) and nerve
growth factor (NGF), among others, are important for the development, maintenance
and survival of neurons (Bhardwaj and Deshmukh, 2018). After binding to the
corresponding receptors belonging to p75 and Trk families of tyrosine kinase

receptors (TKRs), neurotrophic factors activate both AKT and ERK signaling
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(Patapoutian and Reichardt, 2001; Morrison et al., 2003; Coquillard et al., 2015).
However, several studies have observed decreased levels of many neurotrophic
factors in PD patients including GDNF (Chauhan et al., 2001; Mogi et al., 2001),
BDNF (Parain et al., 1999; Chauhan et al., 2001), CNTF (Chauhan et al., 2001), NGF
(Mogi et al., 1999), and some of their receptors like RET (Decressac et al., 2012b),
leading to AKT and ERK signaling lost. This neurotrophic signaling lost is believed to
contribute to neuronal death (Decressac et al., 2012b; Kang et al., 2017) and may
account for the neuronal dysfunction and atrophy accompanied by a loss of
phenotype that involves TH downregulation in PD (Kastner et al., 1993; Rudow et al.,
2008; Kordower et al., 2013). Because of this, a large amount of interest in
increasing neurotrophic factors levels to protect and repair the degenerating
nigrostriatal pathway has been for years a rationale for developing therapeutic
strategies for PD. To date, however, the general outcome of neurotrophic factor-

based therapy in clinical trials has been unsatisfactory (Ferreira et al., 2018).

1.1.5.3. Mitochondrial dysfunction

Neurons have a high metabolic rate and require a constant supply of energy to
maintain the membrane excitability and to properly handle energy-intensive biological
processes such as neurotransmission and plasticity. This provision of energy mainly
relies on aerobic metabolism by mitochondria (Levy et al., 2009). However,
mitochondria also participate in other cellular processes, such as calcium
homeostasis and apoptosis (Kann and Kovacs, 2006). Therefore, disruption of
mitochondrial homeostasis and thereby leading to mitochondrial dysfunction can be
highly detrimental for neurons. In fact, mitochondrial dysfunction has repeatedly been
associated with PD pathogenesis (Vila et al., 2008; Fahn et al., 2011; Franco-lborra
et al., 2016; Zeng et al., 2018).
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1.1.5.3.1. OXPHOS system

Mitochondria are double membrane bound organelles including the inner
mitochondrial membrane (IMM) and the outer mitochondrial membrane (OMM). The
IMM is packed with multiple proteins, being those related to oxidative
phosphorylation (OXPHOS) the most abundant. OXPHOS is the system designated
to couple cellular respiration to the production of energy in the form of ATP. This
process takes place in the IMM and involves the transfer of electrons down the
respiratory chain, which is made up by five mitochondrial respiratory complexes:
reduced nicotinamide adenine dinucleotide dehydrogenase-ubiquinone
oxidoreductase (complex 1), succinate dehydrogenase-ubiquinone oxidoreductase
(complex Il), ubiquinone-cytochrome c oxidoreductase (complex lll), cytochrome c
oxidase (complex IV) and ATP synthase (complex V) (Perier and Vila, 2012) (Figure
8). Several defects in OXPHOS system have been observed in PD brains, from
decreased complex | activity (Schapira et al., 1990) to decreased most of OXPHOS
protein levels (Moisoi et al., 2009; Franco-lborra et al., 2018a). Reinforcing a potential
role for complex | defects in PD pathology, most of the pesticides that have linked to

PD induce complex | dysfunction (Sherer et al., 2002; Richardson et al., 2009).
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Figure 8. Schematic representation of mitochondrial compartmentalization and OXPHOS
complexes. Mitochondria are composed by two membranes that enclose 4 compartments: the outer
mitochondrial membrane (OMM), the intermembrane space (IMS), the inner mitochondrial membrane
(IMM) and the matrix, where mitocondrial DNA (mtDNA) is located. The OXPHOS system located in
the IMM is composed by 5 complexes that are formed, at the same time, by multiple subunits. Only 13
subunits are mtDNA-encoded (yellow), while the others are nuclear-encoded (green) and imported
into the mitochondria. From Perier and Vila, 2012 Cold Spring Harb. Perspect. Med.
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1.1.5.3.2. Mitochondrial protein import

However, IMM not also harbors OXPHOS system proteins but also other proteins
such as TIM23 complex, which is implicated in the mitochondrial protein import
machinery together with TOM20 complex that is located in the OMM (Pfanner et al.,
2019). Because about 99% of mitochondrial proteins are nuclear-encoded,
mitochondrial protein import is essential for mitochondrial function (Wiedemann and
Pfanner, 2017). In fact, a defect on mitochondrial protein import system and its
possible contribution to human disease have been observed in both PD brains and
PD models (Bender et al., 2013; Di Maio et al., 2016; Franco-lborra et al., 2018a). In
this line, it has been demonstrated that a-synuclein binds to TOM20 complex,
inhibiting mitochondrial protein import and, consequently, enhancing ROS production
and loss of mitochondrial membrane potential (Di Maio et al., 2016). In contrast,
restoration of mitochondrial protein import function by overexpressing mitochondrial
translocases machinery has beneficial effects (Bender et al., 2013; Di Maio et al.,

2016; Franco-lborra et al., 2018a).

1.1.5.3.3. Mitochondrial dynamics

In order to keep a healthy mitochondrial network, dysfunctional mitochondria are
degraded mainly through PINK1/Parkin-dependent mitophagy and this is balanced
with de novo generation of mitochondria (Seo et al., 2018) (Figure 9). This
mitochondrial biogenesis relies on peroxisome-proliferator-activated receptor gamma
co-activator-1alpha (PGC-1a), which activates other transcription factors like nuclear
respiratory factor 1 (NRF1) and nuclear respiratory factor 2 (NRF2), among others
(Scarpulla et al., 2012). These transcription factors coordinate mitochondrial
biogenesis through the expression of mitochondrial transcription factor A (TFAM),
which functions in both mtDNA transcription and replication, and the transcription of
genes implicated in multiple mitochondrial functions (Scarpulla et al., 2012). It has

been reported that mutations on PD-familial genes PRKN and PINK7 impair
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mitochondrial removal, causing mitochondrial dysfunction (Greene et al., 2003; Park
et al., 2006). Moreover, decreased levels of PGC-1a (Shin et al., 2011) and TFAM
(Grinewald et al., 2016) have been reported in PD patients. In fact, specific deletion
of TFAM in dopaminergic neurons of mice (termed MitoPark mice) leads to a
progressive parkinsonism with respiratory-chain-deficient dopaminergic neurons
(Ekstrand et al., 2007), whereas overexpressing TFAM counteracted MPP-induced

mitochondrial dysfunction (Piao et al., 2012).

Mitochondria are dynamic organelles capable of undergoing fusion and division
(fission) events to adapt to different changes in cellular requirements and to ensure
an adequate function (Figure 9). Mitochondrial dynamics is an important constituent
of neuron quality control, considering that defects on this system have detrimental
consequences that contribute to the pathogenesis of several neurodegenerative
diseases (ltoh et al., 2013). On the one hand, mitochondrial fusion is regulated by
dynamin-like GTPases, such as mitofusin 1 (MFN1), mitofusin 2 (MFN2) and optic
atrophy 1 (OPA1). MFN1 and MFN2 are located in the OMM and are required for the
initial mitochondria tethering and OMM fusion, while OPA1 is anchored to the
mitochondrial cristae inner membrane and is necessary for IMM fusion and cristae
morphogenesis (Perier and Vila, 2012). When mitochondria fusion, mitochondrial
content is mixed and it has a highly beneficial outcome by attenuating the potential
deleterious effects of mutated mtDNA or misfolded proteins (Chen et al., 2010; Van
der Bliek et al.,, 2013). Moreover, the reason for the formation of hyperfused
mitochondrial networks is to preserve the proper mitochondrial membrane potential
and allowing the OXPHOS complexes to cooperate more efficiently, maximizing ATP
synthesis (Westermann, 2012). Therefore, increased mitochondrial fusion extends
the mitochondrial network and is generally associated with beneficial effects and
neuronal survival (Sugioka et al., 2004; Neuspiel et al., 2005; Chen et al., 2007; Van
der Bliek et al., 2013). The most direct evidence of the key role of mitochondrial
fusion in neuronal homeostasis relies on the fact that mutations in MFN2 and OPA1
genes lead to defective mitochondrial fusion and cause neurological disorders, such

as Charcot-Marie-Tooth disease type 2A (Zuchner et al., 2004) and dominant optic
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atrophy (Delettre et al., 2000), respectively. Moreover, loss of MFN2 results in
progressive, retrograde degeneration of dopaminergic neurons in the nigrostriatal
circuit in mice (Pham et al, 2012), while overexpressing OPA1 confers
neuroprotection in the MPTP mouse model of PD (Ramonet et al., 2013). On the
other hand, mitochondrial fission implicates the mobilization of the cytosolic dynamin
related protein 1 (DRP1) protein to the OMM, where it polymerizes into ring-like
assemblies and constricts the membranes through GTP hydrolysis in order to
facilitate mitochondrial division. Mitochondrial fission takes place to facilitate
mitochondria transport through neuronal projections, or when damaged mitochondria
have to be removed from a healthy network by mitophagy. However, increased
mitochondrial fission has been widely associated to high levels of stress, such as
those induced by neurotoxins damage (Van der Bliek et al., 2013), and to participate
in apoptosis (Frank et al., 2001; Meuer et al., 2007). In line with this, MPP* and 6-
OHDA neurotoxins induce mitochondrial fragmentation (Gomez-Lazaro et al., 2008;
Chuang et al., 2016), while inhibition of Drp1 prevents neuronal death (Filichia et al.,
2016). Therefore, enhancing mitochondrial fusion and/or decrease mitochondrial

fission could be likely beneficial for PD.

Sensing of damaged
mitochondria by PINK1

@ | -
@z’g%/ <D

Mt tethering-subunit

Healthy
Drp1

LC@ @ \, \-
Damaged @3@
/ ‘ = Mitochondrial
Mitophagy . wn
&) - e

Autophagosome

Figure 9. Representation of mitochondrial dynamics. Mitochondria are constantly undergoing
fusion and fission processes in order to preserve a suitable mitochondrial homeostasis. Mitochondrial
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fusion, mediated by MFN1, MFN2 and OPA1, improves mitochondrial network and occurs more often
in cells that rely on OXPHOS to produce ATP, such as neurons. In contrast, mitochondrial fission is
mediated by the recruitment of DRP1 to the OMM by multiple proteins including mitochondrial fission
protein 1 (FIS1), mitochondrial fission factor (MFF), mitochondrial dynamics proteins of 49 (MID49)
and 51 kDa (MID51). It is important to point out that endoplasmic reticulum plays an important role in
mitochondrial fission by mediating constriction and defining division sites prior to DRP1 recruitment.
Mitochondrial fission isolates damaged and/or dysfunctional mitochondria to be removed mainly by
PINK1/Parkin mitophagy. From Seo et al., 2018 Int. J. Mol. Sci.

1.1.5.3.4. Mitochondria and calcium homeostasis

Besides endoplasmic reticulum (ER) participates in mitochondria fission, this
organelle and mitochondria also participate in calcium (Ca**) homeostasis, which has
been implicated in PD pathogenesis (Perier and Vila, 2012). It is well stablished that
adult dopaminergic neurons are Ca**-dependent pacemakers, a process driven by L-
type Ca?* channels (Chan et al., 2007). Therefore, neurons must cope with high
cytosolic Ca?* load, although it is highly neurotoxic. For this reason, Ca?* has to be
buffered in intracellular components including mitochondria and ER. However,
excessive cytosolic Ca?* burden can propagate to the mitochondria and induce
mitochondrial dysfunction by ensuing mitochondrial membrane permeabilization,
triggering programmed cell death (Meredith and Rademacher, 2011; Perier and Vila,
2012). Importantly, neurotoxin-induced neurodegeneration can be attenuated by L-
type Ca®* channel antagonists like isradipine (Chan et al., 2007), which is being
tested in clinical trials, supporting a pathogenic role of Ca®" in mediating

mitochondria-mediated cell death in PD.

1.1.5.3.5. Mitochondria-mediated cell death

Cells have two distinct molecular pathways to trigger apoptotic cell death: the
extrinsic/death receptor and the intrinsic/mitochondrial pathways. The extrinsic
pathway involves the activation of cell-surface receptors termed “death receptors”,

which belong to the tumor necrosis factor receptor superfamily (TNFRS), such as
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tumor necrosis factor receptor 1 (TNFR1) or Fas/CD95 (Perier et al., 2012). In
contrast, the intrinsic pathway is activated by several cellular stressors, such as DNA
damage, Ca®" overload, ROS, and loss of trophic signaling (Perier et al., 2012;
Venderova and Park, 2012). Both pathways ultimately trigger the activation of the
executioner caspase-3 that leads to apoptosis. While apoptosis is known to be a
physiological process that occurs in normal cells, it can lead to neurodegeneration
when it is over-activated (Vila and Przedborski, 2003). In PD, the intrinsic pathway is
believed to play a greater role in triggering programmed cell death than the extrinsic

pathway (Venderova and Park, 2012).

Mitochondria are important decoding stations of the apoptotic process, as they
contain many molecules in the IMS like cytochrome c, which when released into the
cytosol, binds to apoptotic protease-activating factor-1 (APAF-1) and forms an
oligomerized structure called apoptosome. The apoptosome induces apoptotic cell
death by the recruitment and activation of caspase-9, which, in turn, activates
caspase-3 (Jiang and Wang, 2000). The release of these apoptotic molecules
located in the IMS is mediated by mitochondrial outer membrane permeabilization
(MOMP), which is considered the point-of-no-return in the intrinsic apoptotic pathway
(Figure 10). MOMP and thereby apoptosis are governed by different proteins that
belong to the Bcl-2 family, which is divided into three groups depending on their role:
(i) anti-apoptotic proteins that prevent MOMP, such as B-cell lymphoma-extra large
(BCL-XL) and B-cell lymphoma 2 (BCL-2); (ii) pro-apoptotic proteins that promote
MOMP by a pore-form activity, such as Bcl-2-associated X (BAX) and Bcl-2
homologous antagonist killer (BAK); and (iii) BH3-only proteins that are mainly up-
regulated by JNK signaling (Donovan et al., 2002; Lei and Davis, 2003; Lu and Xu,
2006), such as Bcl-2-interacting mediator of cell death (BIM), BH3-interacting domain
(BID) and Bcl-2-associated death promoter (BAD), which induce apoptosis by
activating pro-apoptotic proteins (e.g. BAX) or by inactivating anti-apoptotic proteins
(e.g. BCL-XL) (Perier et al., 2012; Kale et al., 2018).
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Figure 10. Pathogenic mechanisms of programmed cell death. Inhibition of complex | increases
ROS production in both cytoplasm and mitochondria, leading to an activation of the JNK pathway and
an increase of the releasable pool of cytochrome c in the IMS, respectively. Both activation of BAX by
p53 and BAX ftranslocation into the mitochondria outer membrane by BIM, induce MOMP and the
release of cytochrome c into the cytosol, which, in turn, triggers the activation of caspase-9 and,
consequently, the activation of the executioner caspase-3. The LMP and the ectopic release of
lysosomal proteases induced by BAX translocation into the lysosomes cause, together with activated
caspase-3, neuronal cell death. From Perier et al., 2012 Antioxid. Redox. Signal.

It is believed that other proteins located in the OMM, such as voltage-dependent
anion channel 1 (VDAC1), could also promote the cytochrome c release and
therefore playing an important role in mediating mitochondria-mediated cell death
(Shimizu et al., 1999; Zaid et al., 2005; Abu-Hamad et al., 2008; Weisthal et al.,
2014). However, there is some controversy and the precise role of VDAC1 in

mediating apoptosis is still debated (McCommis and Baines, 2012).

Supporting the role of apoptosis in PD, increased activated caspase-9 (Viswanath et
al., 2001; Kawamoto et al., 2014) and caspase-3 (Tatton, 2000) have been observed
in SNpc dopaminergic neurons. In this line, higher levels of BAX (Tatton, 2000) and

cytochrome ¢ (Kawamoto et al., 2014) have also been documented. Moreover, levels
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of p53 protein, which is known to be involved in apoptosis by activating BAX, are
increased in PD brains (Sunico et al., 2013). However, most of the insights regarding
the mechanistic role of apoptosis in PD come from experimental models. In this line,
dopaminergic neurodegeneration in the MPTP model occur by activation of apoptotic
pathways (Vila and Przedborski, 2003; Perier et al., 2012) through the cytochrome ¢
release followed by activation of caspase-9 and caspase-3 (Perier et al., 2005). BAX
seems to play an important role in dopaminergic neurodegeneration, since when
activated is translocated to both the mitochondrial membrane and lysosomal
membrane, inducing MOMP and lysosomal membrane permeabilization (LMP) with
an ectopic release of lysosomal proteases, respectively, and thereby contributing to
cell death (Perier et al., 2005, 2007; Bové et al., 2014). In contrast, MPTP-induced
dopaminergic cell death was abolished by either genetic ablation of BAX (Vila et al.,
2001) or pharmacologically targeting both MOMP and LMP with BAX channel
inhibitor (Bci), which is a compound capable of blocking the pore-forming activity of
BAX in lipid membranes (Bové et al., 2014). Moreover, deletion of p53 (Trimmer et
al., 1996; Biswas et al., 2005), genetic ablation (Perier et al., 2007) or knocking down
(Liou et al., 2005) BIM, inactivating caspase-9 (Viswanath et al, 2001) or
overexpressing the anti-apoptotic protein BCL-2 (Yang et al., 1998; Vila et al., 2001)
and BCL-XL (Dietz et al., 2008) have also been reported to confer neuroprotection in

dopaminergic neurons from neurotoxic insults, such as MPTP.

1.1.5.4. a-synuclein pathology

For many years a-synuclein has been the backbone of PD pathogenesis. Since
mutations in SNCA gene cause an unequivocally inherited form of PD (Lesage and
Brice, 2009) and a-synuclein is the major component of LBs (Spillantini et al., 1998),
which is a neuropathological hallmark required for the diagnosis of PD, mounting
strategies to elucidate its role in PD have been gathered. The normal function of a-
synuclein is still not well understood, even though it is believed to interact with

membrane phospholipids and to have a presynaptic role (Bendor et al., 2013). In PD
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patients, increased levels of pathological post-translational-modified forms S129-
phosphorylated (Mahul-Mellier et al., 2014) and nitrated (Giasson et al., 2000) o-
synuclein have been documented. Since transgenic a-synuclein animal models only
display subtle functional defects and no degeneration is observed (Fernagut and
Chesselet, 2004), most of the insights of the mechanism of a-synuclein to contribute
to neuronal death come from models that favor a-synuclein accumulation or

oligomerization, as it happens in the disease.

Several studies in which they overexpress the WT or mutated a-synuclein have
shown neurodegeneration (Kirik et al., 2002; Decressac et al., 2012a; Oliveras-Salva
et al., 2013) probably due to a-synuclein is able to affect all these pathological events
listed below that have been observed in numerous works: alteration of the ubiquitin-
dependent degradation system and loss of DA release (Stefanis et al., 2001),
decreased proteasome activity (Tanaka et al., 2001; Snyder et al., 2003; Zondler et
al., 2017), mitochondrial dysfunction and increased endoplasmic reticulum (ER)
stress (Smith et al., 2005), increased sensitivity to mitochondria-mediated cell death
(Tanaka et al.,, 2001) and suppression of autophagy (Pupyshev et al., 2018).
Moreover, some studies have added another piece of the puzzle stating that a-
synuclein could exert a cell-to-cell transmission (Emmanouilidou et al., 2010;
Recasens and Dehay, 2014; Rey et al., 2016; Minakaki et al., 2018) and a prion-like
mechanism in which toxic forms of a-synuclein trigger the pathological conversion of
endogenous a-synuclein (Recasens et al., 2014). These features could, in fact,

explain the progression of Braak stages as disease progresses (Braak et al., 2003).

Since all these pathological events commented above have been demonstrated to
contribute to PD pathogenesis, increased interest in lowering o-synuclein levels
emerged as a potential therapeutic approach for PD. In this regard, a selective a-
synuclein knock down in monoamine neurons by intranasal oligonucleotide delivery
conjugated with indatraline was shown to increase DA neurotransmission in mice

(Alarcon-Aris et al., 2018). Besides, knocking down a-synuclein by means of a short
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hairpin RNA (shRNA) prevented the PD-related neurodegeneration and improved
behavioral deficits in rats (Tai et al., 2014; Zharikov et al., 2015).

1.1.5.5. Protein handling dysfunction

Maintaining the continuous turnover of proteins and organelles is crucial for the well-
being of the cell. To deal with this, neurons, like other eukaryotic cells, evolved two
major mechanisms: the ubiquitin-proteasome system (UPS) and the autophagy-

lysosomal pathway (ALP) (Martinez-Vicente, 2015) (Figure 11).
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Figure 11. Mechanisms of protein and organelles degradation. The cell has two major
mechanisms to keep the correct homeostasis of the cell: the UPS and the ALP. While UPS is a
selective system based on the degradation of proteins tagged with a small protein (ubiquitin), the ALP
involves the engulfment of cytosolic regions containing proteins and aggregates (in bulk) or organelles
(selective), which are delivered to lysosomes for degradation. From Martinez-Vicente and Cuervo,
2007 Lancet Neurol.

40



1.1.5.5.1. Ubiquitin-proteasome system

The UPS is a highly regulated multi-catalytic enzymatic complex that covalently tags
short-lived and misfolded proteins with a polymeric ubiquitin chain (Finley, 2009).
This ligation requires the sequential actions of various enzymes including ubiquitin-
activating enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin-protein
ligases (E3) (Lim and Tan, 2007). Since many proteins of the UPS are found in LBs
(Wakabayashi et al., 2007) and many different PD-associated genes, such as PRKN
and FBXO07, codify for proteins that are crucial for the proper UPS function, it boosted
to the notion that UPS dysfunction may contribute to PD pathogenesis (Zhou and
Tan, 2016). In this regard, UPS activity is decreased in the SNpc of PD patients
(McNaught and Jenner, 2001) and some studies revealed that a-synuclein could bind
to the proteasome and thereby contributing to UPS inhibition (Tanaka et al., 2001;
Snyder et al., 2003; Zondler et al., 2017) and triggering dopaminergic cell death
(Stefanis et al., 2001). In contrast, overexpression of several components of the UPS
machinery, especially Parkin, have a general neuroprotective effect in various PD
models (Petrucelli et al., 2002; Yang et al., 2003).

1.1.5.5.2. Autophagy-lysosomal pathway

Autophagy is a catabolic mechanism by which long-lived proteins, aggregates and
even organelles are delivered to lysosomes for degradation. There are three types of
autophagy to promote proteolytic degradation: macroautophagy, microautophagy and
chaperone-mediated autophagy (CMA). Even though they differ in their regulation or
the substrates targeted, they share the same endpoint, the lysosome, and that’s why
autophagy is also known as the autophagy-lysosomal pathway (ALP) (Martinez-
Vicente and Cuervo, 2007). Macroautophagy is the most studied type of autophagy

and thereby is frequently referred to simply as autophagy.

As commented previously, mTORC1 is the main negative regulator of autophagy by

repressing ULK1, which is necessary for autophagy initiation (Ganley et al., 2009;
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Hosokawa et al., 2009). Under starvation conditions and nutrients become limiting,
mTORC1 is inactivated and thereby allows the recovery of ULK1 kinase activity
triggering the translocation of the Vps34 complex, which is formed by
Vps30/Atg6/Beclin 1, autophagy and Beclin 1 regulator 1 (AMBRA), Vps15, Vps34,
and Atg14L, to the preautophagosomal structure (Ohashi et al., 2019). Then,
nucleation step starts after generating phosphatidylinositol 3-phosphate (PI3P) by
Vps34 complex, which allows the autophagosome elongation via the conjugation of
light chain 3 (LC3-I) protein with phosphatidylethanolamine (PE) to form LC3-Il (He
and Klionsky, 2009; Mizushima et al., 2011). Then, the cargo (e.g. proteins and
organelles) is engulfed with a double-membrane vesicle known as autophagosome
(AP), which is then fused with lysosomes. Lysosomes contain structural proteins,
such as lysosomal-associated membrane protein 1 (LAMP1) and 2A (LAMP2A), and
numerous types of acid hydrolases like proteases (e.g. cathepsins (CTS)), nuclease
and lipases, which allow the degradation of the cargo internalized therein (Martinez-

Vicente, 2015) (Figure 12).
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Figure 12. Autophagy regulation steps. In fed conditions, mMTORC1 acts as a negative regulator of
autophagy by inactivating ULK1 kinase activity. Upon starvation, the inactivation of mTORC1 leads to
the activation of ULK1, which allows the formation of the preautophagosome structure in cooperation
with Vps34 complex. Then, the lipidation of LC3-l to LC3-1l lets the formation of the autophagosome
that engulf the proteins or organelles to be delivered to the lysosome, where they are degraded. From
Martinez-Vicente, 2015 Semin. Cell. Dev. Biol.
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Autophagy plays a crucial role in neuronal homeostasis, since neurons need a
constant autophagic flux to prevent the accumulation of debris, misfolded proteins
and damaged organelles (Martinez-Vicente and Vila, 2013). The contribution of
impaired autophagy to the PD pathology is evident considering that in PD there is an
accumulation of misfolded proteins and the existence of LBs, which are especially
rich for a-synuclein. As commented above, a-synuclein has been described to
suppress UPS but it can also impair autophagy by multiple mechanisms including:
inhibition of Rab1 (Winslow et al., 2010), a small GTPase important for membrane
tethering and autophagosome formation via Atg9; inhibition of high-mobility group
box 1 (HMGB1) (Wang et al., 2016a), which is important for Beclin 1 regulation;
excessive binding to LAMP2A and thus collapsing CMA (Cuervo et al., 2004); and
alteration of mitophagy through PINK1-Parkin deficiency (Chen et al., 2015).
Moreover, in dopaminergic neurons of PD patients there is a pathogenic lysosomal
depletion, as indicated by decreased levels of LAMP1 (Chu et al., 2009; Dehay et al.,
2010), LAMP2A (Alvarez-Erviti et al., 2010), GCase (Gegg et al., 2012), CTSD (Chu
et al., 2009) and ATP13A2 (Dehay et al., 2012) protein levels. This lysosomal
depletion induces a subsequent accumulation of undegraded autophagosomes in PD
brains due to defective clearance, contributing to autophagy impairment (Dehay et
al., 2010). Recently, we have also demonstrated that the continuous accumulation of
NM within dopaminergic neurons exhausts the autophagic capacity of the cell,
leading to neuronal dysfunction and degeneration (Carballo-Carbajal et al., 2019).
Furthermore, post-mortem studies in PD patients demonstrated decreased levels of
LIM homeobox transcription factor 1 beta (LMX1B) (Laguna et al., 2015) and
transcription factor EB (TFEB) (Decressac et al., 2013), which are both enhancers of
the ALP (Sardiello et al., 2009; Settembre et al., 2011; Laguna et al., 2015), in the
SNpc dopaminergic neurons. In contrast, promoting the ALP by either genetic
overexpression of autophagy proteins such as Atgs (Hu et al, 2017), or
pharmacologically using rapamycin (Dehay et al., 2010), which is a well-known
inhibitor of some MTORC1 actions (Thoreen et al., 2009), partially attenuated
dopaminergic degeneration. In this line, overexpression of TFEB was also shown to

counteract dopaminergic degeneration both in vitro (Dehay et al., 2010) and in vivo
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(Decressac et al., 2013; Carballo-Carbajal et al., 2019) PD models by increasing the

ALP and lysosomal exocytosis.

1.1.5.5.3. Unfolded protein response and ER stress

Besides the UPS and the ALP, cells also have another different mechanism to tackle
aberrant protein load, named unfolded protein response (UPR) (Bravo et al., 2013).
Misfolded and unfolded proteins are detected by transmembrane receptors located in
the ER and thus result in ER stress, which is known to contribute to PD pathogenesis
(Selvaraj et al., 2012). ER stress activates the UPR, which, in turn, activates three
mechanisms to restore normal protein homeostasis: (i) inhibition of protein translation
through phosphorylation and activation of PRKR-like ER kinase (PERK) in order to
decrease the amount of new proteins entering to the ER that would need to be
folded; (ii) activation of activating transcription factor 6 (ATF6) that boosts the
transcription of genes involved in protein folding, such as chaperones; and (iii)
transport of misfolded proteins into the cytoplasm to be degraded for the UPS (Ron
and Walter, 2007). In PD patients, activation of the UPR has been detected as
determined by increased levels of phosphorylated/activated PERK (Hoozemans et
al., 2007). Moreover, some markers of ER stress and UPR activation have also been
demonstrated in PD-derived neurons (Chung et al., 2013) and in several PD models
(Holtz and O’Malley, 2003; Silva et al., 2005; Bellucci et al., 2011), while restoring

UPR activity to normal levels conferred neuroprotection (Smith et al., 2005).

1.1.5.6. Non-cell-autonomous mechanisms dysregulation

Besides the intrinsic mechanisms of the neuron, mounting evidence point out that
other non-cell-autonomous mechanisms could play a role in PD pathogenesis. It is
well stablished that threatened neurons can induce an immune response mediated

by other cells, being glia the most studied so far (Xing and Lo, 2017). In this scenario,
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PD patients have an increased number of astroglial and microglial cells in the SNpc
(Lastres-Becker et al., 2012), as well as alterations in a wide number of inflammatory
cytokines (Hunot and Hirsch, 2003). These changes are consistent with those seen
in PD models (Yasuda et al., 2008; Huang et al., 2017). However, the exact role of
astroglia and microglia when activated and their involvement in PD remains
controversial. While activated microglia has been strongly suggested to participate in
neuronal cell death in different neurotoxic-based PD models (Liberatore et al., 1999;
Pabon et al., 2011), the role of activated astroglia is still debated since both
protective (Saura et al., 2003) and pathogenic (Pil Yun et al., 2018b) roles have been

proposed, probably due to its different reactive states (Liddelow and Barres, 2017).

Furthermore, although the brain has always been considered immune-privileged,
some studies suggest that peripheral immune system may also be involved in PD
pathogenesis (Hasegawa et al., 2000; Mosley et al., 2012). In this context, both CD4"
and CD8" T cell lymphocytes have been observed to infiltrate into the SNpc of PD
patients as well as in the MPTP mouse model (Brochard et al., 2009), reinforcing the

concept that immune system may play a significant role in PD pathogenesis.
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1.2. Transcription factor EB

1.2.1. MiT/TFE family of transcription factors

The microphthalmia/transcription factor E (MiT/TFE) family is a physiologic regulator
of proliferation, differentiation and survival in several non-nervous tissues, and is
made up of four transcription factors: microphthalmia-associated transcription factor
(MITF), transcription factor EB (TFEB), transcription factor EC (TFEC) and
transcription factor E3 (TFE3) (Haq and Fisher, 2011). In invertebrates, however,
only one ortholog form exists, named HLH-30 in Caenorhabditis elegans (Rehli et al.,
1999) and Mitf in Drosophila melanogaster (Hallsson et al., 2004), and may explain
the large degree of overlap between MIT/TFE transcription factors functions
(Puertollano et al., 2018). However, these transcription factors seem to have also
specific roles, since MITF deficiency affects melanocyte viability (Haq and Fisher,
2011) and because only TFEB KO mice are embryonic lethal at E9.5-10.5 due to

defective placental vascularization (Steingrimsson et al., 1998).

MIT/TFE transcription factors share a common structure, which includes: (i) a basic
region required for DNA contact and binding; (ii) a basic helix-loop-helix (bHLH)
leucine zipper (ZIP) motif, which is important for their dimerization; (iii) and a
transactivation domain (Steingrimsson et al., 2004). These transcription factors bind
the palindromic DNA sequence CANNTG, termed E-box, located in the proximal
promoter of many genes to regulate their expression. While MITF, TFEB and TFE3
activate gene transcription, TFEC is believed to inhibit, rather than activate, gene
transcription (Napolitano and Ballabio, 2016). Binding DNA can occur in the form of
both homodimers and heterodimers with other members of the MIT/TFE family
(Hemesath et al., 1994), although their relevance to transcription remains unknown.
E-box is also recognized by other transcription factors that also have the bHLH-ZIP
motif, such as MYC, albeit they cannot heterodimerize with the MIiT/TFE family of
transcription factors probably due to the latter present a specific ZIP domain with a

three-residue shift (Pogenberg et al., 2012; Napolitano and Ballabio, 2016).
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In 2009, however, a new role for the MiT/TFE transcription factors emerged after the
discovery that TFEB was able to promote lysosomal biogenesis and autophagy by
binding a palindromic E-box-like sequence (GTCACGTGAC), termed Coordinated
Lysosomal Expression and Regulation (CLEAR) element (Sardiello et al., 2009;
Settembre et al., 2011).

1.2.2. TFEB as a master regulator of lysosomal biogenesis and autophagy

The autophagy-lysosomal pathway needs to be finely tuned at transcriptional level in
order to adapt the cell to different physiological conditions. In this regard, TFEB is
considered the master transcriptional enhancer of both lysosomal biogenesis and
autophagy by promoting the transcription of numerous lysosomal and autophagic
genes that participate in multiple steps of autophagy from autophagosome initiation
to degradation of the cargo into the lysosomes (Sardiello et al., 2009; Settembre et
al., 2011). Additionally, TFEB has also been shown to induce lysosomal exocytosis, a
process in which lysosomes are docked to the cellular membrane and directly empty
their content to the extracellular space (Medina et al., 2011). In contrast to TFEB,
lysosomal biogenesis and autophagy are transcriptionally repressed by zing finger
protein with KRAB and SCAN domains 3 (ZKSCANS3), which is considered the
master repressor of the ALP (Chauhan et al., 2013). Thus, TFEB and ZKSCANS are
regulated in an opposite manner in order to orchestrate the ALP to different cellular

responses.

1.2.2.1. Regulation of TFEB activity

Regulation of TFEB activity relies on its phosphorylation status and thereby
subcellular localization. In this regard, under nutrient-rich conditions, TFEB remains
phosphorylated and therefore inactive in the cytosol, whereas under several cellular

stressors (e.g. starvation, infection, inflammation, ER stress or physical exercise),

48



TFEB is rapidly dephosphorylated and translocates to the nucleus to activate the
ALP (Sardiello et al., 2009; Settembre et al., 2011; Martina et al., 2014; Puertollano
et al., 2018). To date, TFEB has been shown to be phosphorylated at least at 20
different residues by several kinases including mTORC1, ERK2, AKT and glycogen
synthase kinase 3 (GSK3), being most of them inhibitory phosphorylations that retain
TFEB in the cytosol (Puertollano et al., 2018) (Figure 13).
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Figure 13. Most studied phosphorylation residues of TFEB. Numerous serine residues of TFEB
protein have been described to be subject to phosphorylation. Although some of these
phosphorylations could stabilize TFEB and promote its nuclear translocation, most of them are
inhibitory phosphorylations that retain TFEB in the cytosol. From Puertollano et al., 2018 EMBO J.

In fact, inhibition of either mTORC1 (Settembre et al., 2012), ERK2 (Settembre et al.,
2011), AKT (Palmieri et al., 2017) or GSK3 (Li et al., 2016) are sufficient per se to
induce TFEB activation by boosting its translocation into the nucleus. Among these
kinases, mTORC1-mediated TFEB phosphorylation is the most studied by far
(Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012). In this
regard, phosphorylation of TFEB by mTORC1 is believed to take place in the
lysosomal membrane (Settembre et al., 2012), where both proteins are recruited by
Ras-related GTP-binding (Rag) GTPases (Sancak et al., 2010; Martina and
Puertollano, 2013). Once TFEB is phosphorylated, it is sent back to the cytosol,
triggering TFEB binding to 14-3-3 protein, which sequesters TFEB in the cytosol by
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masking a nuclear localization signal (NLS) required for TFEB nuclear translocation
(Martina et al., 2012; Roczniak-Ferguson et al., 2012) (Figure 14). Reinforcing the
concept that interaction between mTORC1 and TFEB occurs at the lysosome
membrane, a recent study has demonstrated that not only TFEB is phosphorylated
by mTORC1 at the lysosomal surface but also that TFEB is actually a positive
regulator of mMTORC1 signaling under nutrient replenishment in the same place by
promoting the transcriptional regulation of RagD GTPase, which is a direct target of
TFEB (Di Malta et al., 2017). Therefore, there is a feedback loop under fed conditions
by which TFEB promotes mTORC1 signaling and this, in turn, decreases TFEB
activity by phosphorylation (Di Malta and Ballabio, 2017). mTORC1-mediated
phosphorylation of TFEB occur mainly at S122, S142 and S211, although only Ser-
to-Ala mutations of the last two (S142A, S211A) result in a constitutive activation of
TFEB, which is always nuclear translocated (Settembre et al., 2012). Moreover,
when TFEB is phosphorylated at S142 and S211, the chaperone-dependent E3
ubiquitin ligase STUB1 mediates TFEB degradation through the UPS (Sha et al.,
2017).

In contrast, when nutrients become limiting or under stress conditions, two events
concomitantly occur in order to promote TFEB nuclear translocation. On the one
hand, mTORCH1 is inactivated by releasing from the lysosomal membrane (Sancak et
al., 2010). On the other hand, dephosphorylation and therefore activation of TFEB by
calcineurin  (CN) occurs after stress-induced lysosomal Ca®* release through
mucolipin 1 calcium channel (MCOLN1) (Medina et al., 2015). Finally, upon nutrient
refeeding, TFEB is exported to the cytosol by exportin 1/chromosomal maintenance 1
(CRM1) (Napolitano et al., 2018), thereby creating a continuous TFEB shuttling
between the cytosol and the nucleus that fine-tunes its activity upon nutrient

availability.
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Figure 14. Regulation of TFEB activity. In normal conditions, mTORC1 is activated by a complex
formed by V-ATPase, Rag GTPases and Ragulator. Once mTORC1 is activated, it phosphorylates
TFEB and inhibits its nuclear translocation by promoting its binding to 14-3-3 protein. In contrast,
under starvation or stressed conditions, the complex that activates mTORC1 is dissociated and
thereby turned off, allowing calcineurin to dephosphorylate TFEB and permitting TFEB to be
translocated into the nucleus, where it regulates numerous genes related to the ALP. From Martini-
Stoica et al., 2016 Trends Neurosci.

1.2.2.2. TFEB and ALP in neurodegenerative diseases

Increased levels of proteins related to the ALP and a subsequent enhancement of
macroautophagy (Settembre et al., 2011) and organelle-specific autophagy like
mitophagy (Nezich et al., 2015) and lipophagy (Settembre et al., 2013), have been
achieved after TFEB overexpression. Therefore, TFEB stands as a potential

therapeutic target for those diseases in which lysosomal or autophagic dysfunction
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have been documented, such as lysosomal storage disorders (LSDs) and
neurodegenerative diseases. Regarding LSDs, such as Pompe disease or Batten
disease, several studies have demonstrated the protective role of overexpressing
TFEB by lowering substrate accumulation (Spampanato et al., 2013; Rega et al.,

2016; Palmieri et al., 2017).

In the neurodegenerative diseases research field, much interest and effort has been
carried out to tackle neurodegeneration by enhancing TFEB activation as a
therapeutic strategy. These studies have been summarized in Table 2. Importantly,
histological examination of post-mortem tissue revealed a decreased TFEB activity in
PD, as determined by decreased TFEB nuclear-positive SNpc dopaminergic neurons
compared to healthy controls, indicating that TFEB dysfunction could play a central
role in PD pathogenesis (Decressac et al., 2013). Therefore, promoting TFEB
activation may hold great promise for the development of disease-modifying

strategies for PD.

Table 2. TFEB-based therapeutic approaches in neurodegenerative diseases experimental

models

Parkinson’s disease

Alzheimer’s disease
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MPP* in vitro
AAV-a-syn rat

o-syn in vitro
AAV-hTyr rat
rTg4510 mouse
APP/PS1 mouse
hTau (T231D/S235D)
in vitro

5XFAD mouse
TauP301L mouse

TauP301S in vitro

gmr-Gal4 > tau-2N4R
D. melanogaster

Dehay et al., 2010
Decressac et al., 2013
Kilpatrick et al., 2015

Carballo-Carbajal et al., 2019

Polito et al., 2014
Xiao et al., 2014, 2015

Chauhan et al., 2015

Chandra et al., 2018, 2019

Song et al., 2019



PS19 mouse Martini-Stoica et al., 2018

TauP301S Wang, et al., 2016b
Huntington’s disease HD43 in vitro Sardiello et al., 2009
N171-82Q mouse Tsunemi et al., 2012

HDQ175/Q7 mouse Vodicka et al., 2016

Spinal and bulbar muscular

atrophy ARpolyQ Rusmini et al., 2019

TARDBP-25/TDP-25 in
vitro

Amyotrophic lateral sclerosis Rusmini et al., 2019

SOD1* in vitro

SOD1%%** in vitro
TDP-43 in vitro Wang et al., 2018

Kanamycin sulfate +

. Ye et al., 2019
furosemide, mouse

Cochlear degeneration

Cerebral ischemia pMCAO rat Liu et al., 2019

Juvenile neuronal ceroid

lipofuscinosis CIn3**"8 mouse Palmieri et al., 2017

1.2.3. Targets and biological functions not related to the ALP regulated by TFEB

Although TFEB gained momentum since it was discovered that controls the ALP and
that its activation might counteract lysosomal impairment and protein aggregation,
the maijority of putative direct targets of TFEB described to date is linked to a range
of biological processes that are not related to the ALP (Palmieri et al., 2011). In this
line, only 64 out of 471 putative direct targets of TFEB are linked to this system,
whereas hundreds of the other genes controlled by TFEB are linked to different
biological processes, such as mitochondrial metabolism, cellular response to stress,
regulation of gene expression, cell cycle and translation, among others (Palmieri et
al., 2011) (Figure 15).
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Figure 15. Biological processes of TFEB direct targets. Although some genes belong to the ALP, a
considerable proportion of genes are associated with a variety of functions that are not connected to
the ALP, such as mitochondrial or carbohydrate metabolism, mRNA processing, cell cycle or immune
system. From Palmieri et al., 2011 Hum. Mol. Genet.

Additional roles of TFEB were determined after the discovery that genetic ablation of
TFEB caused a lethal defect in placental vascularization (Steingrimsson et al., 1998).
In fact, the MiT/TFE family has been long associated to tumorigenesis (Steingrimsson
et al., 2004; Haq and Fisher, 2011). In particular, chromosomal translocations or
amplifications of TFEB gene have been linked to renal cell carcinoma and pancreatic
ductal adenocarcinoma (Kauffman et al., 2014; Durinck et al., 2015; Perera et al.,
2015). In this context, TFEB-associated tumors display an induction of RagD
GTPase and a subsequent mTORC1 hyperactivation (Di Malta et al., 2017),
suggesting that TFEB may have a key role in the proliferation and survival of dividing
cells. Moreover, osteoclast differentiation and bone resorption seem to also depend
on TFEB activity (Ferron et al., 2013). Interestingly, TFEB was shown to control liver
lipid metabolism via PGC-1a (Settembre et al., 2013), as well as mitochondrial
biogenesis in muscle (Mansueto et al., 2017) and both maturation and antigen
presentation by major histocompatibility complexes in dendritic cells (Samie and

Cresswell, 2015).

All above commented unraveled that TFEB has several functions in different tissues.

However, the contribution of these other pathways not related to the ALP to TFEB'’s
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protective effect has been neglected in all the studies related to the neuroscience
field and may account for its potential beneficial outcome. Therefore, to deepen our
knowledge on TFEB function in neurons may be crucial to develop a potential

therapeutic strategy for PD and other related neurological disorders.
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2. Hypothesis and aims

The working hypothesis of this PhD thesis is that overexpressing TFEB in the

dopaminergic neurons of the mouse substantia nigra will not only activate the

autophagy-lysosomal pathway but also turn on other signaling pathways that can

contribute in fighting neuronal cell death and dysfunction, which are characteristic of

PD.

Hence, the main aim of this study is to deepen our knowledge of the different

molecular mechanisms activated upon in vivo TFEB overexpression that may offer

potential benefits in the context of PD. To this end, we established the following

specific objectives:

1.

To explore the effect of TFEB overexpression in mice SNpc dopaminergic
neurons of several cellular pathways affected in PD including the autophagy-
lysosomal pathway, dopamine metabolism, survival signaling pathways and

mitochondria.

To determine the therapeutic potential of TFEB overexpression in an in vivo

model of PD-related dopaminergic neurodegeneration.

To analyze the contribution of several molecular pathways in the
neuroprotective and neurotrophic effects elicited by TFEB overexpression in

an in vivo model of PD-related dopaminergic neurodegeneration.

. To assess the actual neuroprotective extent of inducing lysosomal biogenesis

and autophagy by knocking down ZKSCANS3 in an in vivo model of PD-related

dopaminergic neurodegeneration.
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3. Materials and Methods

3.1. Animals

8-11 weeks old male C57BL/6Ncrl mice were used for all the experiments. Mice were
housed under controlled conditions (22°C + 1°C; 12 hours light/dark cycle) with food
and water available ad libitum. The acquisition, care, housing, use, and disposition of
laboratory animals in this research procedure, have been in compliance with
applicable Catalan (Decret 214/97) and Spanish (RD53/2013) laws and regulations,
institutional policies, and with international conventions to which the European Union
is a party. All the studies were approved by the Ethical Committee of Animal

Experimentation of Vall d’Hebron Research Institute.

3.2. Stereotaxic delivery of adeno-associated viral vectors

For viral vector injections, mice were anesthetized using isoflurane (Baxter, Ref.
PDG9623) and placed in a stereotactic apparatus. Mice were stereotaxically injected
into the region immediately above right SNpc of 8-week-old C57BL/6Ncrl mice
(coordinates in mm: -2.9 AP, 1.3 ML, and -4.5 DV from Bregma) with 1 yl of adeno-
associated viral vector using the Neuros Hamilton system (Hamilton, 701 RN, Ref.
7635-01). Each injection was performed with a flow rate of 0,4 ul/min, with the needle
being left in place for 4 minutes before withdrawal. Control mice received vehicle. An

empty vector with noncoding stuffer DNA (AAV-EV) was also used.

AAV serotype 2/9 containing the murine Tfeb cDNA fused to 3 Flag epitopes under
control of the cytomegalovirus (CMV) promoter was produced at TIGEM AAV Vector
Core Facility (ltaly), as previously described (Settembre et al., 2011), and was used
for the overexpression of TFEB in dopaminergic neurons of the SNpc. The titer of the
AAV batch used in this study was 3 x 10'? gc/mL.
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An AAV containing the sequence coding a short double-stranded hairpin RNA
(shRNA) directed against rodent ZKSCAN3 has been used to knock down
ZKSCAN3. To generate AAV vectors expressing shZKSCANS3, oligonucleotides
containing 19 targeting nucleotides were synthesized. shZKSCAN3: 5-AGCTTC
CGGTCAGACTTGGAACTCTTTTCAAGAGAAAGAGTTCCAAGTCTGACCTTTTTGG
AAG-3'. The shRNA was cloned downstream of the H1 RNA polymerase Il promoter
and the construct was cloned into a self-complementary pAAV2 backbone to
generate pAAV2/9-shZKSCAN3. Recombinant AAV2/9 were produced by
polyethylenimine (PEI) mediated triple transfection of low passage HEK-293T /17
cells (ATCC, Molsheim, France; cat number CRL-11268). The AAV expression
plasmids (pAAV2-H1-shZKSCANS3-pA) was co-transfected with the adeno helper pAd
Delta F6 plasmid (Penn Vector Core, Philadelphia, USA; Ref. PL-F-PVADF6) and
AAV Rep Cap pAAV2/9 plasmid (Penn Vector Core, Philadelphia, USA; Ref. PL-T-
PV008). AAV vectors were purified as previously described (Zolotukhin et al., 1999).
Cells were harvested 72h post-transfection, resuspended in lysis buffer (150 mM
NaCl, 50 mM Tris-HCI pH 8.5) and lysed by 3 freeze-thaw cycles (37°C/-80°C). The
cell lysate was treated with 150units/ml Benzonase (Sigma, St Louis, USA) for 1 hour
at 37°C and the crude lysate was clarified by centrifugation. Vectors were purified by
iodixanol step gradient centrifugation, and concentrated and buffer exchanged into
Lactated Ringer's solution (Baxter, Deerfield, USA) using vivaspin20 100kDa cut off
concentrator (Sartorius Stedim, Goettingen, Germany). Titrations were performed at
the platform study of the transcriptome (Neurocentre Magendie, INSERM U862,
Bordeaux, France). The genome-containing particle (gcp) titer was determined by
quantitative real-time PCR using the Light Cycler 480 SYBR green master mix
(Roche, Meylan, France; Ref. 04887352001) with primers specific for the AAV2 ITRs
(fwd 5-GGAACCCCTAGTGATGGAGTT-3; rev 5-CGGCCTCAGTGAGCGA-3')
(Aurnhammer et al., 2012) on a Light Cycler 480 instrument. Purity assessment of
vector stocks was estimated by loading 10 ul of vector stock on 10% SDS acrylamide
gels, total proteins were visualized using the Krypton Infrared Protein Stain according

to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, USA). Finally,
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the titer of the AAV batch used for the in vivo application in this study was 2.58 x 10"
gc/mL for AAV2/9-shZKSCAN3.

3.3. MPTP intoxication

An intraperitoneal injection of MPTP-HCI (30 mg/kg/day of free base; Sigma-Aldrich,
Ref. M0896) was administrated for five consecutive days 4 weeks after the
stereotaxic administration of AAV-TFEB, vehicle, AAV-EV or AAV-shZKSCANS3.
Control mice received saline injections instead of MPTP. Mice were euthanized 1 or

21 days after the last MPTP or saline injection.

3.4. Immunofluorescence/Immunohistochemistry

Mice were deeply anesthetized with an intraperitoneal injection of 5% pentobarbital
sodium (Dr Carreras, Ref. 39916) and perfused through the ascending aorta at 9
mL/min flow rate with physiological saline (0.9% NaCl, Fresenius Kabi, Ref.
B314801) for 3 minutes followed by 4% ice-cold paraformaldehyde (PanReac
ApplyChem, Ref. A3697.9010) diluted in 0.2 M phosphate buffer containing 0.15 M
sodium phosphate dibasic (Sigma-Aldrich, Ref. S0876) and phosphate dibasic
(Sigma-Aldrich, Ref. S9638) for 8 minutes. Brains were removed, post-fixed in 4%
ice-cold paraformaldehyde for 24h at 4°C and crioprotected with 30% sucrose
(Sigma-Aldrich, Ref. S9378) at 4°C for 48 hours. Brain were then frozen in 2-
methylbutane (Sigma-Aldrich, Ref. M32631) and stored at -80°C until cut at a
thickness of 30 um in the coronal plane, recollecting the sections in 48-well plates
with phosphate buffer 0.1 M + 0.01% sodium azide (Sigma-Aldrich, Ref. S8032).

Immunofluorescence. Immunofluorescence was performed on free-floating 30 um-
thick midbrain sections. Sections were rinsed with PBS, blocked in 5% NGS and

permeabilized with 0.3% Triton X-100 in PBS for 1 hour at RT, and incubated
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overnight at 4°C with corresponding primary antibodies in 2% NGS and 0.3% Triton
X-100 in PBS. After washing, sections were then incubated with secondary Alexa
Fluor antibodies in 2% NGS and 0.3% Triton X-100 in PBS for 1 hour at RT. Sections
were rinsed and the cell nuclei were stained with Hoechst 33342 (Thermo Fisher
Scientific, Ref. H3570) at 1:2000 dilution in PBS for 10 minutes. Sections were
washed and mounted onto Superfrost Ultra Plus slides using DakoCytomation
Fluorescent medium (DAKO, Ref. S3023). Fluorescence was analyzed using an
Olympus FV1000 confocal microscopy with FV 4.1 software (Olympus Corporation)
or using an Olympus BX61 fluorescence microscope with CellSens software

(Olympus Corporation).

Immunohistochemistry. Immunohistochemistry was performed on free-floating 30
pm-thick sections including the midbrain or the striatum. Sections were rinsed with
TBS and quenched with 10% methanol (PanReac AppliChem, Ref. 131091.1212)
and 3% H»0O; (Sigma-Aldrich, Ref. H1009) in TBS to inhibit endogenous peroxidases
for 5 minutes at RT. Sections were then rinsed with TBS, blocked in 5% NGS (Vector
Laboratories, Ref. S100) for 1 hour at RT, and incubated with the primary antibody in
2% NGS in TBS for 24-48 hours at 4°C. After washing, sections were incubated with
the corresponding secondary antibody in 2% NGS in TBS for 1 hour at RT, followed
by an incubation for 1 hour with the avidin-biotin-peroxidase complex Standard
(Thermo Fisher Scientific, Ref. 32020) for midbrain sections or avidin-biotin-
peroxidase complex Ultra-sensitive Plus (Thermo Fisher Scientific, Ref. 32050) for
striatum sections. Finally, staining was visualized using 3,3-diaminobenzidine (DAB)
as a chromogen, and sections were mounted onto Superfrost Ultra Plus slides
(Thermo Fisher Scientific, Ref. JBB0OOAMNZ) and air-dried overnight at RT. Slides
were dehydrated by a consecutive incubation with 70% ethanol, 95% ethanol, 100%
ethanol and xylene (Panreac, Ref. A2476), and mounted using DPX medium (Sigma-
Aldrich, Ref. 06522).

For VMAT2 and DAT immunostainings, an additional previous step of antigen
retrieval with 10 mM sodium citrate (Sigma-Aldrich, Ref. S1804) pH 6.0 was

performed for 20 minutes in a 95°C pre-heated water bath.
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3.5. Transduction efficiency

To assess rAAV-3xFlag-TFEB transduction efficiency, a double immunofluorescence
of two coronal midbrain sections through the SN were immunostained with antibodies
against TH and Flag to analyze TFEB expression of the nigral dopaminergic cells.
Sections were visualized using an Olympus FSX100 with FSX-BSW software
(Olympus Corporation), and photographs were taken with DP72 incorporated camera
using a 4x objective. Photomontages were made from multiple 4x objective images
using Adobe Photoshop CS6, and analyzed using a Cell Counter plugin on ImageJ
1.50i software. Different color channels were split, which allowed first to mark SNpc
TH-positive cells, and then those that also expressed Flag. Data are expressed as

percentage of DAergic neurons that coexpress exogenous TFEB (TH" Flag®).

3.6. Quantitative morphology

Midbrain sections were immunostained against TH to assess different parameters of
the SNpc and their dopaminergic neurons using a computerized stereology system
(Stereolnvestigator, MBF Bioscience, Williston, VT) and Imaged 1.50i software
(National Institutes of Health, USA). The researcher was blind to the experimental

condition of the animal being studied.

SNpc volume. The volume of the SNpc, expressed in pm?®, was estimated on the
basis of SNpc area obtained from contour measurements of every fourth section of

the SNpc, yielding 12 sections per animal.

Neuronal cell body area. The mean area of dopaminergic neurons, expressed in
um?, was measured with a stereological nucleator probe. Neurons randomly selected
from four sections including the SNpc were measured for each animal. The size of

counting frame was 50x50 ym spaced 175x100 pm.
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Dendritic arborization. Neuronal branches were assessed by optical densitometry
of transmitted-light microscopy images of TH—immunostained midbrain sections.

Three sections per animal were analyzed using Imaged 1.50i.

Intraneuronal TH optical density. The intracellular optical density of transmitted-
light microscopy images of TH—positive neurons from four sections per animal was
analyzed using Imaged 1.50i. Neurons transversely cut were selected for the

analysis. At least 40 neurons were analyzed in each animal.

Nigral dopaminergic neuron counts. A Nissl counterstaining with Cresyl Violet
(Sigma-Aldrich, Ref. C5042) for 10 minutes prior to the dehydration step was
performed on TH-immunostained midbrain sections. Assessment of the total number
of TH/Nissl-positive neurons in the SNpc was made in both sides of every fourth
section throughout the SN, yielding 12 sections per animal (Figure 16), using
stereological quantification methods by employing the optical fractionator principle.
SNpc was delineated by using a 4x objective, whereas the actual counting was
performed using a 100x oil objective on a Zeiss ImagerD1 microscope. The size of
counting frame was 50x50 um spaced 125x100 um. In MPTP experiments, the total

number of neurons was estimated at 21 days after the last MPTP or saline injection.

Figure 16. Coronal midbrain sections across the SNpc from caudal to rostral. For SNpc
dopaminergic counts, a total of 12 sections throughout the SN with a fourth section interval were
immunostained against TH. SNpc was delineated (dashed blue line) and counted by employing the
optical fractionator principle. Scale bar = 300 ym
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3.7. Optical densitometry analyses

The intraneuronal intensity of fluorescence or transmitted-light microscopy images of
SNpc sections after TOM20, TIM23, ZKSCAN3, LAMP1, phospho-ERK1/27"202/Tyr204
or phospho-AKTS473 immunostaining was analyzed using Imaged 1.50i. Neurons
transversely cut were selected for the analysis. For each staining condition
quantified, a total of three sections were analyzed per animal, computing at least 60

neurons analyzed in each animal.

Striatal TH, VMAT2 and DAT-positive fiber density was assessed by optical
densitometry (OD) at three-four coronal levels from each animal, covering the entire
striatum (Figure 17). Slides were scanned with an Epson Perfection V750 PRO
scanner and intensity was analyzed with SigmaScan Pro 5.0 software (Systate
Software, Inc, USA). The measured striatal values (IStr) were corrected for non-
specific background staining by subtracting values obtained from the corpus

callosum (ICc). OD was assessed with the following formula:

IStr
0D = —lOg (E)

Str

Figure 17. Coronal striatum sections from caudal to rostral. For striatal OD quantification, 4-
regularly spaced 30 pm-thick sections were analyzed after TH immunohistochemistry. Cc, corpus
callosum; Str, striatum. Scale bar = 500 pym

All quantifications were performed by an investigator blinded to the experimental

groups.
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3.8. In vivo microdialysis and HPLC measurements

Striatal homogenate levels of dopamine and metabolites, DOPAC and HVA, were
measured by HPLC with electrochemical detection (Waters model 2465; +0.7V), as
previously described (Bortolozzi and Artigas, 2003). Mice were euthanized and their
brains were quickly removed and placed over a cold plate. Caudate putamen were
carefully dissected out, weight, frozen on dry ice and kept at -80°C until assayed. The
tissue were homogenized in 200 ul of buffer containing 0.4 M perchloric acid
containing 0.1% sodium metabisulphite, 0.01% EDTA, 0.1% cysteine and centrifuged
at 12000 g for 30 min. Aliquots of supernatants were then filtered through 0.45 pm
filters (Millex, Barcelona, Spain) and analyzed by HPLC as described. The mobile
phase consisted of 0.1 M KH2PO4, 1 mM octyl sodium sulphate, 0.1 mM EDTA (pH
2.65) and 18% methanol. DA and their metabolites were separated on a
Mediterranea Sea (18, 3 ym, 10 cm x 6.4 mm) (Teknokroma, Ref. TR010042,

Barcelona, Spain).

To assess local effects of D-amphetamine sulfate or veratridine on striatal DA
release in microdialysis experiments, they were dissolved in artificial cerebrospinal
fluid (aCSF: 125 mM NaCl, 2.5 mM KCI, 1.26 mM CaCl, and 1.18 mM MgCl,) and
administered by reverse dialysis at the stated concentration (uncorrected for

membrane recovery).

Extracellular DA concentration was measured by in vivo microdialysis, as previously
described (Diaz-Mataix et al., 2005), at 5 weeks after AAV-TFEB or vehicle
injections. In the MPTP experiments, microdialysis was performed at 21 days after
the last MPTP or saline injection. Briefly, one concentric dialysis probe (Cuprophan
membrane; 6000 Da molecular weight cut-off; 1.5 mm-long) was implanted in the
right striatum (coordinates in mm: AP, 0.5; ML, -1.7; DV, -4.5) of pentobarbital-
anaesthetized mice (40 mg/kg ip). Microdialysis experiments were performed 24-48h
after surgery in freely moving mice. The aCSF was pumped (WPl model, SP220i) at
1.5 pl/min and 20-min samples were collected. Following an initial 100-min

stabilization period, five or six baseline samples were collected (20 min each) before
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local drug application by reverse dialysis and then successive dialysate samples
were collected. The concentration of DA in dialysate samples was determined by
HPLC with electrochemical detection (Hewlett Packard 1049, Palo Alto, CA, USA).
Striatal dialysates were collected on microvials containing 5 uL of 10 mM perchloric
acid and were rapidly injected into the HPLC. DA was detected at 5-7.5 min with a

limit of detection of 3 fmol/sample using an oxidation potential of +0.75 V.

3.9. Western blot analyses

Mice ventral midbrains were dissected and stored at -80°C. Tissues were
homogenized on ice in 1M Tris HCI (pH 7.5), 5 M NaCl, 0.5 M EDTA, 1% SDS,
Nonidet P-40, protease inhibitors (Complete Mini; Roche Diagnostics, Ref.
11836153001) and protease/phosphatase inhibitors (Cell Signaling Technology®,
Ref. 5872), performing 10-15 up-and-down strokes with a 18G syringe and then 10-
15 up-and-down strokes with a 23G syringe. The suspension was centrifuged at
13000 rpm at 4°C for 30 min and the supernatant (protein) was quantified by the
bicinchoninic assay method (Thermo Fisher Scientific, Reagent A Ref. 23228 and
Reagent B Ref. 23224) with BSA (Thermo Fisher Scientific, Ref. 23209) as standard

protein.

Proteins were then separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on different percentage of polyacrylamide gels, ranging
from 6% to 15%, and run for 90-120 min at 105V in running buffer containing 25 mM
Trizma Base (Sigma-Aldrich, Ref. T6066), 192 mM glycine (Sigma-Aldrich, Ref.
G7126) and 1% SDS (Sigma-Aldrich, Ref. L3771). Protein All Blue Standards
(BioRad, Ref. 161-0373) was used as a ladder. Resolved proteins were transferred
to nitrocellulose membranes (GE Healtchare, Ref. 10600002) for 90 minutes at 200
mA per gel in transfer buffer containing 25 mM Trizma Base, 192 mM glycine and
20% methanol. Membranes were immediately blocked with 5% BSA (Sigma-Aldrich,
Ref. A4503) for phospho-proteins or 5% non-fat milk powder (Sigma-Aldrich, Ref.

71



70166) for 1 hour and incubated with the corresponding primary antibody diluted in
4% BSA in TBS-T overnight at 4°C. Membranes were then rinsed three times with
TBS-T for 5 minutes each and incubated with the corresponding secondary antibody
coupled with horseradish peroxidase in 5% non-fat milk in TBS-T for 1 hour at RT.
Finally, membranes were rinsed again three times with TBS-T for 10 minutes each
and developed using West Pico SuperSignal (Thermo Fisher Scientific, Ref. 34080)
or West Femto SuperSignal (Thermo Fisher Scientific, Ref. 34095) on an
ImageQuant RT ECL Capture imaging system (GE Healthcare). Bands were
quantified by densitometry using the 1D plugin on ImageQuant RT ECL Capture

software. GAPDH and Tubulin were used as loading controls.

3.10. Isolation of midbrain mitochondria

10 midbrains from mice were pooled for each experimental group and homogenized
in isolation buffer containing 225 mM mannitol (Sigma-Aldrich, Ref. M4125), 75 mM
sucrose, 1 mM EGTA (Sigma-Aldrich, Ref. E4378), 5 mM HEPES (Sigma-Aldrich,
Ref. H3375), and 2 mg/ml fat-free BSA (Sigma-Aldrich, Ref. A6003) using a Dounce
homogenizer with eight up-and-down strokes on ice. The homogenate was
centrifuged at 1000 g for 10 minutes at 4°C, and the resulting supernatant was
layered onto 4 ml of 7.5% Ficoll on top of 4 ml of 10% Ficoll in Ficoll medium (0.3 M
sucrose, 50 yM EGTA, and 10 mM HEPES) and centrifuged at 79000 g for 30
minutes at 4°C using a Sorvall WX Ultra 90 ultracentrifuge (Thermo Fisher Scientific).
The pellet (nonsynaptosomal mitochondria) was gently washed with isolation buffer
(-BSA), resuspended in 100 pl with the same buffer and quantified by the
bicinchoninic assay method with BSA as a standard protein. Purity of mitochondria

was checked by western blot.

For western blot experiments with isolated mitochondria, 50 ug were loaded and
separated by SDS-PAGE as previously commented. HSP60 was used as a loading

control.
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3.11. RNA extraction and gene expression analysis by RT-qPCR

Total RNA from mouse tissue was extracted from injected ventral midbrains using
RNeasy Lipid Tissue Mini Kit (Qiagen, Ref. 74804) according to the supplier's
recommendations. RNA concentration was determined using the NanoDrop 1000
assay (Thermo Fisher Scientific) and RNA integrity was assessed by running the
samples on an Agilent RNA 6000 Nano chip on an Agilent 2100 BioAnalyzer (Agilent
Technologies). One microgram of RNA was used for reverse transcription with
oligo(dT)12—18 primers (Invitrogen, Ref. 18418012) and SuperScript™ Il reverse
transcriptase (Invitrogen, Ref. 18064014). Quantitative real-time PCR was performed
with 20 ng of cDNA, Tagman Gene Expression Master Mix with UNG (Applied
Biosystems, Ref. 4440038) and Tagman gene expression assays (Applied
Biosystems. Table 3) on an ABI PRISM 7900HT (Applied Biosystems). Fold change
was calculated with the AACt-method using the software SDS version v2.4 (Applied
Biosystems), RQ Manager v1.2.1 (Applied Biosystems) and DataAssist v3.01
(Applied Biosystems), and normalized to Gapdh and Rp/19 gene expression.

Table 3. List of Tagman gene expression assays used

Gene Reactivity Tagman Ref.

Tfeb Mouse #Mm00448968 m1
Ppargcia Mouse #MmO01208835 m1
Tfam Mouse #MmO00447485 m1
Lamp1 Mouse #Mm00495262_m1
Ctsd Mouse #MmO00515586_m1
Rps6kb1 Mouse #MmO01310033_m1
Eifde Mouse #MmO00725633_s1
Bcl2i11 Mouse #MmO00437796_m1
Gapdh Mouse #Mm99999915_g1
Rpl19 Mouse #Mm02601633_g1
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3.12. Mitochondrial DNA copy humber measurements

Total DNA (genomic and mitochondrial) was isolated from right ventral midbrains
using the QIAmp DNA Mini Kit (Qiagen, Ref. 51306) according to the supplier's
recommendations. DNA was eluted in 200 pl of distilled water and quantified using
the NanoDrop 1000 assay (Thermo Scientific). All samples were diluted at 8 ng/ul in
10 mM Tris HCI pH 8. To quantifiy mtDNA content, we analyzed relative mtDNA (716S
rRNA gene and ND4 gene) versus nuclear DNA (ANG17 gene) copy number. The
sequences for 16S primers used are: 5-AATGGTTCGTTTGTTCAACGATT-3
(forward) and 5-AGAAACCGACCTGGATTGCTC-3' (reverse), with a FAM-labeled
probe sequence 5-FAM-AAGTCCTACGTGATCTGAGTT-MGB-3'. The sequences
for ND4 primers used are: 5-TGCATCAATCATAATCCAAACTCCATGA-3’ (forward)
and 5-GGCAGAATAGGAGTGATGATGTGA-3’ (reverse), with a VIC-labeled probe
sequence 5-VIC-CCGACATCATTACCGGGTTTTCCTCTTG-TAMRA-3'. For ANG1

we used a commercial assay (Applied Biosystems, Ref. Mm00833184 s1).

Calibration curves were used for absolute quantification of mtDNA and nDNA copy
number, which were based on the linear relationship between the crossing point
cycle values and the logarithm of the starting copy number, as previously described
(Andreu et al., 2009). Quantitative real-time PCR was performed with 10 ng of DNA
with Tagman Gene Expression Master Mix with UNG (Applied Biosystems, Ref.
4440038) on an ABI PRISM 7900HT. Data were analyzed using the software SDS
v2.4 (Applied Biosystems), RQ Manager v1.2.1 (Applied Biosystems) and DataAssist
v3.01 (Applied Biosystems).

3.13. Transmission electron microscopy analyses

Mice were perfused transcardially with 4% ice-cold paraformaldehyde and 0.1%
glutaraldehyde (Merck Millipore, Ref. G5882). Brains were removed and post-fixed
for 4 hours at 4°C in the same fixative, washed in ice-cold PBS and sectioned into

100 pm-thickness slices using a HM 650V vibratome (Thermo Fisher Scientific).
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Free-floating sections were blocked in 10% NGS and 0.1% Triton X-100 in PBS for 1
hour at RT, and incubated with primary antibody against TH in 10% NGS in PBS
overnight at 4°C. Sections were rinsed with 10% NGS in PBS for 1 hour at 4°C,
incubated with a secondary goat anti-rabbit antibody conjugated to biotin for 1 hour at
RT, and incubated with the avidin-biotin-peroxidase complex Standard. Finally,
staining was visualized using DAB as a chromogen. The sections were post-fixed in
3% glutaraldehyde and in 1% osmium tetroxide in 0.1M cacodylate buffer (pH 7.4),
dehydrated in ethanol, and embedded in Spurr's epoxy resin. Survey sections (2 pm)
and ultrathin sections (70 nm) were cut with a diamond knife (Diatome) using an
ultramicrotome Ultracut E (Reichert-Jung). Ultrathin sections were collected onto
copper grids, counterstained with 2% uranyl acetate and led citrate, and visualized in
a JEOL 1010 100kV (tungsten filament) transmission electron microscope. Images
were acquired with an Orius CCD camera by using GATAN Digital Micrograph

software.

TEM images were analyzed with Imaged 1.50i to assess different mitochondrial

parameters in both control (n = 2) and AAV-TFEB-injected (n = 2) mice:

Mitochondrial density. Mitochondrial density of a given neuron was computed as
follows: (number of mitochondria)/(neuronal area). In control mice, a total of 12 TH-
positive neurons were analyzed. In AAV-TFEB-injected mice, a total of 21 TH-

positive neurons were analyzed.

Neuronal area occupied by mitochondria. The neuronal area that was occupied by
mitochondria was computed as follows: (the sum of mitochondria areas)/(neuronal
area). In control mice, a total of 12 TH-positive neurons were analyzed. In AAV-

TFEB-injected mice, a total of 21 TH-positive neurons were analyzed.

Mitochondrial area. The mean area of mitochondria, expressed in pmz, was
measured by drawing a ROI to each mitochondrion. In control mice, a total of 569
mitochondria were analyzed. In AAV-TFEB-injected mice, a total of 1308

mitochondria were analyzed.
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Mitochondria type. Mitochondria were binned into three different categories
depending on their shape: rounded (class I), intermediate (class Il) and elongated
(class lll). Data is represented as the mean of the percentage of each type of
mitochondria in TH-positive neurons. In control mice, a total of 12 TH-positive
neurons were analyzed. In AAV-TFEB-injected mice, a total of 19 TH-positive

neurons were analyzed.

Mitochondrial Feret’s diameter. Feret's diameter represents the longest distance,
expressed in ym, between any two points within a given mitochondrion. In control
mice, a total of 419 mitochondria were analyzed. In AAV-TFEB-injected mice, a total

of 970 mitochondria were analyzed.

Mitochondrial aspect ratio (AR). AR, which reflects the length-to-width ratio of a
given mitochondrion, was computed as follows: (major axis)/(minor axis). In control
mice, a total of 419 mitochondria were analyzed. In AAV-TFEB-injected mice, a total

of 970 mitochondria were analyzed.

3.14. Amphetamine-induced rotation test

Mice were placed in a cylinder in a closed room to avoid any environmental
disturbance, and allowed to habituate for 1 hour. Then, mice were injected
intraperitoneally with D-amphetamine (5 mg/kg; Tocris, Ref. 2813) and recorded for
60 min. Each subject was scored for full body rotations in 10 min intervals. The net

contralateral rotations were obtained as follows: total left — total right 360° turns.

3.15. Cytochrome c release study

For cytochrome c release experiments, 200 ug of isolated brain mitochondria were
incubated with 100 uM MPP* (Sigma-Aldrich, Ref. D048) and/or different amounts
(100-150 nM) of recombinant Bax (Thermo Fisher Scientific, Ref. RP-800) for 1 hour
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at 4°C. Incubation with Alamethicin (Alm, 40 pg/ml) from Trichoderma viride (Sigma-
Aldrich, Ref. A5361) was used as a positive control of the maximal cytochrome ¢
release. Mitochondria were then pelleted at 17000 g for 15 minutes and both the
pellet and the supernatant were analyzed by western blot. The percentage of
cytochrome c release was estimated by assessing the intensities of the immunoblot
bands for the soluble fractions versus total fractions (soluble plus particulate).

Mitochondrial protein HSP60 was used as a control of the experiment.

3.16. Antibodies

A complete list of the primary (Table 4) and secondary (Table 5) antibodies used in

all experimental procedures is listed below.

Table 4. List of primary antibodies used

Protein Host Source Reference Dilution
TH Rabbit Merck 657012 IHC: 1:2000-
polyclonal Millipore 1:5000
IF: 1:1000
EM: 1:1000
TH Mouse Merck MAB5280 IF: 1:1000
monoclonal Millipore
Flag Mouse Sigma-Aldrich F3165 IF: 1:1000
monoclonal
LAMP1 Rabbit GeneTex GTX19294 WB: 1:750
polyclonal IF: 1:1000
IHC: 1:250
Cathepsin D Goat Santa Cruz sc-6494 WAB: 1:1000
polyclonal Biotechnology
LC3 Rabbit Novus NB100-2220 WB: 1:750
polyclonal Biologicals IF: 1:1000
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Rabbit
monoclonal

Rabbit
polyclonal

Rabbit
monoclonal

Rabbit
monoclonal

Rabbit
monoclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
monoclonal

Rabbit
monoclonal

Rabbit
monoclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
monoclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Rabbit
polyclonal

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Merck
Millipore

9742

9451

2855

9452

4923

9202

9205

4857

4695

4370

9344

9347

9271

4060

9272

5196

3217

106835

WB

WB:

WB:

WB:

WB:

WB:

WB:

IHC:

WB:

WB:
IHC:

WB:

WB:

WB:

IHC:

WB

WB

WB

WB

:1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:300

1:1000
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1:200

1:1000

1:500

1:1000

1:200

:1:1000

1 1:500

:1:1000

:1:1000



TBK1

pCASP9™'#

p-elF4ES2%

PGC-1a

OXPHOS cocktail

Complex IV

TOM20

TIM23

OPA1

MFN1

MFN2

BCL-XL

VDAC1

Cytochrome ¢

HSP60

ZKSCAN3

DAT

VMAT2

Rabbit
monoclonal

Rabbit
polyclonal

Rabbit
monoclonal

Rabbit
polyclonal

Mouse
monoclonal

Mouse
monoclonal

Mouse
monoclonal

Mouse
monoclonal

Mouse
monoclonal

Chicken
polyclonal

Rabbit
polyclonal

Rabbit
monoclonal

Rabbit
polyclonal

Mouse
monoclonal

Rabbit
polyclonal

Rabbit
polyclonal

Mouse
monoclonal

Rabbit
polyclonal

Cell Signaling 3504
Technology

Novus NB100-
Biologicals 92677
Cell Signaling 9741
Technology

Abcam ab54481
Abcam ab110411

ThermoFisher A21348
Scientific

Abcam ab56783
BD 611222
Biosciences

BD 612606
Biosciences

Abcam ab60939
Abcam ab50838
Abcam ab32370
Abcam ab15895
Zymed 33-8500
Abcam ab46798
Proteintech 20800-1-AP
Novus NBP2-22164
Biologicals

Novus NBP1-69750
Biologicals

WB: 1:500

WB: 1:1000

WB: 1:1000

WB: 1:500

WB: 1:1000

WB: 1:1000

IF: 1:1000

IF: 1:1000
WB: 1:1000

WB: 1:1000

WB: 1:500

WB: 1:500

WB: 1:1000

WB: 1:2000

WB: 1:500

WB: 1:1000

IF: 1:50

IHC: 1:500

WB: 1:2000
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VMAT2

GAPDH

Tubulin

Tubulin

Guinea pig
polyclonal

Mouse
monoclonal

Mouse
monoclonal

Rabbit
monoclonal

Progen
Merck
Millipore

Sigma-Aldrich

Abcam

16085

MAB374

T5168

ab52866

IHC: 1:2000-

1:3000

WB: 1:3000

WB: 1:5000

WB: 1:5000

IHC: immunohistochemistry; IF: immunofluorescence; EM: electron microscopy; WB: western blot

Table 5. List of secondary antibodies used

Antibody
Anti-mouse HRP
Anti-rabbit HRP

Anti-goat HRP

Anti-chicken HRP

Anti-mouse
biotinylated

Anti-rabbit
biotinylated

Anti-guinea pig
biotinylated

Alexa Fluor 488 anti-
mouse

Alexa Fluor 488 anti-
rabbit

Alexa Fluor 594 anti-
mouse

Alexa Fluor 594 anti-
rabbit

Host

Sheep
Donkey

Donkey

Goat

Goat

Goat

Goat

Goat

Goat

Goat

Goat

Source

GE Healthcare
GE Healthcare

Santa Cruz
Biotechnology

Santa Cruz
Biotechnology

Vector
Laboratories

Vector
Laboratories

Santa Cruz
Biotechnology

ThermoFisher
Scientific

ThermoFisher
Scientific

ThermoFisher
Scientific

ThermoFisher
Scientific

Reference
NXA93IV
NA934V

sc-2020

sc-2428

BA-9200

BA-1000

sc-2440

A11001

A11008

A11005

A11012

Dilution

WB: 1:2000
WB: 1:2000

WB: 1:2000

WB: 1:2000

IHC: 1:1000

[HC: 1:1000
EM: 1:500

IHC: 1:1000

IF: 1:1000

IF: 1:1000

IF: 1:1000

IF: 1:1000

IHC: immunohistochemistry; IF: immunofluorescence; EM: electron microscopy; WB: western blot
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3.17. Statistical analysis

All values are expressed as the mean * standard error of the mean (SEM). Statistical
comparisons were performed with GraphPad Prism software (v6, GraphPad Software
Inc, USA) using the appropriate statistical tests, as indicated in each figure legend.
Differences among means were analyzed by using Mann-Whitney test and 1- or 2-
way analysis of variance (ANOVA), as appropriate. When ANOVA showed significant
differences, pairwise comparisons between means were subjected to Tukey post hoc

test. In all analyses, the null hypothesis was rejected at the 0.05 level.
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4. Results

4.1. Overexpressed TFEB translocates to the nucleus of substantia nigra

dopaminergic neurons and activates the autophagy-lysosomal pathway

Here we studied the effect of overexpressing TFEB by means of an adeno-
associated viral vector (AAV-TFEB) in mice SNpc dopaminergic neurons. For such,
8-week-old C57BL/6Ncrl mice received a single unilateral stereotaxic inoculation of
AAV-TFEB into the region immediately above right SNpc. After 5 weeks, animals
were euthanized and their brains were processed for different analyses (Figure

18A).

We aimed to analyze TFEB overexpression levels by RT-gPCR, and we found that
AAV-TFEB injection in mice ventral midbrain yielded a 17-fold increase of TFEB
expression (Figure 18B). Accordingly, confocal immunofluorescence revealed that
TFEB overexpression in dopaminergic neurons induced its translocation to the
nucleus shown by a strong nuclear staining (Figure 18C). TFEB translocates to the
nucleus to trigger the transcription of its target genes only when is activated,
therefore its nuclear localization confirms that TFEB is activated (Napolitano and
Ballabio, 2016). Next, to study the AAV-TFEB transduction efficiency, we determined
the percentage of dopaminergic nigral cells that coexpressed exogenous TFEB (TH*
Flag®). Detailed confocal microscopy analyses displayed a good co-localization of TH
and Flag resulting on high transduction efficiency whose values were uniformly
distributed between ~60-70%, indicating that most of SNpc neurons overexpressed
TFEB. Moreover, no changes on transduction efficiencies were observed between
anterior (A) and posterior (P) SNpc sections, demonstrating that transgene

expression remained homogenous along the anteroposterior axis (Figure 18D).
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Figure 18. Injection of AAV-TFEB results in high TFEB overexpression in mice SNpc
dopaminergic neurons. (A) Diagram representing the workflow and experiments carried out with
AAV-TFEB-injected mice. (B) Tfeb cDNA levels measured by RT-qPCR in ventral midbrain
homogenates of mice after vehicle (n = 6) or AAV-TFEB nigral injection (n = 5); Mann-Whitney test. *P
< 0.05 compared to control. (C) Immunofluorescence for tyrosine hydroxylase (red), Flag (green) and
nucleus (blue) in substantia nigra sections showing TFEB translocation into the nucleus after AAV-
TFEB nigral injection. Scale bar = 25 ym. (D) AAV-TFEB transduction efficiency analysis, as
determined by dopaminergic neurons (TH") that co-express exogenous TFEB (TH'Flag®), in both
anterior (A) and posterior (P) midbrain sections. In all panels, samples were collected 5 weeks after
AAV-TFEB or vehicle injections. All data are represented as mean + SEM.

It is well established that TFEB binds to the promoter regions of numerous
autophagy-lysosomal genes to induce autophagosome and lysosome biogenesis and
autophagosome-lysosome fusion (Settembre et al., 2011). To confirm that TFEB
overexpression was able to boost the autophagy-lysosomal degradation pathway

machinery in mice dopaminergic neurons, we measured by western blot the levels of

86



two lysosomal markers, LAMP1 and cathepsin D (CTSD), and the levels of the
autophagic vacuole marker LC3-1l, expressed as the ratio LC3-1I/LC3-l. As expected,
protein levels of both lysosomal markers were clearly raised, particularly in the case
of CTSD, which was increased fivefold (Figures 19A, B). The increase of lysosomal
markers confirms previously published results where TFEB was overexpressed in
vivo in neurons and lysosomal proteins or mRNA levels were raised (Decressac et
al., 2013; Polito et al., 2014). LC3-1I/LC3-I ratio was also raised 226% compared to
control mice (Figure 19C), corroborating that TFEB overexpression was also

inducing autophagosome formation in dopaminergic neurons in vivo.
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Figure 19. TFEB overexpression activates the autophagy-lysosomal pathway. (A-C)
Representative western blots and protein levels in ventral midbrain homogenates from mice
overexpressing TFEB (n = 6) compared to vehicle-injected mice (n = 5-6) of (A) LAMP1; (B) cathepsin
D (CTSD) and (C) LC3-I and Il. Mann-Whitney test. *P < 0.05 compared to control. In all panels,
samples were collected 5 weeks after AAV-TFEB or vehicle injections. All data are represented as
mean + SEM.
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4.2. TFEB overexpression drives a neurotrophic effect that increases

dopaminergic function

After performing tyrosine hydroxylase immunohistochemistry we observed a patent
enlargement of the AAV-TFEB injected SNpc (Figure 20A). We determined that this
enlargement represented a 30% increase in the total volume of the SNpc when
compared to the contralateral or the vehicle-injected SNpc (Figure 20B). At a cellular
level, this increased SNpc volume was attributable to a 40% increase in the average
cell body area of the dopaminergic neurons (Figure 20C), which was notably
apparent on visual inspection of cells under the light microscope (Figure 20A).
Moreover, not only cell body was actually increased but also dendritic arborization by
130% compared to vehicle-injected mice (Figure 20D), suggesting that TFEB
overexpression was indeed inducing a trophic effect in SNpc dopaminergic neurons.
Besides, stereological cell counts of the total number of dopaminergic neurons in the
TFEB-overexpressing SNpc was no different than the number estimated in the
contralateral or the vehicle-injected SNpc (Figure 20E), ruling out not only a
deleterious effect of overexpressing TFEB but also an effect on neurogenesis. Taken
together, these results strongly demonstrate that TFEB overexpression, in addition to
the activation of the autophagy-lysosomal pathway, triggers a trophic effect that

resembles the one elicited by neurotrophic factors.

Because neurotrophic factors like GDNF or neurturin were shown to increase, in
addition to neuronal size, dopaminergic phenotypic markers such as tyrosine
hydroxylase (Hyman et al., 1994; Herzog et al., 2007) and enhancing neuronal
function (Grondin et al., 2002), we carried out various histological, biochemical and
functional experiments in order to ascertain whether TFEB was also mimicking
neurotrophic factors at these levels. Once dopamine (DA) is synthesized, it is stored
into synaptic vesicles through the vesicular monoamine transporter 2 (VMAT2)
preventing DA oxidation due to low vesicular pH levels (Segura-Aguilar and Paris,
2014). Thus, VMAT2 is a good readout of vesicular DA packaging and handling (Lohr
et al., 2015). This vesicular DA is transported to the neuronal terminal, where it is

released into the synaptic space and picked up by the dopamine transporter (DAT)
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Figure 20. TFEB overexpression induces a neurotrophic effect in SNpc dopaminergic neurons.
(A) Representative photomicrograph of tyrosine hydroxylase-immunostained substantia nigra section
of a mouse injected with AAV-TFEB into the right SN. Scale bar = 25 ym. (B) Stereological volumes of
both SNpc of unilateral vehicle-injected (n = 7) and AAV-TFEB-injected mice (n = 8). (C) Average cell
area of SNpc dopaminergic neurons of vehicle-injected (n = 7) and AAV-TFEB-injected mice (n = 8).
(D) Top, representative images of SNpc dendritic arborization of vehicle-injected (n = 6) and AAV-
TFEB-injected mice (n = 5). Scale bar = 150 ym and 200 pym (zoom). Bottom, quantification of SNpc
dendritic arborization in both groups of animals. (E) Stereological cell counts of dopaminergic neurons
in substantia nigra pars compacta of mice injected with vehicle (n = 7) or AAV-TFEB (n = 9). In all
panels, two-way ANOVA, post hoc Tukey's. *P < 0.05 compared to control injected side. *P < 0.05
compared to AAV-TFEB non-injected side. Samples were collected 5 weeks after AAV-TFEB or
vehicle injections. All data are represented as mean + SEM.
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and either recycled into synaptic vesicles or metabolized to 3,4-dihydroxyphenylacetic

acid (DOPAC) and homovanillic acid (HVA), the final metabolite of DA.

First, we determined the optical density (OD) of tyrosine hydroxylase, the rate-limiting
enzyme on DA biosynthesis, in SNpc dopaminergic neurons. We found that this
enzyme was 20% higher in TFEB-overexpressing neurons compared to vehicle-
injected mice (Figure 21A), indicating that DA biosynthesis may be boosted. To
check whether this event was accompanied by an increase of DA packaging, we
examined by western blot the levels of VMAT2 in ventral midbrain homogenates and
found that VMAT2 levels were increased more than sevenfold in TFEB-
overexpressing mice (Figure 21B). This result was further confirmed by a detected
intensification of VMATZ2 immunolabeling in the AAV-TFEB injected SNpc
dopaminergic neurons (Figure 21C). To determine whether these findings correlated
with an enhancement of dopaminergic function at the synaptic level, we again
checked VMAT2 levels in the striatum by performing an immunohistochemistry
against VMAT2 in coronal sections of this region and measured the optical density of
VMAT2. As expected, VMAT?2 levels were also raised (70%) in the striatum of AAV-
TFEB-injected mice (Figure 21D), indicating that vesicular DA is properly trafficked to
the synaptic space to be released. No statistical changes were observed in striatal
DAT levels (Figure 21E), suggesting that although DA handling may be enhanced by
increased VMAT?2 levels upon TFEB overexpression conditions, DA reuptake seems

not to be affected.
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Figure 21. TFEB overexpression increases TH expression and enhances dopamine handling.
(A) Left, representative images of tyrosine hydroxylase levels of dopaminergic neurons from vehicle-
injected (n = 6) and AAV-TFEB-injected mice (n = 5). Scale bar = 25 ym. Right, intraneuronal optical
densitometry of tyrosine hydroxylase immunoreactivity of both groups of animals. (B) Representative
western blot and protein levels of VMATZ2 in ventral midbrain homogenates from mice overexpressing
TFEB (n = 6) compared to vehicle-injected mice (n = 6). (C) Representative photomicrograph of
VMAT2-immunostained SN section of a mouse injected with AAV-TFEB into the right SN. Scale bar =
50 um. (D-E) Representative photomicrographs and quantification levels of (D) VMAT2 and (E) DAT-
immunostained striata from mice overexpressing TFEB (n = 6) compared to vehicle-injected mice (n =
6). Scale bar = 500 ym and 150 ym (zoom). In all panels, Mann-Whitney test. *P < 0.05 compared to
control. Samples were collected 5 weeks after AAV-TFEB or vehicle injections. All data are
represented as mean + SEM.
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Next, to assess whether these molecular changes were associated with correlated
neurochemical changes, we checked by HPLC the content of the neurotransmitter
DA and its metabolites DOPAC and HVA in the striatum. TFEB-overexpressing mice
exhibited a decrease in both dopamine (20%) and DOPAC (18%) content but an
increase in the postsynaptic metabolite HVA content (36%) (Figure 22A). The
DOPAC/DA ratio, which represents dopamine metabolism, did not change, while the
HVA/DA ratio, which represents dopamine release, was almost doubled in the
striatum of TFEB-overexpressing mice (Figure 22A). Interestingly, the same pattern
is achieved when GDNF (Grondin et al., 2002) or BDNF (Altar et al., 1992) are
chronically delivered, with only increases in HVA levels and the HVA/DA ratio having
been reported. Serotonin (5-HT) levels remained unchanged, indicating that the

effect was specific for the catecholaminergic neurotransmitter system (Figure 22A).

Finally, to further confirm that dopaminergic neurons’ function was enhanced and that
dopamine release was increased in AAV-TFEB mice, we carried out in vivo
microdialysis studies. First, we measured intrastriatal veratridine-evoked dopamine
release in both vehicle and AAV-TFEB-injected mice. When stimulated with the
depolarizing agent veratridine, striatal DA release was much more prominent in AAV-
TFEB-injected mice compared to the increased evoked in vehicle-injected animals
(Figure 22B). Then, we also assessed intrastriatal d-amphetamine-evoked dopamine
overflow. D-amphetamine elevates dopamine extracellular levels by three major
mechanisms: (i) it is a substrate for DAT that competitively inhibits dopamine uptake;
(i) it facilitates the movement of dopamine out of vesicles; and (iii) it mediates DAT-
mediated reverse-transport of dopamine into the synaptic cleft (Fleckenstein et al.,
2007). D-amphetamine-evoked increase of extracellular dopamine levels in the
striatum of TFEB-overexpressing mice doubled the increase evoked in control mice
(Figure 22C), demonstrating that TFEB overexpression not only increases the
dopamine release but also the available pool of dopamine, as previous VMAT2

results indicated.
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All together, these results demonstrate that TFEB overexpression in dopaminergic
neurons triggers a neurotrophic effect that is accompanied by an increase of

dopaminergic neuronal function.
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Figure 22. TFEB overexpression increases both the available pool of DA and DA release in the
striatum. (A) Content of dopamine (DA) and its metabolites 3,4-Dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA), and DOPAC/DA and HVA/DA ratios in striatal homogenates measured
by HPLC of vehicle-injected (n = 6) and AAV-TFEB-injected mice (n = 6). Serotonin (5-HT) levels were
measured as a control of the experiment; Mann-Whitney test. *P < 0.05 compared to control. (B-C)
Striatal DA relative amounts in AAV-TFEB (n = 4-5) and vehicle-injected mice (n = 6-7) measured by
microdialysis in the ipsilateral striatum following local (B) veratridine (50 uM) or (C) d-amphetamine
(10 yM) administration by reverse-dialysis; ANOVA for repeated measures, post hoc Tukey's. *P <
0.05 compared to control. In all panels, samples were collected 5 weeks after AAV-TFEB or vehicle
injections. All data are represented as mean + SEM.
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4.3. mTORC1 signaling is boosted in TFEB-overexpressing mice

Cell growth involves increasing cellular biomass, which is achieved by enhanced
protein synthesis that is controlled by mTORC1. mTORC1 activates protein synthesis
and cell growth by phosphorylating p70 ribosomal S6 kinase 1 (S6K1) and eukaryotic
translation initiation factor 4E (elF4E)-binding protein 1 (4E-BP1). elF4E is a
component of the complex elF4F and binds the 5’ cap in translation initiation. Binding
of elF4F to the cap is hindered by 4E-BP1, which, when hypophosphorylated,
sequesters elF4E and impedes translation initiation. When 4E-BP1 is phosphorylated
on Thr37/46 by mTORC1, it serves as a priming event followed by Ser65
phosphorylation, which finally allows the release of elF4E and permits the formation
of elF4F complex and the subsequent translation initiation (Gingras et al., 1999;
Wang et al., 2003). Since elF4E has been identified as a TFEB direct target, we
expected the involvement of this initiation factor in TFEB-induced cell growth
(Palmieri et al., 2011). To test this hypothesis, we carried out the necessary western
blot analysis with ventral midbrain protein homogenates. As anticipated, we found an
increase of elF4E levels (43%) in AAV-TFEB injected mice (Figure 23A). We next
determined the phosphorylation status of 4E-BP1 on Thr37/46 and found that it was
increased (Figure 23B), as well as the ratio of Ser65-phosphorylated to total 4E-BP
that serves as an indicator of free and active elF4E (Figure 23C). These results

indicate a translation initiation enhancement in TFEB-overexpressing SNpc.

Regarding S6K1, once it is phosphorylated on Thr389 by mTORC1, mRNA
translation is promoted by the phosphorylation of or binding to multiple proteins,
including ribosomal protein S6 (RPS6) (Ruvinsky and Meyuhas, 2006; Magnuson et
al., 2012). A prominent increase of activated/phosphorylated S6K1 (176%) and the
phosphorylated/total ratio (100%) was detected in ventral midbrain homogenates of
TFEB-overexpressing mice (Figure 23D). This was accompanied by an increase in
the intensity of phosphorylated/activated RPS6 immunohistochemistry in the SNpc
(Figure 23E).
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Taken together, these results demonstrate that mTORC1 signaling is boosted and
both the 4E-BP1/elF4E and S6K1 pathways collaborate to increase the protein
synthesis necessary for the TFEB-induced neurotrophic effect. We confirm that TFEB
overexpression increases mMTORC1 signaling and protein synthesis in neurons as it

has also recently demonstrated in other cell types (Di Malta et al., 2017).
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Figure 23. Activation of the mTORC1 protein synthesis inducers elF4E and S6K1. (A-D)
Representative western blots and protein levels in ventral midbrain homogenates from mice
overexpressing TFEB (n = 6) compared to control mice (n = 5-6) of (A) elF4E, (B) phosphorylated and
non-phosphorylated 4E-BP1 at Thr37/46, expressed as a ratio, (C) phosphorylated 4E-BP1 at Ser65
versus total 4E-BP1 levels, and (D) S6K1, its activated form (pS6K17°*®) and the ratio. Mann-Whitney
test. *P < 0.05 compared to control. (E) Representative photomicrograph of a SN section
immunostained for the phosphorylated/activated RPS6, pRPS6°2°%*®| of a mouse injected with AAV-
TFEB into the right SN. Scale bar = 50 ym. In all panels, samples were collected 5 weeks after AAV-
TFEB or vehicle injections. All data are represented as mean + SEM.
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4.4. Pro-survival AKT/mTOR and ERK1/2 signaling pathways are activated

upon TFEB overexpression

We next determined whether the AKT/mTOR pathway, which is the main pathway
that activates mTORC1 signaling and therefore mediates neurotrophic activity
(Besset et al., 2000; Hsuan et al., 2006; Robinet and Pellerin, 2010), could be
involved in the TFEB-mediated neurotrophic effect. For such, we measured the
relative amount of AKT as well as phosphorylated/activated AKT levels and found
that, although total amounts of AKT were downregulated by half, phosphorylated
AKT at S473 was dramatically increased (233%) in TFEB-overexpressing neurons,
as well as the phosphorylated/total protein ratio (603%) (Figure 24A). To determine
whether mTORC2, known to phosphorylate AKT at S473 (Sarbassov et al., 2005),
was responsible of the strong activation of AKT, we measured the total and
phosphorylated/activated form of N-Myc downstream regulated 1 protein (NDRG1),
which is a proxy indicator of mMTORC2 activity (Weiler et al., 2014). Total NDRG1 was
downregulated (47%) and activated NDRG1 was decreased even further (72%)
(Figure 24B), suggesting that the mTORC2 pathway was not involved. We
subsequently looked for a putative TFEB direct target that could be responsible for
this AKT activation/phosphorylation (Palmieri et al., 2011). Among the possible
options, TANK-binding kinase 1 (TBK1) is known to phosphorylate/activate AKT
independently of PDPK1 and mTORC2 (Ou et al., 2011). We therefore assessed
both TBK1 total and phosphorylated/activated levels and found a threefold increase
of both (Figure 24C), demonstrating that TBK1 is not only overexpressed under
TFEB-overexpressing conditions but activated probably by autophosphorylation (Shu
et al., 2013). TBK1 only binds to AKT when activated and non-phosphorylated TBK1
is not interfering the activation of AKT (Ou et al., 2011), therefore TBK1 is a strong
candidate for AKT phosphorylation. Moreover, we are also demonstrating that
despite mTORC1 activation, mTORC2 pathway is not activated upon TFEB

overexpression.
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Figure 24. Activation of AKT/mTOR signaling pathway after TFEB overexpression. (A-C)
Representative western blots and protein levels in ventral midbrain homogenates from mice
overexpressing TFEB (n = 6) compared to vehicle-injected mice (n = 5-6) of (A) total AKT,
phosphorylated/activated AKT (pAKTsm) and the ratio; (B) total NDRGH1, its phosphorylated/activated
form (pPNDRG1™*) and the ratio; and (C) TBK1, its phosphorylated/activated form (pTBK1%'"?) and
the ratio. In all panels, Mann-Whitney test. *P < 0.05 compared to control. Samples were collected 5
weeks after AAV-TFEB or vehicle injections. All data are represented as mean £ SEM.

Our initial hypothesis pointed out that the ERK1/2 pathway, which is the other
relevant signaling pathway that mediates neurotrophic activity (Melillo et al., 2001;
Nicole et al., 2001; Hetman and Gosdz, 2004; Gomes et al., 2007; Herzog et al.,
2007), might be activated after TFEB overexpression because both ERK 1 and 2
have been identified as TFEB direct targets (Palmieri et al., 2011). ERK1/2 are
known to activate, among others: (i) mMTORC1 upstream proteins like Rheb by
inhibiting TSC2 (Parmar and Tamanoi, 2010; Winter et al., 2011); and (ii) mTORCA1
downstream proteins like S6K1 and RPS6 (Roux et al., 2007). Therefore, ERK1/2
activation could also explain the neurotrophic effect we had found in AAV-TFEB-
injected mice. To test this hypothesis, we determined the total levels and the
Thr202/Tyr204-phosphorylated/ activated form of ERK1/2. Not only were the total
ERK1/2 levels were upregulated (43%), but we also found a threefold increase in the
activated form (Figure 25A). To further confirm ERK1/2 pathway activation, we

measured the levels of phosphorylated/activated p90 ribosomal S6 kinase (p-
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p90RSK), which is known to be a ubiquitous and versatile mediator of ERK1/2 signal
transduction (Carriere et al., 2008), and again found a threefold increase of activated

p90RSK in TFEB-overexpressing SNpc (Figure 25B).
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Figure 25. Activation of ERK1/2 signaling pathway after TFEB overexpression. (A-B)
Representative western blots and protein levels in ventral midbrain homogenates from mice
overexpressing TFEB (n = 6) compared to vehicle-injected mice (n = 5) of (A) ERK1/2, their activated
forms (pERK1/2™%2W2%%) and the ratio; and (B) p90RSK, its phosphorylated/activated form (p-
PIORSK95%% and the ratio. In both panels, Mann-Whitney test. *P < 0.05 compared to control.
Samples were collected 5 weeks after AAV-TFEB or vehicle injections. All data are represented as
mean + SEM.

Our results demonstrate that both ERK1/2 and AKT/mTOR pro-survival signaling
pathways are activated after TFEB overexpression, which are likely to synergistically

contribute to the TFEB-induced neurotrophic effect.
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4.5. TFEB overexpression increases mitochondrial size and promotes

mitochondrial fusion in substantia nigra dopaminergic neurons

Another group of TFEB putative direct target genes particularly relevant to PD are
those involved in mitochondria. Since more than thirty TFEB putative direct targets
are linked to mitochondria metabolism (Palmieri et al., 2011), we expected that TFEB
overexpression could somehow be modifying mitochondrial function in neurons, as it
has also recently reported in other non-brain tissues (Mansueto et al., 2017).
Boosting mitochondrial function may potentially contribute to halt the progression of
PD since growing evidence suggests that impaired mitochondrial function is

instrumental in this disease (Perier et al., 2007, 2012; Franco-lborra et al., 2018b).

To assess mitochondrial status in SNpc dopaminergic neurons we first checked the
mitochondrial marker TOM20, which is a component of the outer mitochondrial
membrane widely used to check mitochondrial status (Wurm et al., 2011; Bové et al.,
2014; Mot et al., 2016), and found a threefold increase of TOMZ20 intensity in TFEB-
overexpressing compared to control neurons (Figure 26A). We next determined
whether respiratory chain components were also modified by TFEB overexpression.
We measured the protein levels of one subunit of various mitochondrial respiratory
chain complexes including NADH:ubiquinone oxido-reductase subunit B8 (NDUFBS,
complex 1), cytochrome c oxidase subunit 4 isoform 1 (COX4I1, complex IV) and
succinate dehydrogenase complex iron sulfur subunit B (SDHB, complex Il). All three
subunits were raised in ventral midbrain homogenates of TFEB-injected mice (Figure
26B), suggesting that TFEB is involved in mitochondrial respiration. This result is in
agreement with a previous work in which increased levels of many OXPHOS
subunits were reported after TFEB overexpression (Mansueto et al., 2017). To
confirm that this event was indeed occurring in the SNpc dopaminergic neurons, a
double immunofluorescence experiment for TH and COX IV was performed in both
control and AAV-TFEB-injected mice. TFEB-overexpressing neurons clearly
displayed higher levels of COX IV, as determined by immunofluorescence confocal

microscopy visualization (Figure 26C).
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Figure 26. Mitochondrial markers are heightened in TFEB-overexpressing dopaminergic
neurons. (A) Left, representative confocal images of a double immunofluorescence for TH (red) and
TOM20 (green) in SN sections of mice injected with vehicle (n = 6) or AAV-TFEB (n = 5). Scale bar =
50 ym and 10 ym (zoom). Right, quantification of TOM20 fluorescence intensity in SN dopaminergic
neurons of both groups of mice, represented as a percentage of the non-injected side. (B)
Representative western blot and protein levels in ventral midbrain homogenates from mice
overexpressing TFEB (n = 6) compared to vehicle-injected mice (n = 6) of SDHB (complex Il), COX411
(complex 1IV) and NDUFB8 (complex 1). (C) Representative confocal images of a double
immunofluorescence for TH (red) and COX IV (green) in SN sections of mice injected with vehicle (n =
5) or AAV-TFEB (n = 6). Scale bar = 25 ym and 10 ym (zoom). In all panels, Mann-Whitney test. *P <
0.05 compared to control. Samples were collected 5 weeks after AAV-TFEB or vehicle injections. All
data are represented as mean + SEM.
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Because the data obtained, we hypothesized that TFEB overexpression would
increase the number of mitochondria by triggering mitochondrial biogenesis since the
master regulator of mitochondrial biogenesis peroxisome-proliferator-activated
receptor gamma co-activator-1alpha (PGC-1a) is considered a TFEB direct target
(Palmieri et al., 2011). To validate this hypothesis, we first measured the levels of
PGC-1a in ventral midbrain homogenates of vehicle and AAV-TFEB-injected mice,
but found that the levels were equivalent in both groups (Figure 27A). We then
assessed Ppargc1ia mRNA levels, but again no changes were detected (Figure
27B). We also determined the mRNA levels of Tfam, a key activator of mitochondrial
transcription that participates in mitochondrial genome replication, and yet again
found that TFEB overexpression did not induce any increase (Figure 27B). To
evaluate whether the steady-state number of mitochondria was higher in TFEB-
overexpressing conditions, we assessed mitochondrial DNA (mtDNA) copy number
by measuring the number of 76S and ND4 mitochondrial-encoded gene copies,
relative to nuclear genomic DNA by using the angiogenin 1 (Ang7) gene. No
statistical differences were observed between vehicle and AAV-TFEB-injected mice
(Figure 27C). Taken together, these results suggested that sustained TFEB
activation was not inducing mitochondrial biogenesis, or at least not in a sustained
manner. To further confirm these results, TH-labeled SNpc sections were
ultrastructural examined by transmission electron microscopy (TEM) to specifically
visualize the mitochondrial morphology in dopaminergic neurons of both groups of
animals (Figure 27D). Quantification of TEM images revealed no differences in
mitochondrial density (Figure 27E), although the dopaminergic neuronal area
occupied by mitochondria was increased in AAV-TFEB-injected animals (Figure
27F). This seeming paradox was explained by the fact that mitochondrial area was
vastly increased (83%) rather than increased number of mitochondria upon TFEB
overexpression (Figure 27G). Importantly, these enlarged mitochondria exhibited
normal internal ultrastructure, with fairly dark uniform matrix filled with densely
distributed cristae, indicating that mitochondria conserved an appropriate internal

morphology (Figure 27D).
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Figure 27. TFEB overexpression does not induce mitochondrial biogenesis but does increase
mitochondrial size in dopaminergic neurons. (A) Representative western blot and protein levels of
the master regulator of mitochondrial biogenesis, PGC-1a, from mice overexpressing TFEB (n = 5)
compared to vehicle-injected mice (n = 6). (B) mRNA levels of Ppargc1a and Tfam determined by RT-
gPCR in ventral midbrain homogenates from mice overexpressing TFEB (n = 5) compared to vehicle-
injected mice (n = 6). (C) Determination of mitochondrial DNA (mtDNA) copy number in ventral
midbrain extracts of unilaterally injected mice with AAV-TFEB (n = 10) or vehicle (n = 8). (D) Electron
microscopy images of TH-labeled SNpc dopaminergic neurons (dashed red line) from mice
overexpressing TFEB (n = 2) compared to vehicle-injected mice (n = 2). Scale bar = 10 ym and 1 ym
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(zoom). (E-F) Quantification of (E) mitochondrial density and (F) percentage of neuronal area
occupied by mitochondria of AAV-TFEB-injected mice (n = 21 neurons) and vehicle-injected mice (n =
12 neurons), as determined by electron microscopy studies. (G) Mitochondrial area quantification of
AAV-TFEB-injected mice (n = 1308 mitochondria) and vehicle-injected mice (n = 569 mitochondria),
as assessed by electron microscopy. In all panels, Mann-Whitney test. *P < 0.05 compared to control.
Samples were collected 5 weeks after AAV-TFEB or vehicle injections. All data are represented as
mean £ SEM.

We next determined whether this increase in mitochondrial size was accompanied by
changes in mitochondrial fusion/fission balance. Since TOM20 overexpression in
vitro not only stimulates protein transport but also triggers changes in mitochondrial
dynamics that could fit with fusion events (Yano et al., 1997), we postulated whether

mitochondrial fusion status was increased in the SNpc of AAV-TFEB-injected mice.

We relied on TEM studies that allowed us to bin dopaminergic neurons’ mitochondria
into three categories: rounded mitochondria (class I), intermediate mitochondria that
could fit with fusion/fission events (class Il), and elongated mitochondria (class III).
While in control mice the number of class |l mitochondria was below 10% of total
mitochondria and class Ill mitochondria were nearly undetectable, in TFEB-
overexpressing neurons we observed that class || mitochondria were almost doubled
and class Ill mitochondria were more than three times abundant compared to control
mice (Figure 28A). These results suggested that mitochondria were more dynamic
and tipping the balance towards mitochondrial fusion events that make mitochondria
to adopt an elongated form. Additional morphometry analyses were carried out to
further confirm these results. On the one hand, mitochondrial length was assessed
by measuring the Feret's diameter, which represents the longest distance between
any two points within a given mitochondrion. Feret's diameter was far larger in
mitochondria from TFEB-overexpressing mice than those in control mice (Figure
28B). On the other hand, to demonstrate that this increase in Feret's diameter was
indeed due to an increase of mitochondrial length instead of a reflection of the
increased mitochondrial size that we also previously observed (Figure 27G), we

measured the aspect ratio (AR) of mitochondria, which is computed as (major
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axis)/(minor axis) and reflects the length-to-width ratio of mitochondria. Mitochondrial
AR ratio was much higher in AAV-TFEB-injected mice (Figure 28C), corroborating
that mitochondria were both larger and more elongated compared to control mice. To
verify that these observed events were accompanied by increased levels of
mitochondrial fusion proteins, we measured by western blot the relative levels of
three essential proteins that are necessary to ensure an appropriate mitochondrial
fusion: (i) optic atrophy 1 (OPA1); (ii) mitofusin 1 (MFN1); and (iii) mitofusin 2 (MFN2)
(Chen et al., 2005). All three mitochondrial fusion proteins were raised in TFEB-
overexpressing ventral midbrain homogenates when compared to control animals,
particularly in the case of both mitofusins, which were increased more than threefold
(Figure 28D).

While mitochondrial fission is often associated to high levels of stress, such as those
induced by neurotoxins damage (Van der Bliek et al., 2013) and to participate in
apoptosis (Frank et al., 2001; Meuer et al., 2007), mitochondrial fusion attenuates the
potential deleterious effects of mutated mtDNA or misfolded proteins (Chen et al.,
2010; Van der Bliek et al., 2013) and extends the mitochondrial network, maximizing
ATP synthesis (Westermann, 2012). Therefore, our results strongly demonstrate that
increased mitochondrial fusion entails a potential beneficial effect in dopaminergic

neurons of TFEB-overexpressing mice.
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Figure 28. TFEB overexpression induces mitochondrial fusion in dopaminergic neurons. (A)
Top, electron microscopy images of TH-labeled SNpc dopaminergic neurons from mice
overexpressing TFEB (n = 2) compared to vehicle-injected mice (n = 2). Mitochondria were binned into
three different categories: rounded (class I, black arrowhead), intermediate (class Il, white arrowhead)
and elongated (class lll, yellow arrowhead). Scale bar = 1 ym. Bottom, quantification of all three types
of mitochondria from AAV-TFEB-injected mice (n = 19 neurons) and vehicle-injected mice (n = 12
neurons). (B-C) Quantification of (B) mitochondria Feret's diameter and (C) the aspect ratio (AR) from
AAV-TFEB-injected mice (n = 970 mitochondria) and vehicle-injected mice (n = 419 mitochondria), as
determined by electron microscopy studies. (D) Representative western blot and protein levels in
ventral midbrain homogenates from mice overexpressing TFEB (n = 6) compared to vehicle-injected
mice (n = 6) of the mitochondrial fusion proteins OPA1, MFN1 and MFNZ2. In all panels, Mann-Whitney
test. *P < 0.05 compared to control. Samples were collected 5 weeks after AAV-TFEB or vehicle
injections. All data are represented as mean + SEM.
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Mitochondrial proteins synthesized in the cytoplasm are imported into the
mitochondrial matrix through the TOM complex of the outer membrane and the
TIM23 complex of the inner membrane (Pfanner et al., 2019). These translocases,
when overexpressed, are described to stimulate mitochondrial protein import and are
often associated to neuroprotective effects (Yano et al., 1997; Bender et al., 2013; Di
Maio et al., 2016; Franco-lborra et al.,, 2018a). Thus, TOM20 and TIM23 protein
levels are a good readout of the mitochondrial protein import status. As we previously
observed an increase of TOM20 levels (Figure 26A), we believed that mitochondrial
protein import machinery could be boosted in TFEB-overexpressing dopaminergic
neurons. To delve further into this concept, we next determined the
immunofluorescence intensity of TIM23 in SNpc dopaminergic neurons and found
that it was 50% increased (Figure 29A), suggesting that those mitochondria were
actively incorporating newly synthesized proteins. The relative expression of TIM23
was also increased in isolated midbrain mitochondria from TFEB-overexpressing
compared to control mice (Figure 29B), indicating that TIM23 is properly trafficked
and incorporated into the mitochondria, and at the same time corroborating that

mitochondrial protein import machinery is increased upon TFEB overexpression.
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Figure 29. Mitochondrial protein import machinery is increased in TFEB-overexpressing
neurons. (A) Left, representative confocal images of a double immunofluorescence for TH (red) and
TIM23 (green) in SN sections of mice injected with vehicle (n = 6) or AAV-TFEB (n = 5). Scale bar =
50 ym and 10 ym (zoom). Right, quantification of TOM20 fluorescence intensity in SN dopaminergic
neurons of both groups of mice, represented as a percentage of the non-injected side; Mann-Whitney
test. *P < 0.05 compared to control. (B) Western blot analyses of TIM23 in isolated midbrain
mitochondria of AAV-TFEB-injected mice (pool of n = 10 midbrains) and vehicle-injected mice (pool of
n =10 midbrains). In all panels, samples were collected 5 weeks after AAV-TFEB or vehicle injections.
All data are represented as mean = SEM.
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4.6. TFEB confers a complete neuroprotection and counteracts atrophy in

the MPTP mouse model of Parkinson’s disease

Targeting TFEB has been used to boost the autophagy-lysosomal pathway as a
strategy to eliminate protein accumulation in numerous in vivo experimental models
of neurodegenerative diseases including PD (Decressac et al., 2013), Alzheimer’s
disease (Polito et al., 2014, Xiao et al., 2014, 2015; Chandra et al., 2018, 2019; Song
et al., 2019) and Huntington’s disease (Tsunemi et al., 2012; Rusmini et al., 2019),
among others, resulting in a neuroprotective effect. Here, we wanted to assess the
neuroprotective effect of overexpressing TFEB in a PD model in which
neurodegeneration is not induced by the accumulation of a protein. For that purpose
we used the MPTP mouse model in which neuronal cell death is triggered by the
inhibition of mitochondrial complex | (Bové and Perier, 2012). Thus, mice received a
single unilateral stereotaxic inoculation of AAV-TFEB into the region immediately
above right SNpc and after 4 weeks they were treated with a sub-acute MPTP
regimen (30 mg/kg per day for five consecutive days). Mice were euthanized at
different time points after the last MPTP administration depending on the experiment

to be performed (Figure 30A).

First, we aimed to analyze TFEB overexpression levels by RT-gPCR and found that
AAV-TFEB injection in MPTP mice ventral midbrain yielded a 23-fold increase of
TFEB expression, ruling out an interaction between MPTP and the capacity of the
AAV to properly overexpress TFEB (Figure 30B). Then, we assessed the integrity of
the nigrostriatal dopaminergic system 21 days after the last MPTP injection, once the
dopaminergic lesion is stabilized (Vila et al., 2001; Perier et al., 2007). Stereological
dopaminergic cell counts showed that MPTP intoxication induced a 30% loss of
SNpc dopaminergic neurons that was completely prevented on the side in which
TFEB was overexpressed (Figure 30C). Vehicle stereotaxic injection had no effect
on the MPTP-induced neuronal death (Figure 30C). To determine whether this total
preservation of dopaminergic cell bodies was accompanied by a preservation of the
dopaminergic terminals in the striatum, we measured the OD of TH staining in this

region. MPTP intoxication induced a 75% reduction of striatal TH OD, and again we
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found a complete preservation of the fibers in the TFEB-injected side (Figure 30D).
The non-injected side of MPTP+AAV-TFEB mice appeared partially preserved,
probably due to the existence of contralateral nigrostriatal projections, as anatomic

and functional studies have demonstrated (Jaeger et al., 1983; Fox et al., 2016).
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Figure 30. Neuroprotective effect of TFEB overexpression in the MPTP mouse model of
Parkinson’s disease. (A) Diagram representing the workflow and experiments carried out with
MPTP+AAV-TFEB-injected mice. (B) Tfeb cDNA levels measured by RT-qgPCR in ventral midbrain
homogenates of MPTP-intoxicated mice previously injected with AAV-TFEB (n = 6) or vehicle (n = 6),
and control mice treated with saline and previously injected with vehicle (n = 6); one-way ANOVA, post
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hoc Tukey’s. *P < 0.05 compared to control. *p < 0.05 compared to MPTP+Sham group. (C) Left,
representative photomicrographs of TH-immunostained SN counterstained with Nissl of MPTP-
intoxicated mice previously injected with AAV-TFEB (n = 14) or vehicle (n = 10), and control mice
treated with saline and previously injected with vehicle (n = 7). Scale bar = 200 um. Right,
stereological cell counts of dopaminergic neurons in SNpc of all groups of animals. (D) Left,
representative photomicrographs of TH-immunostained striata of MPTP-intoxicated mice previously
injected with AAV-TFEB (n = 14) or vehicle (n = 10), and control mice treated with saline and
previously injected with vehicle (n = 7). Scale bar = 500 ym and 150 ym (zoom). Right, optical
densitometry of striatal TH-positive dopaminergic fibers of all groups of animals. In panels C-E, two-
way ANOVA post hoc Tukey’s. *P < 0.05 compared to control non-injected side. *P < 0.05 compared
to control injected side. p < 0.05 compared to MPTP+Sham injected side. *P < 0.05 compared to
MPTP+AAV-TFEB non-injected side. All samples were collected 1 day (in panel B) or 21 days (in
panels C-E) after the last administration of MPTP. All data are represented as mean + SEM.

Morphological assessment of SNpc dopaminergic neurons in human postmortem
samples has demonstrated that cell body shrinkage that is accompanied by a loss of
phenotype that involves TH downregulation (Kastner et al., 1993; Rudow et al., 2008;
Kordower et al., 2013) is linked to programmed cell death in PD patients (Anglade et
al., 1997).

To determine whether cellular atrophy was also occurring in the MPTP mouse model,
and could be prevented as we had hypothesized by TFEB overexpression, we
measured the cell body size of SNpc dopaminergic neurons in MPTP-intoxicated
mice before cell death occurred (one day post-MPTP) (Figure 31A, top). The
average cell area of the MPTP-intoxicated mice decreased 20% compared to control
mice, with this neuronal atrophy prevented by TFEB-overexpression (Figure 31A,
bottom, left graph). To assess the evolution of these atrophic neurons, we next
determined the cell body size of neurons 21 days after the last MPTP administration,
when cell counts were performed and cell death was stabilized. We found that the
surviving dopaminergic neurons were still atrophic. However, TFEB-overexpressing
neurons reached the size that we had previously determined for the TFEB trophic
effect, going from 25% to 37% of control neurons (Figure 31A, bottom, right graph),
suggesting that TFEB overexpression can also reverse neuronal atrophy.

Furthermore, we also assessed TH optical density of SNpc dopaminergic neurons
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and found that MPTP-intoxicated neurons displayed a mild downregulation of TH as
early as one day after the last MPTP injection. In contrast, MPTP mice treated with
AAV-TFEB not only TH levels were preserved but also reached the levels (20%) we
had previously determined for the TFEB trophic effect (Figure 31B), which was also
apparent on visual inspection of cells under the light microscope (Figure 31A, top).
To further confirm that TFEB was not only preventing neuronal atrophy but also
inducing a bona fide neurotrophic effect even in MPTP conditions, we measured the
dendritic arborization of SNpc dopaminergic neurons (Figure 31C, top). We found a
decrease of dendritic arborization in MPTP-intoxicated neurons, partly probably
attributed to TH downregulation. However, MPTP mice injected with AAV-TFEB
displayed a 140% increase in dendrite branching (Figure 31C, bottom).
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Figure 31. TFEB induces a neurotrophic effect that counteracts atrophy in the MPTP mouse
model of Parkinson’s disease. (A) Top, representative images of dopaminergic neuronal area of
MPTP-intoxicated mice previously injected with AAV-TFEB (n = 6) or vehicle (n = 6), and control mice
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treated with saline and previously injected with vehicle (n = 6). Scale bar = 30 ym. Bottom, average
cell area of all groups of animals (n = 6-10 mice per group) at one day (MPTP d1) and at 21 days
(MPTP d21) after the last MPTP injection. (B) Intraneuronal optical densitometry of tyrosine
hydroxylase immunoreactivity of all groups of animals. (C) Top, representative images of SN sections
showing SNpc dendritic arborization of MPTP-intoxicated mice previously injected with AAV-TFEB (n
= 6) or vehicle (n = 6), and control mice treated with saline and previously injected with vehicle (n = 6).
Scale bar = 150 ym and 200 ym (zoom). Bottom, quantification of SNpc dendritic arborization in all
groups of animals. In all panels, two-way ANOVA, post hoc Tukey’s. *P < 0.05 compared to control
non-injected side. *P < 0.05 compared to control injected side. p < 0.05 compared to MPTP+Sham
injected side. *P < 0.05 compared to MPTP+AAV-TFEB non-injected side. All samples were collected
1 day (in panel A left graph, B-C) or 21 days (in panel A right graph) after the last administration of
MPTP. All data are represented as mean + SEM.

To rule out any possible effect of the vector itself in the both observed TFEB
neuroprotective and neurotrophic effects we carried out an additional experiment with
an AAV empty vector (AAV-EV). Mice were stereotaxically injected with the AAV-EV
and intoxicated with MPTP following exactly the same protocol that we followed for
the AAV-TFEB mice. AAV-EV injection did not prevent MPTP-induced SNpc cell
body loss (Figure 32A) or dopaminergic striatal terminals (Figure 32B). Accordingly,
AAV-EV nor did affect dopaminergic cell size, neither in saline nor MPTP treatments

(Figure 32C).

10000 3 Non-injected E 150+ 31 Non-injected 250 [ Non-injected

» N Injected ® B Injected Il Injected
T goo0{ 5% 200+

° &
2 o .‘5,_’, 100 £ #
S 6000 * g=E = 150 *
@ # : p
o I g @
S 4000 Ee & 100
T 1 - * # s 1
: g E 50 g

=

©
2— 20004 5 & 504
@ k]

0 T T R 0 T T 0 T T
Saline MPTP Saline MPTP Saline MPTP
AAV-EV AAV-EV AAV-EV

Figure 32. AAV-EV injection does not modify neuronal size and does not prevent neuronal cell
loss or atrophy in the MPTP model. (A) Stereological cell counts of dopaminergic neurons in SNpc
in MPTP-intoxicated mice previously injected with AAV-EV (n = 7), and mice treated with saline and
previously injected with AAV-EV (n = 8). (B) Optical densitometry of striatal TH-positive dopaminergic
fibers in MPTP-intoxicated mice previously injected with AAV-EV (n = 7), and mice treated with saline
and previously injected with AAV-EV (n = 8). (C) Average cell area of dopaminergic neurons in MPTP-
intoxicated mice previously injected with AAV-EV (n = 7), and mice treated with saline and previously
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injected with AAV-EV (n = 7). In all panels, two-way ANOVA, post hoc Tukey’s. *P < 0.05 compared to
Saline+AAV-EV non-injected side. P < 0.05 compared to Saline+AAV-EV injected side.
Quantifications were performed 21 days after the last MPTP or saline administration. All data are
represented as mean + SEM.

Taken together, these results strongly confirm that TFEB overexpression confers a
complete neuroprotection both at the level of cell body and axon terminals, as well as
its neurotrophic effect counteracts neuronal atrophy in the MPTP mouse model of

PD.

4.7. TFEB preserves neuronal function in the MPTP model

To determine whether TFEB expression was not only preserving the integrity of nigral
dopaminergic neurons but also their function after MPTP intoxication, we carried out
both histological and functional experiments. In this regard, we performed an
immunohistochemistry against DAT in the striatum to corroborate that the occurrence
of a synaptic failure in MPTP-intoxicated mice was completely prevented in TFEB-
injected animals. Striatal DAT optical density was dramatically reduced in MPTP
mice, reaching up to 70% depletion, concomitant with TH-positive fiber loss. In
contrast, MPTP+AAV-TFEB mice displayed a significant conservation of DAT-
positive fibers (Figure 33A), suggesting that synaptic function was preserved. To
confirm this result, mice were subjected to a rotational behavioral test. Since TFEB is
only overexpressed in the right substantia nigra there should be an imbalance
between both sides in the MPTP-intoxicated mice if neuronal function is preserved in
the AAV-TFEB injected side. This imbalance between the two dopaminergic systems
triggers a measurable rotational behavior when a dopaminomimetic drug is
systemically injected. When a drug that stimulates the release of dopamine, such as
amphetamine, is administered, the rodent exhibits a contralateral rotation due to the
fact that the non-lesioned side is able to release more dopamine than the lesioned
side (Bové and Perier, 2012) (Figure 33B, left). AAV-TFEB MPTP-intoxicated mice
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exhibited a sustained contralateral rotation unlike Sham MPTP-intoxicated mice after
d-amphetamine systemic administration (Figure 33B, right). This result demonstrates
that TFEB overexpression is indeed preserving neuronal function in the PD MPTP

mouse model.

To further confirm that this rotational behavior was accompanied by a preservation of
striatal monoamine levels, we measured the content of dopamine and its metabolites
DOPAC and HVA in the striatum by HPLC. Although less striking than the
preservation of dopaminergic nerve terminals, MPTP-intoxicated mice injected with
AAV-TFEB displayed a markedly attenuation of monoamine levels compared to
Sham+MPTP mice as early as 1 day after the last MPTP injection prior to neuronal
cell death taking place. Similar results were obtained 21 days after the last MPTP
injection when cell death was stabilized, being as well HVA levels completely
preserved (Figure 33C). Again, we carried out in vivo microdialysis studies to further
confirm that TFEB-overexpressing neurons were functional even in a parkinsonian
scenario. When stimulated with the depolarizing agent veratridine, striatal dopamine
release was significantly more prominent in AAV-TFEB MPTP-intoxicated mice
compared to Sham MPTP-intoxicated animals (Figure 33D). Strikingly, d-
amphetamine-evoked increase of extracellular dopamine levels in the striatum of
MPTP TFEB-overexpressing mice were even much prominent than control mice
(Figure 33E), demonstrating that TFEB expression increased the pool of dopamine

in the model.

With these results we demonstrate that TFEB-induced neuroprotective and
neurotrophic effects preserves neuronal integrity and function in the MPTP-based PD

model.
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Figure 33. TFEB preserves neuronal function in the MPTP model of Parkinson’s disease. (A)
Top, representative photomicrographs of DAT-immunostained striata of MPTP-intoxicated mice
previously injected with AAV-TFEB (n = 6) or vehicle (n = 6), and control mice treated with saline and
previously injected with vehicle (n = 6). Scale bar = 500 ym and 150 ym (zoom). Bottom, optical
densitometry of striatal DAT-positive dopaminergic fibers of all groups of animals; two-way ANOVA,
post hoc Tukey’s. *P < 0.05 compared to control non-injected side. *P < 0.05 compared to control
injected side. P < 0.05 compared to MPTP+Sham injected side. (B) Left, representative scheme of
the effect following amphetamine injection (5 mg/kg) in MPTP AAV-TFEB-injected mice. L, left side. R,
right side. Right, cumulative rotations induced by systemic administration of amphetamine during 10
min intervals 14 days after the last administration of MPTP. The net contralateral rotations were
obtained as follows: total left — total right 360° turns. The test was performed with MPTP-intoxicated
mice previously injected with AAV-TFEB (n = 9) or vehicle (n = 13), and control mice treated with
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saline and previously stereotaxically injected with vehicle (n = 10). Ipsi, ipsilateral rotation. Contra,
contralateral rotation. (C) Content of dopamine (DA) and its metabolites 3,4-Dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA) in striatal homogenates measured by HPLC of MPTP-
intoxicated mice previously injected with AAV-TFEB (n =9 at d1, n =7 at d21) or vehicle (n = 7 at d1,
n = 8 at d21), and control mice treated with saline and previously injected with vehicle (n =6 atd1, n =
7 at d21); one-way ANOVA, post hoc Tukey’s. *P < 0.05 compared to control. *p<0.05 compared to
MPTP+Sham group. (D-E) Striatal DA relative amounts in MPTP-intoxicated mice previously injected
with AAV-TFEB (n = 5) or vehicle (n = 5-10), and control mice treated with saline and previously
stereotaxically injected with vehicle (n = 7), measured by microdialysis in the ipsilateral striatum
following local (D) veratridine (50 uM) or (E) amphetamine (10 uM) administration. In panels B, D and
E, two-way ANOVA for repeated measures, post hoc Tukey’s. *P < 0.05 compared to control. p <
0.05 compared to MPTP+Sham. All samples were collected 1 day (in panel C left graph), 14 days (in
panel B) or 21 days (in panel A, C right graph, D-E) after the last administration of MPTP. All data are
represented as mean + SEM.

4.8. MPTP-induced protein synthesis decline is prevented by TFEB

overexpression

As previously discussed, cell size is mainly controlled by the 4E-BP/elF4E and S6K1
pathways. We hypothesized that MPTP-induced neuronal dysfunctional atrophy was
mediated by the inhibition of at least one of these two pathways that control protein
biosynthesis, and that TFEB might be preventing this inhibition. To test this
hypothesis, we first assessed the effect of MPTP in protein synthesis at the
transcriptional level at 1 day after MPTP treatment. We measured the mRNA levels
of Rps6kb1 and Eif4e and both transcripts were notably decreased in MPTP-
intoxicated mice, suggesting that MPTP shuts down protein synthesis machinery. In
contrast, TFEB overexpression was able to completely prevent the diminution of both
transcripts (Figure 34A). We next determined the total and Ser65-phosphorylated
4E-BP1 levels and found that MPTP triggered a dramatic reduction of this
phosphorylated form showing no band in the western blot. This reduction was not
prevented by TFEB overexpression at this time point (Figure 34B). When 4E-BP1 is
phosphorylated on the sites located carboxy-terminal to the elF4E-binding site,
including Ser65 and Thr70, it releases from elF4E. These phosphorylations cannot

occur if 4E-BP1 is not previously phosphorylated on Thr37 and Thr46 (Gingras et al.,
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1999). To determine whether these phosphorylations were also altered by MPTP
intoxication and modulated by TFEB overexpression we measured the Thr37/46
phosphorylated-4E-BP1/non-Thr37/46 phosphorylated-4E-BP1 ratio. In this case, we
found that MPTP intoxication substantially reduced this ratio and that this reduction

was prevented by TFEB overexpression (Figure 34C).

Then, to assess whether elF4E activity was also inhibited at a post-translational level
we measured S209-phosphorylation that, although not required for translation
initiation, has been shown to enhance the translation of specific proteins in neurons
(Cao et al., 2015), while its dephosphorylation has been linked to apoptosis (Bushell
et al., 2000). MPTP intoxication reduced S209-phosphorylated elF4E levels by half
compared to control mice, while TFEB overexpression prevented this diminution
(Figure 7D). The fact that elF4E phosphorylation is known to be mediated by MAP
kinase interacting kinase 1 (MNK1) (Waskiewicz et al., 1999), the downstream kinase
of the ERK1/2 signaling pathway, may explain this prevention. In line with this, it has
been demonstrated that the BDNF-induced upregulation of protein synthesis is

triggered by the MNK1-mediated phosphorylation of elF4E (Genheden et al., 2015).

To determine whether S6K1 pathway was also affected in the MPTP mouse model of
PD, we measured both S6K1 total and phosphorylated/activated protein levels. We
found that MPTP intoxication did not induce any statistically significant variation of
these forms, but TFEB overexpression in MPTP-intoxicated mice increased both of
them, in particular it doubled the activated form and increased the activated/total

protein ratio (Figure 34E).

These results demonstrate that neuronal atrophy is mediated by inhibition of the 4E-
BP/elF4E pathway in the MPTP mouse model, and that TFEB counteracts atrophy by
the activation of both the elF4E and S6K1 pathways.
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Figure 34. TFEB overexpression prevents the decline of protein synthesis that occurs in the
MPTP model of Parkinson’s disease. (A) Rps6kb1 and Eif4e mRNA levels of ventral midbrain

117



homogenates in MPTP-intoxicated mice previously injected with AAV-TFEB (n = 7) or vehicle (n = 6),
and control mice treated with saline and previously injected with vehicle (n = 6). (B-E) Representative
western blot and protein levels of ventral midbrain homogenates in MPTP-intoxicated mice previously
injected with AAV-TFEB (n = 7-8) or vehicle (n = 7), and control mice treated with saline and
previously injected with vehicle (n = 5-6), of (B) Ser65-phosphorylated and total 4E-BP1, expressed as
a ratio, (C) Thr-37/46 phosphorylated-4E-BP1/non-Thr-37/46 phosphorylated-4E-BP1 ratio, (D) S209-
phosphorylated elF4E, p-eIF4E82°9, and (E) S6K1, its activated form (pS6K1T389) and the ratio. In all
panels, one-way ANOVA, post hoc Tukey’s. *P < 0.05 compared to control. *P < 0.05 compared to
MPTP+Sham group. All samples were collected 1 day after the last administration of MPTP prior to
neuronal cell death taking place. All data are represented as mean + SEM.

4.9. TFEB counteracts the autophagy-lysosomal defect in the MPTP model

We have previously reported that lysosomal depletion and a subsequent lysosomal-
autophagy defect that involves accumulation of autophagic vacuoles precedes cell
death in the MPTP model (Dehay et al., 2010; Bové et al., 2014). To determine
whether TFEB overexpression could also prevent these events, we assessed by
western blot the protein levels of several lysosomal and autophagic markers. As
expected, MPTP intoxication induced lysosomal depletion, as determined by
decreased levels of LAMP1, while TFEB overexpression was able to prevent this
diminution (Figure 35A). TFEB-induced lysosomal enhancement was further
confirmed with increased levels of lysosomal enzymes, such as cathepsin D, which
was doubled compared to control mice (Figure 35B). As expected, lysosomal
depletion was accompanied by a defective autophagic degradation in Sham MPTP
mice, as determined by an increase of LC3-lI/LC3-l ratio, whereas TFEB
overexpression was able to counteract this autophagic accumulation (Figure 35C).
To confirm that these events were occurring in the SNpc dopaminergic neurons, we
performed double immunofluorescence experiments for TH and LAMP1. MPTP-
intoxicated mice indeed showed a clear decrease in LAMP1 immunofluorescence
inside the SNpc dopaminergic neurons that was completely prevented in TFEB-
overexpressing mice (Figure 35D). We hypothesized that MPTP intoxication would
also impair lysosomal damage at a transcriptional level, and that TFEB
overexpression would be able to counteract this defect. To test this hypothesis, we

measured mRNA levels of the lysosomal proteins Lamp1 and Ctsd. Levels of both
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mRNAs were diminished in MPTP-intoxicated mice, and significantly increased in

TFEB-overexpressing compared to Sham mice after MPTP intoxication (Figure 35E).

These results demonstrate that TFEB counteracts the autophagy-lysosomal defect in
the MPTP model, as we have previously shown in an in vitro system (Dehay et al.,

2010).
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Figure 35. Overexpression of TFEB counteracts the autophagy-lysosomal impairment of the
MPTP mouse model of Parkinson’s disease. (A-C) Representative western blots and protein levels
of ventral midbrain homogenates in MPTP-intoxicated mice previously injected with AAV-TFEB (n = 7-
8) or vehicle (n = 7), and control mice treated with saline and previously injected with vehicle (n = 6),
of (A) LAMP1, (B) cathepsin D (CTSD) and (C) LC3-I and Il. (D) Confocal images showing
immunofluorescence for TH (red), LAMP1 (green) and nuclei (blue). Scale bar = 25 ym. (E) Lamp1
and Ctsd mRNA levels in ventral midbrain extracts in MPTP-intoxicated mice previously injected with
AAV-TFEB (n = 6) or vehicle (n = 6), and control mice treated with saline and previously injected with
vehicle (n = 4-6). In all panels, one-way ANOVA post hoc Tukey’s. *P < 0.05 compared to control. p<
0.05 compared to MPTP+Sham. Samples were collected 1 day after the last administration of MPTP
prior to neuronal cell death taking place. All data are represented as mean + SEM.
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4.10. Knocking down the master transcriptional repressor of autophagy

ZKSCAN3 does not prevent MPTP-induced neurodegeneration or atrophy

TFEB sustained overexpression triggers a pleiotropic neurotrophic effect that
involves a myriad of direct and indirect targets of this transcription factor. To
elucidate which are the most relevant events or pathways and how they work
synergistically to build up this neurotrophic/neuroprotective effect is not an easy task.
So far, as we discussed above, it is believed that TFEB neuroprotective effect is
mainly due to its effect on the autophagy-lysosomal pathway. Our results
demonstrate that TFEB is indeed boosting this degradation system but also
activating pro-survival pathways that could explain by themselves the neuroprotective
effect. Therefore, we believe that it is very relevant for the neurodegenerative
diseases field to determine the actual neuroprotective extent of inducing lysosomal
biogenesis and autophagy. ZKSCAN3 is a master transcriptional repressor of
autophagy and lysosome biogenesis and function, and is regulated in an opposite
manner than TFEB by starvation (Chauhan et al, 2013). As previously
demonstrated, knocking down ZKSCAN3 activates autophagy and increases
lysosomal biogenesis (Chauhan et al., 2013). Therefore, we decided to knock down
ZKSCANBS in mice dopaminergic neurons with an adeno-associated vector containing
the sequence coding a short double-stranded hairpin RNA (shRNA) directed against
rodent ZKSCAN3 (AAV-shZKSCAN3), and test its neuroprotective effect in the same
MPTP PD model that we tested TFEB neuroprotective effect (Figure 36A).

To demonstrate that we were certainly knocking down ZKSCAN3 we performed an
immunofluorescence assay that showed a strong nuclear staining in the control
group that was dramatically reduced in the shZKSACN3 group. The reduction of the
intensity elicited was more than 60% (Figure 36B). Then, we assessed the levels of
the lysosomal marker LAMP1 by means of measuring substantia nigra intensity in
midbrain sections after performing immunohistochemistry, and we found a 30%
increase in LAMP1 intensity in shZKSCAN3 ventral midbrains (Figure 36C). We also

performed an immunofluorescence for the autophagic vacuole marker LC3 and
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analyzed LC3 puncta inside dopaminergic neurons, which displayed higher amounts

of autophagosomes in ZKSCAN3-knocked down mice (Figure 36D).

These results are compatible with an increase of lysosomal biogenesis and activation
of autophagy that have been described in vitro with several cell lines, including a

neuronal cell line, after knocking down ZKSCANS3 (Chauhan et al., 2013).

A Sham

AAV-shZKSCAN3 Saline

MPTP

4 weeks > C
— < H+H— Helr
TSaars “ @

5 days

B ZKSCAN3 HOECHST MERGE TH ZKSCAN3 HOECHST

) --

C D

LAMP1

2
N
o

-
o
=]

CONTROL
o ~
o o

N
o

Intracellular ZKSCAN3 intensity
(% of contralateral side)
o

%
%,
&

AAV-shZKSCAN3
(8)
R

%
%
%
(‘4_\9

4'71«

TH LC3 HOECHST TH LC3

-
@
=]

CONTROL
g

CONTROL

23
=]

Intracellular LAMP1 intensity
(% of contralateral side)

N
N KOS
vk =i
—
(2}
w

AAV-shZKSCAN3
AAV-shZKSCAN3

Figure 36. Autophagy-lysosomal pathway is activated after knocking down the master
transcriptional repressor of autophagy ZKSCAN3. (A) Diagram representing the workflow and
experiments carried out with MPTP+AAV-shZKSCAN3-injected mice. (B) Left, Representative images
showing immunofluorescence for TH (green), ZKSCAN3 (red) and nuclear staining (blue) in SN
sections in mice after vehicle (n = 5) or AAV-shZKSCAN3 (n = 6) nigral injection. Scale bar = 50 ym
and 20 ym (zoom). Right, Quantification of intracellular ZKSCAN3 immunolabeling intensity of both
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groups of animals. (C) Left, Representative photomicrographs of LAMP1-immunostained SN in mice
after vehicle (n = 4) or AAV-shZKSCAN3 (n = 4) nigral injection. Scale bar = 200 ym. Right,
Quantification of intracellular LAMP1 immunolabeling intensity of both groups of animals. (D)
Representative images showing immunofluorescence for TH (green), LC3 (red) and nuclear staining
(blue) in SN sections of mice after vehicle (n = 4) or AAV-shZKSCANS3 (n = 4) nigral injection. White
arrows indicate autophagosomes, as determined by LC3 puncta staining. Scale bar = 10 ym and 5 ym
(zoom). In panels B-C, Mann-Whitney test. *P < 0.05 compared to control. Samples were collected 21
days after the last MPTP or saline administration. All data are represented as mean + SEM.

Then, we assessed the integrity of the nigrostriatal dopaminergic system in the
MPTP model in control and AAV-shZKSCAN3 mice at day 21 after the last MPTP
injection. Stereological dopaminergic cell counts were performed in all groups and we
observed that, although MPTP intoxication induced a significant cell body loss, it was
not prevented in MPTP AAV-shZKSCAN3 mice group (Figure 37A). We next
assessed the integrity of the dopaminergic terminals in the striatum by measuring the
optical density of TH-positive fibers in this region. MPTP intoxication induced a 65%
reduction of striatal OD and, again, the same levels of TH-positive striatal terminals
were detected in MPTP-intoxicated mice group that were injected with AAV-
shZKSCAN3 (Figure 37B), indicating that neither cell bodies nor axon terminals
were protected in MPTP ZKSCAN3-knocked down mice. No neurodegeneration was
detected in saline AAV-shZKSCAN3-injected animals, ruling out a deleterious effect
of knocking down this transcription factor in SNpc dopaminergic neurons (Figure

37A, B).

These results suggest that boosting the autophagy-lysosomal pathway does not

suffice per se to counteract neurodegeneration in this PD model.
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Figure 37. Boosting the autophagy-lysosomal pathway is not sufficient to induce
neuroprotection in the MPTP mouse model of Parkinson’s disease. (A) Top, representative
photomicrographs of TH-immunostained SN counterstained with Nissl of MPTP-intoxicated mice
previously injected with AAV-shZKSCAN3 (n = 5) or vehicle (n = 5), and mice treated with saline and
previously injected with vehicle (n = 6) or AAV-shZKSCAN3 (n = 5). Scale bar = 250 ym. Bottom,
stereological cell counts of dopaminergic neurons in SNpc of all groups of animals. (B) Top,
representative photomicrographs of TH-immunostained striata of MPTP-intoxicated mice previously
injected with AAV-shZKSCAN3 (n = 8) or vehicle (n = 7), and mice treated with saline and previously
injected with vehicle (n = 7) or AAV-shZKSCANS3 (n = 7). Bottom, optical densitometry of striatal TH-
positive dopaminergic fibers of all groups of animals. In both panels, two-way ANOVA post hoc
Tukey's. *P < 0.05 compared to control non-injected side. *P <0.05 compared to control injected side.
P <0.05 compared to saline AAV-shZKSCAN3 non-injected side. *P < 0.05 compared to saline AAV-
shZKSCANS3 injected side. Samples were collected 21 days after the last MPTP or saline
administration. All data are represented as mean + SEM.
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Furthermore, to confirm that activation of the autophagy-lysosomal system was not
accompanied with the activation of ERK1/2 and AKT signaling pathways we
measured the intensities after Thr202/Tyr204-phosphorylated/activated form of
ERK1/2 and Ser473-phosphorylated form of AKT. No differences were observed
neither in phospho-ERK1/2 (Figure 38A) nor phospho-AKT (Figure 38B) between
control and AAV-shZKSCAN3 mice, indicating that these pro-survival signaling
pathways are not activated in ZKSCAN3-knocked down animals. We next measured
the cell body size of SNpc dopaminergic neurons in the MPTP model in control and
AAV-shZKSCAN3 mice. As we expected, we found that under MPTP conditions
dopaminergic neurons were still atrophic after silencing ZKSCAN3 (Figure 38C),
indicating that activation of ERK1/2 and AKT pathways may be crucial for TFEB-

induced neurotrophic effect.
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Figure 38. Knocking down ZKSCAN3 does not reverse MPTP-induced neuronal atrophy. (A-B)
Left, representative photomicrographs of (A) Thr202/Tyr204-phosphorylated ERK1/2 and (B) S473-
phosphorylated AKT-immunostained SN in mice after vehicle (n = 4) or AAV-shZKSCAN3 (n = 4)
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nigral injection. Scale bar = 125 um. Right, quantification of intracellular (A) Thr202/Tyr204-
phosphorylated ERK1/2 and (B) S473-phosphorylated AKT-immunolabeling intensity of both groups of
animals; Mann-Whitney test. (C) Average cell area of dopaminergic neurons in MPTP-intoxicated mice
previously injected with AAV-shZKSCAN3 (n = 5) or vehicle (n = 5), and mice treated with saline and
previously injected with vehicle (n = 6) or AAV-shZKSCAN3 (n = 6); two-way ANOVA, post hoc
Tukey’s. *P < 0.05 compared to control non-injected side. *P <0.05 compared to control injected side.
P < 0.05 compared to saline AAV-shZKSCANS3 non-injected side. In all panels, samples were
collected 21 days after the last MPTP or saline administration. All data are represented as mean =
SEM.

4.11. Mitochondria-mediated cell death is counteracted at multiple levels by

TFEB overexpression

In PD, the mitochondrial/intrinsic pathway is believed to play a greater role in
triggering programmed cell death than the extrinsic pathway (Venderova and Park,
2012). We have previously demonstrated that dopaminergic neurodegeneration in
the MPTP model occur by activation of the intrinsic apoptotic pathway (Bové and
Perier, 2012; Perier et al., 2012) through the cytochrome c release followed by
activation of caspase-9 (Perier et al., 2005). Taking into account the above shown
results demonstrating that TFEB overexpression was activating ERK1/2 (Figure 24)
and AKT pathways (Figure 25) and also inducing structural and morphological
mitochondrial changes (Figures 26-29), we hypothesized that the neuroprotective
effect elicited by TFEB overexpression in the MPTP model may also involve the
regulation of pro- and anti-apoptotic mechanisms by targeting the mitochondria-
mediated cell death pathway. In fact, both AKT and ERK pathways are known to
block this apoptotic pathway at multiple levels by: (i) inducing a transcriptional
repression or decreasing the activity of pro-apoptotic molecules, such as BIM and
various caspases, being the former one of the most powerful killers among the BH3-
only proteins because its ability to bind to all Bcl-2 family of pro-survival proteins and
thereby facilitating BAX activation and cytochrome c release (Letai et al., 2002;
Kuwana et al., 2005; Perier et al., 2007); and (ii) upregulating anti-apoptotic proteins,
such as BCL-XL, via enhancement both its transcription and activity (Lu and Xu,

2006; Levy et al., 2009; Winter et al., 2011). Moreover, while inducing fusion
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prevents cell death induced by several stimuli including parkinsonian toxins (Chen et
al., 2005; Zorzano and Claret, 2015), cells unable to react with mitochondrial
hyperfusion are more vulnerable to stress and programmed cell death (Chen et al.,

2005; Tondera et al., 2009; Rolland et al., 2013; Zorzano and Claret, 2015).

To delve further into this concept, we started by measuring by western blot the levels
of BCL-XL, an anti-apoptotic protein that when overexpressed was shown to block
mitochondria-mediated cell death by inhibiting cytochrome c release (Reshi et al.,
2017). We found that BCL-XL levels were 30% raised in ventral midbrain homogenates
of AAV-TFEB-injected mice when compared to control mice (Figure 39A). To
determine whether this increase was indeed due to an increase of BCL-XL into
mitochondria, we also measured BCL-XL levels in isolated midbrain mitochondria of
TFEB-overexpressing mice, and found that it was markedly increased compared to
mitochondria of control mice (Figure 39B). We next measured the levels of VDACA1,
which is known to play a role in programmed cell death by inducing mitochondrial
outer membrane permeabilization and the subsequent cytochrome c release and
programmed cell death (Rostovtseva and Bezrukov, 2008; McCommis and Baines,
2012; Weisthal et al., 2014). We found that VDAC1 levels were reduced by half in
ventral midbrain homogenates of AAV-TFEB injected mice (Figure 39C), as well as
in isolated midbrain mitochondria (Figure 39D), demonstrating that VDAC1
downregulation may contribute to the generation of mitochondria that were less
prone to programmed cell death. We have previously demonstrated that Bcl2/11
transcript levels, corresponding to the pro-apoptotic protein BIM, peaked at 1 day
after the last MPTP injection and covered the entire period of MPTP-induced
apoptotic neuronal death (Perier et al., 2007). Therefore, we decided to measure
Bcl2I11 transcript levels by RT-gPCR and we observed an induction of Bcl/2/11
MRNA levels 1 day after the last MPTP injection that it was completely prevented in
MPTP AAV-TFEB-injected mice (Figure 39E), suggesting that TFEB overexpression
was blocking the transcription of BIM. Because cytochrome c release activates
caspase-9, we also decided to assess whether TFEB overexpression was able to

inactivate caspase-9 in MPTP conditions. Phosphorylation of caspase-9 at Thr125 is
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known to prevent its cleavage and the subsequent activation of the intrinsic apoptotic
pathway (Allan and Clarke, 2009). There are three known possible protein kinases
that can phosphorylate caspase-9 at Thr125: (i) ERK1/2 when activated by
extracellular growth/survival signals; (ii)) CDK1-cyclin B1 in mitosis; and (iii) DYRK1A,
which regulates apoptosis during development (Allan and Clarke, 2009). Taking into
account that ERK1/2 is activated in TFEB-overexpressing mice, we assessed
Thr125-phosphorylated caspase-9 (pCASP9) levels in ventral midbrain homogenates
of mice, before cell death occurred. MPTP intoxication reduced Thr125-pCASP9
levels by half compared to control mice, while TFEB overexpression in MPTP mice
not only prevented the MPTP-induced diminution but also showed much higher levels
than control mice (Figure 39F). This finding suggests that TFEB overexpression is
also acting at the downstream level by blocking caspase-9, the main instigator of

mitochondria-mediated cell death, thereby turning neurons less prone to cell death.
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Figure 39. TFEB overexpression modulates mitochondria-mediated cell death effectors and
turns neurons less prone to programmed cell death. (A, C) Representative western blot and
protein levels of (A) the anti-apoptotic protein BCL-XL and (C) the pro-apoptotic protein VDAC1 from
mice overexpressing TFEB (n = 6) compared to vehicle-injected mice (n = 6); Mann-Whitney test. *P <
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0.05 compared to control. (B, D) Western blot analyses of (B) BCL-XL and (D) VDAC1 in isolated
midbrain mitochondria of AAV-TFEB-injected mice (pool of n = 10 midbrains) and vehicle-injected
mice (pool of n = 10 midbrains). (E) Bc/2/11 mRNA levels of ventral midbrain homogenates in MPTP-
intoxicated mice previously injected with AAV-TFEB (n = 7) or vehicle (n = 6), and control mice treated
with saline and previously injected with vehicle (n = 5); one-way ANOVA post hoc Tukey’s. *P < 0.05
compared to control. *P < 0.05 compared to MPTP+Sham. (F) Representative western blots and
protein levels of Thr125-phosphorylated/inactivated caspase-9 (pCASP9) in ventral midbrain
homogenates of MPTP-intoxicated mice previously injected with AAV-TFEB (n = 7) or vehicle (n = 7),
and control mice treated with saline and previously injected with vehicle (n = 6); one-way ANOVA post
hoc Tukey’s. *P < 0.05 compared to control. *P < 0.05 compared to MPTP+Sham. In panels A-D,
samples were collected 5 weeks after AAV-TFEB or vehicle injections. In panels E-F, samples were
collected 1 day after the last administration of MPTP prior to neuronal cell death taking place. All data
are represented as mean + SEM.

We next ascertained whether these TFEB-induced changes of mitochondria-
mediated cell death modulators were indeed contributing to block cytochrome c
release of mitochondria in TFEB-overexpressing mice. First, we carried out a
validation study in which isolated midbrain mitochondria were incubated with MPTP’s
active metabolite, MPP*, and/or different amounts of recombinant BAX. After
centrifugation, both pellets and supernatants were subjected to western blot anaylses
in order to assess cytochrome c release (Figure 40A). Accordingly to our previous
work (Perier et al., 2005), this experiment confirmed that in purified midbrain
mitochondria only when inhibition of complex | is accompanied by an increase of a
cell death agonist, such as BAX, cytochrome c located in the mitochondrial
membrane space is significantly released to the cytosol (Figure 40B), triggering
mitochondria-mediated cell death. Importantly, none of the tested conditions
(complex | inhibition by MPP”, recombinant BAX, or combination of both) caused a
release of the matrix mitochondrial heat shock protein 60 (HSP60), ruling out the
possibility that the cytochrome c release observed by combining both MPP* and

recombinant BAX resulted from a mitochondrial structural damage (Figure 40B).
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Figure 40. Complex | inhibition promotes BAX-dependent cytochrome c release. (A) Diagram
representing the workflow of cytochrome c release experiments in isolated midbrain mitochondria. (B)
Combined complex | inhibition (100 uM MPP®) and incubation with recombinant BAX (100-150 nM)
trigger significant cytochrome ¢ release from isolated midbrain mitochondria (pool of n = 10
midbrains), as assessed by western blot analyses. MOMP, mitochondrial outer membrane
permeabilization.

Then, we performed the experiment with isolated midbrain mitochondria of vehicle
and AAV-TFEB-injected mice. As expected and in agreement with our previous
results (Figure 40B), we detected a marked release (32%) of mitochondrial
cytochrome ¢ when mitochondria of vehicle-injected mice were incubated with both
MPP* and recombinant BAX (Figure 41A). In contrast, almost no cytochrome ¢ was
detected in the supernatant unlike the pellet of MPP*+BAX-treated isolated midbrain
mitochondria from AAV-TFEB-injected mice (Figure 41B), indicating that TFEB
overexpression was completely abolishing mitochondrial cytochrome c release.
Incubation with alamethicin (Alm), which is a potent channel-forming antibiotic that
allows the passive diffusion of cytochrome c¢ (Ritov et al., 1992), induced a complete
cytochrome c release and was used in both groups of animals as a positive control of

the experiment (Figure 41A, B).

Hence, these results demonstrate that the neuroprotective effect elicited by TFEB
overexpression also involves anti-apoptotic mechanisms that target both upstream

and downstream instigators of mitochondria-mediated cell death.
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Figure 41. MPP*/BAX-induced cytochrome c release is blocked by TFEB overexpression. (A-B)
Assessment of cytochrome c release by western blot analyses in isolated midbrain mitochondria of (A)
vehicle-injected mice (pool of n = 10 midbrains) and (B) AAV-TFEB-injected mice (pool of n = 10
midbrains) after combined incubation of MPP* (100 uM) and recombinant BAX (100 nM). Incubation
with alamethicin (Alm, 40 pg/ml) was used as a positive control of the maximal cytochrome c release.
In all panels, samples were collected 5 weeks after AAV-TFEB or vehicle injections.
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5. Discussion

Our work has focused on the study of different molecular processes activated upon
TFEB overexpression that may offer potential benefits in the context of PD. In this
regard, we have demonstrated that TFEB overexpression in mice substantia nigra
dopaminergic neurons by means of an adeno-associated viral vector drove a
previously unknown bona fide neurotrophic effect giving rise to cell growth, neurite
outgrowth, increased TH expression, enhanced dopamine handling and higher
amounts of releasable dopamine in the striatum. We also demonstrated that TFEB
overexpression boosted mTORC1 signaling, activated both pro-survival AKT and
ERK1/2 signaling pathways, increased mitochondrial size, promoted mitochondrial
fusion and enhanced mitochondrial protein import in substantia nigra dopaminergic
neurons. In a parkinsonian scenario, we have unraveled that TFEB overexpression
protected SNpc dopaminergic neurons both at the cell body level as well as striatal
dopaminergic terminals and restored their activity/function and phenotype in the
MPTP mouse model of PD. TFEB overexpression also counteracted the deleterious
events like lysosomal depletion and mitochondria-mediated cell death that are linked
to MPTP neurotoxicity and PD. Moreover, we also showed that knocking down the
master repressor of autophagy ZKSCAN3 did not prevent MPTP-induced
neurodegeneration or atrophy. Altogether, our results highlight TFEB as an

alternative candidate to neurotrophic factor-based therapies for PD.

None of the clinical trials carried out to date to halt the progression of PD have been
fully satisfactory (Ferreira et al., 2018). One possible explanation for this systematic
failure is that the majority of the strategies tested, with the exception of the
neurotrophic factors, target only one of the pathogenic mechanisms involved in the
development of the disease. This insight becomes even clearer after the failure of
anti-apoptotic drugs such as TCH346 and CEP-1347 in clinical trials (Parkinson
Study Group PRECEPT Investigators, 2007; Athauda and Foltynie, 2015). Another

paradigmatic example is the use of antioxidants to reduce mitochondrial dysfunction
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as a treatment for PD. Antioxidant drugs such as creatine or ubiquinone (coenzyme
Q10) successfully worked in preclinical studies (Beal, 2011; Té6th et al., 2014) but
again failed to show any clinical benefit in high-profile clinical trials (Athauda and
Foltynie, 2015). It is precisely because of the holistic effect of the neurotrophic factors
that neurotrophic factor-based therapy stands as the most promising disease-
modifying therapeutic approach for PD. Since various neurotrophic factors have been
reported to be decreased in PD patients (Toulorge et al., 2016) and the subsequent
neurotrophic signaling lost is believed to contribute to neuronal death (Decressac et
al., 2012b; Kang et al., 2017), a large amount of interest in rising neurotrophic factors
levels to protect and repair the degenerating nigrostriatal pathway has been for years
a rationale for developing therapeutic strategies for PD. In this line, delivery of many
neurotrophic factors conferred beneficial effects in diverse PD animal models

(summarized in Table 6).

Table 6. List of neurotrophic factor-based strategies in PD animal models

Nigrostriatal protection, Tomac et al., 1995
GDNF Mouse MPTP
functional improvement Date et al., 1998

Kordower et al., 2000
Nigrostriatal protection,
Monkey MPTP Grondin et al., 2002

functional improvement
Garbayo et al., 2016
Monkey MPTP Functional improvement  Gerhardt et al., 1999
Nigral protection,
Marmoset MPTP Iravani et al., 2001
functional improvement
Rat 6-OHDA Functional improvement  Hoffer et al., 1994
Rat 6-OHDA Nigrostriatal protection Rosenblad et al., 1999
Shults et al., 1996
Nigrostriatal protection, Choi-Lundberg et al.,
Rat 6-OHDA
functional improvement 1998

Aoi et al., 2000
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Rat 6-OHDA

AAV/LV-a-syn rat

BDNF Rat 6-OHDA
Rat MPP*

Monkey MPTP

Neurturin Rat 6-OHDA

Rat 6-OHDA

Monkey MPTP

CDNF Mouse MPTP

Rat 6-OHDA

Marmoset 6-
OHDA

Nigral protection

None

Functional improvement
Nigral protection
Nigral protection,
functional improvement

Nigrostriatal protection

Nigrostriatal protection,

functional improvement

Nigrostriatal protection,
functional improvement
Nigrostriatal protection,

functional improvement

Nigrostriatal protection,

functional improvement

Functional improvement

Sauer et al., 1995
Winkler et al., 1996
Lo Bianco et al., 2004
Decressac et al., 2011
Klein et al., 1999

Frim et al., 1994

Tsukahara et al., 1995

Rosenblad et al., 1999
Horger et al., 1998
Oiwa et al., 2002
Fjord-Larsen et al.,
2005

Bartus et al., 2011
Reyes-Corona et al.,
2017

Kordower et al., 2006

Airavaara et al., 2012

Lindholm et al., 2007
Voutilainen et al., 2011
Back et al., 2013

Ren et al., 2013
Garea-Rodriguez et
al., 2016

Neurotrophic factors are known to activate the RAS/ERK and PI3K/AKT signaling
pathways (Besset et al., 2000; Melillo et al., 2001), both of which lead to the

activation of several transcription factors and increase the expression of genes

involved in neuronal survival, neurite outgrowth,

synaptic plasticity and the
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expression of enzymes involved in dopamine biosynthesis (Lei et al., 2011; Olanow
et al., 2015). In fact, extensive evidence from experimental animal models of
neurological diseases suggests that neurotrophic factors are both neuroprotective
and neurorestorative (Domanskyi et al., 2015; Olanow et al., 2015). In particular,
GDNF and neurturin have demonstrated a clear beneficial effect including
nigrostriatal protection and functional improvement in multiple PD experimental
models from rodents to nonhuman primates. In this line, several early phase clinical
trials with neurotrophic factors like GDNF or CERE-120 (AAV-neurturin), or drugs that
promote GDNF release, such as PYM50028, have shown the potential of
neurotrophic factors; however, no neurotrophic factor-based protein or gene therapy
has yet demonstrated sufficient efficacy in later phases (Domanskyi et al., 2015;
Ferreira et al., 2018). This bewildering poor success could be explained by two facts:
impaired axonal transport (Olanow et al, 2015) and downregulation of
GDNF/neurturin receptor RET (Decressac et al., 2012b). Once GDNF or neurturin
binds to the presynaptic striatal RET receptors, delivering signaling molecules to the
soma relies on retrograde axonal transport (Ito and Enomoto, 2016). Consequently,
the axonal impairment that occurs in PD may interfere with the activation of pro-
survival pathways. RET downregulation in nigral dopaminergic neurons observed in
PD patients also compromises the therapeutic effect of the GDNF family of ligands,
and has encouraged scientists in the field to seek RET-independent neurotrophic
factors. An alternative to delivering neurotrophic factors to overcome these hurdles is
to directly activate the intracellular signaling pathways responsible for their effect

(Ries et al., 2006).

Ballabio and colleagues identified TFEB as the master transcriptional enhancer of
both lysosomal biogenesis and autophagy by promoting the transcription of
numerous lysosomal and autophagic genes that participate in multiple steps of
autophagy from autophagosome initiation to the delivery of the cargo into the
lysosomes for degradation (Sardiello et al., 2009; Settembre et al., 2011). This
significant finding resulted in focusing on TFEB as a new therapeutic approach for

those diseases in which lysosomal or autophagic dysfunction have been
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documented, such as lysosomal storage disorders and neurodegenerative diseases.
Some years ago, Decressac et al. found that TFEB expression in the nuclear
compartment of SNpc dopaminergic neurons was much reduced when compared to
healthy controls. In the same study, this phenomenon was not observed in the
mesolimbic dopaminergic neurons of the ventral tegmental area (VTA), providing
evidence that TFEB dysfunction is likely to contribute to PD pathogenesis since
relative sparing of VTA neurons has been described in the disease (Dauer and
Przedborski, 2003; Decressac et al., 2013). Our group was the first in demonstrating
that increasing TFEB activity may hold great promise for PD patients by combating
neurodegeneration. In this line, we previously demonstrated that in vifro TFEB
overexpression counteracted lysosomal depletion, increased autophagosomes
clearance and attenuated MPP*-induced cell death (Dehay et al., 2010).
Subsequently, a few other studies used TFEB to tackle neurodegeneration by
enhancing the autophagy-lysosomal pathway and Ilowering aggregate load
(Decressac et al., 2013; Kilpatrick et al., 2015). Nevertheless, all these works
neglected the possibility that TFEB could exert a neuroprotective effect by activating
also other molecular pathways not related to the autophagy-lysosomal system. This
hypothesis was supported by the fact that the maijority of putative direct targets of
TFEB described to date is linked to a variety of biological processes that are not
related to this degradative pathway (Palmieri et al., 2011). In fact, only 64 out of 471
putative direct targets of TFEB are linked to the autophagy-lysosomal pathway,
whereas hundreds of other genes controlled by TFEB are related to different cellular
processes, such as mitochondrial metabolism, cell cycle and translation, mRNA

processing, among others (Palmieri et al., 2011).

Here, we have not only characterized the effect of TFEB overexpressing in activating
the autophagy-lysosomal pathway in substantia nigra dopaminergic neurons but also
other pathways implicated in different processes of the cell that could provide
neuroprotective mechanisms, such as dopamine metabolism, mTORC1 signaling,
pro-survival signaling pathways and mitochondria. All these pathways when

deregulated not only have been described to contribute to PD pathogenesis but also
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to cross-interact with each other (Levy et al., 2009; Fahn et al., 2011; Zeng et al.,
2018), generating an even more complex network and thereby limiting the
effectiveness of single-targeting neuroprotective strategies. Hence, a neuroprotective
approach that acts at multiple levels may increase the likelihood of developing a

better disease-modifying treatment for PD.

We show here for first time that TFEB overexpression induces a trophic effect on
SNpc dopaminergic neurons, characterized by a striking increase of cell area that
increases SNpc volume, neurite outgrowth and increased phenotypic dopaminergic
markers, mimicking RET-mediated effects (Hyman et al., 1994; Grondin et al., 2002;
Herzog et al., 2007; Lei et al., 2011; Kramer and Liss, 2015; Olanow et al., 2015).
These findings are unexpected and surprising since the up-to-date documented
effects of TFEB are mainly related to the induction of the autophagy-lysosomal
pathway. A very similar trophic effect was observed by Burke and collaborators in
various studies in which several components of the AKT/mTOR pathway were
overexpressed. In this regard, overexpression of a myristoylated, constitutively active
form of AKT (Myr-AKT) by means of an AAV induced a pronounced trophic effect and
conferred neuroprotection in vivo (Ries et al., 2006). Similarly, viral vector
overexpression of a constitutive form of the principal upstream activator of mTOR,
Rheb(S16H), induced many neurotrophic effects in mice, including the ability to both
preserve and restore the nigrostriatal dopaminergic pathway in the intrastriatal 6-
OHDA mouse model (Kim et al.,, 2011a, 2012). Therefore, to our knowledge, our
study is one of the few that demonstrated a trophic effect similar to the one elicited by
neurotrophic factors and probably the first in achieving it without requiring a direct
overexpression of a protein belonging to the AKT/mTOR or ERK1/2 pathways.
Moreover, we also demonstrated at the histological, biochemical and functional levels
that TFEB was also mimicking neurotrophic factors by increasing dopaminergic
function. Although the main effect of neurotrophic factors described to date related to
dopaminergic function is the increased tyrosine-hydroxylase amount and dopamine
release (Altar et al., 1992; Grondin et al., 2002), we also found an increase of

dopamine packaging and handling that heightened the available pool of dopamine at
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the level of the striatum. These results are of great interest considering that
mishandling of dopamine in mice with reduced VMAT2 expression has been reported
to cause DA-mediated toxicity and progressive loss of dopaminergic neurons (Caudle
et al.,, 2007). In contrast, other studies reported that VMAT2 overexpression was
sufficient to oppose MPTP-induced neurodegeneration in vivo (Lohr et al., 2014,
2016). Thus, the increased VMAT?2 levels that we observed, probably in addition to
other molecular changes related to dopamine metabolism that were not depicted in

our work, would most likely contribute to TFEB’s neuroprotective effect.

We also have investigated which molecular pathways could be responsible of the
neurotrophic effect of TFEB. To that end, we focused in analyzing mTOR signaling
since is the main pathway that promotes cell growth and protein synthesis by
activating S6K1 and elF4E, being the later activated through 4E-BP1
phosphorylation/inhibition. Our results pointed out to increased mTORC1 signaling, a
result that seems plausible considering that growing cells require stimulated anabolic
processes to suit the increased cellular biomass. The observation that TFEB
activates mTORC1 is consistent with existing literature that was running
simultaneously to our work. In this line, Di Malta et al. showed that TFEB
overexpression in the liver of mice boosted mTORC1 signaling whereas Tfeb liver-
specific conditional knockout mice displayed a significant reduction of both mTORC1
signaling and protein synthesis (Di Malta et al., 2017). Furthermore, mTOR signaling
has been described to be especially relevant to PD because RTP801/REDD1, a pro-
apoptotic protein that acts like Torin1 by suppressing all mTOR activities and induces
neuronal cell death (Brugarolas et al., 2004; Malagelada et al., 2006), was found

increased in dopaminergic neurons of PD patients (Malagelada et al., 2006).

We also observed an activation of both AKT and ERK1/2 pro-survival signaling
pathways, which are both well-known to boost mTORC1 signaling and mediate
neurotrophic activity when activated (Besset et al., 2000; Hsuan et al., 2006; Roux et
al., 2007; Parmar and Tamanoi, 2010; Robinet and Pellerin, 2010; Winter et al.,
2011). Given the importance of AKT in neuronal survival since deactivation of AKT

was found in SNpc dopaminergic neurons of PD patients (Malagelada et al., 2008)
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and to contribute to neurodegeneration in different experimental models of PD
(Malagelada et al., 2008; Tasaki et al., 2010), TFEB-induced activation of AKT may
therefore play a key role in the neuroprotective and neurotrophic effects elicited by
TFEB. This hypothesis is strengthened by the fact that overexpression of AKT has
been shown to confer neuroprotection in vivo against MPTP (Aleyasin et al., 2010)
and 6-OHDA toxicity (Ries et al., 2006), as well as in other in vitro PD models
(Salinas et al., 2001; Malagelada et al., 2008; Aleyasin et al., 2010; Tasaki et al.,
2010). Conversely, AAV delivery of a dominant-negative form of AKT induced
neurodegeneration and shrinkage of SNpc neurons (Ries et al., 2009). Instead, the
role of ERK1/2 signaling in promoting neuronal survival, plasticity and growth, as
some studies have demonstrated (Xia et al., 1995; Xue et al., 2000; Sweatt, 2001;
Thiels and Klann, 2001), has been questioned several times by other works that
suggest that ERK1/2 activation induces deleterious effects in neurons permitting
neuron degeneration and cell death (Kulich and Chu, 2001; Gémez-Santos et al.,
2002; Cheung and Slack, 2004). These differences could be explained in some
cases as a neuroprotective compensatory mechanism to counteract death signals
(Hetman et al., 1999) or due to the intrinsic characteristics of each cellular type.
However, our results support the hypothesis of ERK1/2 in favoring neuronal survival
since no degeneration was observed after TFEB-induced ERK1/2 activation, which
conversely seems to play, at least in part, a role in the neurotrophic and

neuroprotective effects of TFEB.

TFEB activity is controlled by its subcellular localization that is regulated by
phosphorylation (Puertollano et al., 2018). We observed an activation of mTORC1,
AKT and ERK2 kinases, which are the main protein kinases known to
phosphorylate/inactivate TFEB (Napolitano and Ballabio, 2016). However, as we
show, TFEB translocates to the nucleus after being overexpressed confirming its
activation. This seeming paradox can be explained by the fact that, although both
AKT and ERK signaling pathways activate mTORC1, TFEB by itself is also a positive
regulator of mTORC1 signaling in the lysosomal surface by promoting the

transcriptional regulation of RagD GTPase, which is a direct target of TFEB (Di Malta
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et al., 2017). Besides, ERK2 and TBK1, a known AKT activator, are also direct
targets of TFEB (Palmieri et al., 2011), so it is reasonable and sound to find both
pathways activated upon TFEB overexpression. Although we currently know that
there is a feedback loop under fed conditions by which TFEB promotes mTORC1
signaling and this, in turn, decreases TFEB activity by phosphorylation (Di Malta and
Ballabio, 2017), the advantage of our system relies on the detail that when TFEB is
overexpressed it saturates the ability of mMTORC1, AKT and ERK2 to phosphorylate
it. Thus, the reason why TFEB is mainly found in the nucleus in normally fed neurons
is because, while some of TFEB is found in the cytoplasm boosting mTORC1
signaling together with AKT and ERK1/2, most of the overexpressed TFEB escapes
the phosphorylation by these kinases and translocates to the nucleus (Medina et al.,
2011; Puertollano et al., 2018), where it regulates both anabolic and catabolic genes
(Figure 42). A similar effect was found in another study in which they expressed a
constitutive activated form of TFEB that was Ser-to-Ala mutated (S142A, S211A),
which evaded mTORC1 and ERK2-induced phosphorylation and thereby most TFEB
was nuclear translocated (Settembre et al., 2012). It is important to point out that
both activation of anabolic pathways such as mTORC1 and catabolic pathways such
as autophagy seems to happen simultaneously in our model. This fact could be
explained because of under conditions conducive to cell growth, a relative lower rate
of autophagic flux is maintained for the proper cellular homeostasis and well-being of

the cell.
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Figure 42. Schematic representation of TFEB activity. Under basal conditions (top panel), TFEB
promotes transcription of several genes, including TBK1, ERK1/2 and genes implicated to the
induction of the autophagy-lysosomal pathway. However, there is a feedback loop under fed
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conditions by which TFEB promotes mTORC1 signaling and this, in turn, decreases TFEB activity by
phosphorylation. In addition to AKT- and ERK2-induced phosphorylation, TFEB remains inactive in the
cytosol. mMTORCH1 signaling is not favored. Under overexpressing conditions (bottom panel), some of
TFEB is found in the cytoplasm boosting mTORC1 signaling, whereas most of the overexpressed
TFEB escapes the phosphorylation/inactivation by AKT, ERK2 and mTORCH1, thereby translocating to
the nucleus, where it is mainly found. TFEB target genes are highly induced, including TBK1, ERK1/2
and those related to the induction of the autophagy-lysosomal system. In this situation, S473-
phosphorylated form of AKT seems to be mediated through TBK1 rather than mTORC2. Activated
AKT and ERK1/2 pathways boost mTORC1 signaling, which induces cell growth and protein
synthesis.

Because lysosomal and mitochondrial impairment are two deleterious events that are
linked to PD, we assessed the effect of overexpressing TFEB in these two
organelles. As expected, and as previously reported (Dehay et al., 2010; Decressac
et al., 2013), TFEB overexpression induced lysosomal biogenesis paralleling the
induction of autophagy. However, the effect of TFEB on mitochondria of neurons has
never been assessed previously. In this line, our study is the first to demonstrate that
TFEB overexpression induces mitochondrial fusion and mitochondrial protein
expression changes that render neurons less prone to cell death. However, our
findings do not support the presence of mitochondrial biogenesis, or at least not in a
sustained manner. This observation seems also to mimic the GDNF/RET signaling
effect on mitochondria since they have proven to be necessary for normal
mitochondrial function and morphology and to prevent mitochondrial fragmentation
and associated cell death. This effect on mitochondrial integrity is accompanied by a
lack of GDNF to trigger mitochondrial biogenesis (Klein et al., 2014; Meka et al.,
2015), which contrasts with other trophic or neurotrophic factors like BDNF (Mattson
et al., 2018). Indeed, BDNF and GDNF were shown to increase the efficiency of
respiratory coupling and rescued bioenergetics deficits in Drosophila melanogaster
Pink1 mutants and Parkin-deficient cells, respectively (Markham et al., 2004; Klein et
al.,, 2014; Meka et al., 2015). Although in our study we did not check specific
OXPHOS complex activities or ATP production, we did check the levels of some

OXPHOS subunits that pointed out that TFEB was involved in mitochondrial
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respiration, possibly increasing or enhancing its function. This hypothesis is
strengthened by a recent study from Mansueto and collaborators, which was running
parallel to ours, that unraveled that TFEB overexpression improved respiratory chain
complex activities and increased ATP production in skeletal muscle (Mansueto et al.,
2017). In the same study, authors demonstrated that TFEB induced mitochondrial
biogenesis, contrasting with our results, through a PGC-1a- and PGC-1p-
independent mechanism. This result is surprising considering that PGC-1a, which is
the master regulator of mitochondrial biogenesis, is rated as a TFEB direct target
(Palmieri et al., 2011). Nevertheless, special caution must be taken by extrapolating
these results to neurons since the networks of genes regulated by TFEB have been
described to be context specific, supporting diverse tissue-specific metabolic
functions (Settembre et al., 2013; Mansueto et al., 2017). Moreover, we also reported
that TFEB overexpression induced an increase of mitochondrial size that partly may
be explained by the boosted mitochondrial fusion that we observed, as determined
by both western blot and electron microscopy studies. This effect of TFEB on
mitochondrial size was already reported by Mansueto and collaborators in muscle
tissue, although, intriguingly, authors did not discuss this important observation
(Mansueto et al., 2017). This striking fact can be explained from a physiological point
of view since extended mitochondrial networks achieved by increased mitochondrial
size and/or mitochondrial fusion are of great advantage, especially under conditions
of high energy demand (Westermann, 2012). In addition to the other beneficial
outcomes of a hyperfused mitochondrial network like to attenuate the potential
deleterious effects of mutated mtDNA or misfolded proteins (Chen et al., 2010; Van
der Bliek et al., 2013), mitochondrial fusion also seems to play an important role in
maximizing ATP biosynthesis by allowing the OXPHOS complexes to cooperate
more efficiently (Westermann, 2012) and thereby favoring cell growth. In this line,
cells with disrupted mitochondrial fusion by targeted mutations in Mfn1/2 genes
display a loss of respiratory capacity and poor cell growth (Chen et al., 2005).
Therefore, is very tempting to speculate that in our TFEB-overexpressing model in
which neurons undergo a trophic effect more energy is needed to suit the metabolic

needs of the cell. Further confirming this insight, a study by Liang et al. demonstrated
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that mitochondrial size in neurons is correlated to soma’s size since the largest
mitochondria are found in bigger neurons like those of the red nucleus, while the
smallest mitochondria are found in smaller neurons like SNpc dopaminergic neurons
(Liang et al., 2007). Consequently, the relative low mitochondrial mass of
dopaminergic nigral neurons may contribute to the selective vulnerability of these
neurons to degenerate in PD, while increased mitochondrial size in TFEB-

overexpressing neurons may potentially account for its neuroprotective effect.

Even though the effect of neurotrophic factors on the mitochondrial protein import
machinery is not known, we also found a striking increase in the levels of TOM20 and
TIM23 after TFEB overexpression. In the light of new evidences that demonstrated
that knocking down this family of translocases in primary cortical and striatal neurons
triggered neuronal death (Yano et al., 2014) and that mitochondrial protein import
was impaired in PD due to the blockage of TOM20 by certain post-translationally
modified species of a-synuclein and that this impairment can be reverted by TOM20
overexpression in vitro (Di Maio et al., 2016), TFEB-mediated TOM20 and TIM23

overexpression is a relevant contributor to the neuroprotective effect of TFEB.

In addition to the above commented results, our study has also focused on
demonstrating that these TFEB-overexpressing neurons were indeed able to block
neurodegeneration in a parkinsonian context, that induced by the neurotoxin MPTP.
We chose this experimental model for various reasons. First, MPTP is the only toxin
that has been proven to cause PD in humans. Second, all the pathways that have
been described in MPTP models are still valid since most PD models only replicate
what has been described in the MPTP model. And third, neuronal cell death in this
model is triggered by the inhibition of mitochondrial complex | rather than the
accumulation of a protein. Thus, stereotaxic delivery of TFEB was followed after four
weeks by a sub-acute MPTP treatment to test the neuroprotective effect of TFEB.
We found that TFEB overexpression completely prevented MPTP-induced
neurodegeneration of SNpc dopaminergic neurons. In addition to TFEB’s ability to
protect dopaminergic cell bodies, it also fully preserved the dopaminergic terminals in

the striatum. This is an important observation that distinguishes our work from many

147



others considering the difficulty to preserve the dopaminergic axonal projections
rather than the cell bodies due to the former constitute a different cellular
compartment that degenerates earlier in the disease through distinct molecular

mechanisms (Burke and O’Malley, 2013).

Hypertrophy of pigmented SNpc neurons has been reported to be a compensatory
mechanism within individual neurons to preserve motor function despite the loss of
SNpc neurons in normal ageing. However, such mechanism is overwhelmed in PD
and subsequently neurons undergo atrophy (Rudow et al., 2008). In our MPTP
mouse model we observed that cell soma shrinkage, decreased dendritic
arborization and tyrosine hydroxylase downregulation preceded neuronal loss. These
results agree with those observed in PD, with neuronal dysfunction and atrophy
accompanied by a markedly decrease in dendritic arborization and a loss of
phenotype that involves tyrosine hydroxylase downregulation, which precede actual
neuronal death, having been reported (Patt and Gerhard, 1993; Kordower et al.,
2013). However, some neurons that underwent atrophy were able to overcome
MPTP’s deleterious effects and survive. This observation suggests that remaining
atrophic neurons are still viable and are possible targets for neurorestorative
therapies. In fact, some experimental data suggest that neuronal atrophy and
programmed cell death can be dissociated in experimental PD (Kim et al., 2011b),
and the same seems to occur in PD (Cheng et al., 2010). Consequently, targeting
programmed cell death alone as a strategy to halt the progression of the disease
would therefore not prevent neuronal dysfunction and associated symptoms.
Therefore, elucidating the mechanisms of neuronal dysfunction and atrophy is
essential to develop a therapeutic approach that blocks neurodegeneration in all
senses of the word. Our results suggested that TFEB overexpression not only was
capable of preserving the cell body and axon terminals in the MPTP model but also
the activity and phenotype of these dopaminergic neurons. In this regard, we
demonstrated that even in MPTP conditions, TFEB mediated an increase of tyrosine
hydroxylase expression, cellular size and dendrite branching, and probably also

triggered the expression of other proteins relevant to the dopaminergic phenotype
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that were not assessed here. Moreover, TFEB also preserved synaptic function in the
MPTP model, as indicated by a conservation of DAT-positive fibers and striatal
monoamine levels, as well as boosting the available pool of dopamine in the striatum.
These molecular changes had behavioral correlates in the d-amphetamine-induced
rotation test, in which MPTP TFEB-treated mice exhibited a contralateral rotation due
to the fact that the non-lesioned side was able to release more dopamine than the
lesioned side. It is significant that TFEB was able to block all the neuropathology

induced by MPTP, making these findings especially relevant for PD.

Furthermore, we demonstrated that TFEB overexpression counteracted the
diminution of lysosomal biogenesis and protein synthesis associated with neuronal
atrophy that occurs in neurodegeneration. While the first observation is in
accordance with a previous work from our laboratory in which TFEB was able to
prevent the pathogenic lysosomal depletion and the subsequent lysosomal-
autophagy defect that precedes cell death in vitro (Dehay et al., 2010), the molecular
mechanisms of protein synthesis and their role in the disease have remained poorly
understood. Our results indicated that neuronal atrophy in the MPTP mouse model
was mediated by inhibition of the 4E-BP/elF4E pathway, and that TFEB counteracted
atrophy mainly by the activation of S6K1 pathway and, in part, by the preservation of
elF4E phosphorylation. Further confirming this insight, evidence for disrupted elF4
and S6K1 signaling have been found in individually isolated SNpc dopaminergic
neurons of PD patients (Elstner et al., 2011). Conversely, other studies pointed out
that S6K1 pathway seems to contribute to neuronal cell death in both neurotoxin PD
models and PD by increasing the translation of RTP801 (Malagelada et al., 2010).
Another study reported some years ago that inhibition of 5’ cap-dependent translation
by increasing 4E-BP activation conferred neuroprotection by promoting the
upregulation of stress response factors such as GstS1 (Tain et al., 2009). Such
divergent outcomes seem to point that only when enhanced protein synthesis is
accompanied by other favorable cellular processes, as our results indicate, neurons

seem to have no harmful effect at all. Instead, shutting down protein synthesis
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machinery and thereby undergoing neuronal atrophy may be a neuroprotective

mechanism for the neuron to cope with unfavorable situations.

Our results highlighted that TFEB neuroprotective effect could be due to several
mechanisms that went beyond autophagy, which is greatly significant for the
neurodegenerative diseases field. Autophagy has become a field of rapidly growing
interest and has been suggested to fight neurodegeneration, since autophagy
dysfunction and the presence of aggregated proteins have long been described in
neurodegenerative diseases, including PD (Scrivo et al., 2018). In this line, the
majority of studies that demonstrated a protective effect of autophagy have used
rapamycin, an inhibitor of some mTORC1 activities including the main known factor
restricting autophagy induction. However, mTORC1 functions as a negative regulator
of TFEB by impeding its nuclear translocation. Hence, pharmacological inhibition of
mTORC1 with rapamycin alleviates the repression of TFEB and promotes its
shuttling to the nucleus (Martina et al., 2012; Decressac et al., 2013), which could
explain most, if not all, the neuroprotective effect that has been attributed to
rapamycin at boosting autophagy in many in vivo experimental models of PD (Pan et
al., 2008; Bjedov et al., 2010; Crews et al., 2010; Dehay et al., 2010; Liu et al., 2013).
Moreover, as discussed above, rapamycin has also been shown to confer
neuroprotection both in vitro and in vivo in PD models by other mechanisms beyond
autophagy, such as blocking of mMTOR-mediated RTP801 translation (Malagelada et
al., 2010). Another strategy described to activate autophagy is trehalose, a
disaccharide of glucose that has been reported to counteract pathologic
autophagosome accumulation and attenuating cell death in MPP*-treated cells
(Dehay et al., 2010). However, trehalose effect is mediated by activation of TFEB
(Dehay et al., 2010), entailing the stimulation of the other molecular pathways

described in this thesis.

Despite we agree that neurons need a constitutive basal autophagic activity for the
proper cellular homeostasis, some studies unraveled that activation of autophagy in a
PD model of a-synuclein overexpression appears to be detrimental and contributes

to neuronal cell death (Xilouri et al., 2009). For this reason, we strongly believe that
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activating exclusively autophagy may be not sufficient to develop an effective
disease-modifying treatment for PD. To delve further into this concept, we decided to
knock down the master transcriptional repressor of autophagy ZKSCANS3 in nigral
dopaminergic neurons, thereby boosting the autophagy-lysosomal pathway in the
same MPTP-based PD model that we tested TFEB neuroprotective effect. Only a
previous work has used this interesting approach to activate the autophagy-
lysosomal pathway by knocking down ZKSCANS3, although in an in vitro context
(Chauhan et al., 2013). In our in vivo model, even though we successfully knocked
down ZKSCAN3, we observed that neurons underwent neurodegeneration and
atrophy after MPTP intoxication, suggesting that boosting autophagy-lysosomal
system did not suffice per se to confer neuroprotection, at least in our model. This
result was accompanied by a lack of activation of ERK1/2 and AKT signaling
pathways, indicating that these pathways could be of most importance for both
TFEB-induced neuroprotective and neurotrophic effects. However, further studies
should be conducted to dissect all the relevant neuroprotective mechanisms
triggered by TFEB overexpression, including autophagy. In fact, TFEB
overexpression has proven to exert a neuroprotective effect in other experimental
models (Decressac et al., 2013; Polito et al., 2014), suggesting that the
neuroprotective effect of TFEB is independent of the pathogenic mechanisms

underlying neurodegeneration, as in the case of neurotrophic factors.

Finally, in addition to the results regarding increased mitochondrial size,
mitochondrial fusion and mitochondrial protein import, we also demonstrated that
TFEB overexpression also involved anti-apoptotic mechanisms that targeted both
upstream and downstream instigators of mitochondria-mediated cell death, which
together rendered neurons less prone to apoptosis (Figure 43). These results could
be simply attributed to the observed activation upon TFEB overexpression of both
AKT and ERK1/2 signaling pathways, which are known to inhibit apoptosis at multiple
levels by inducing a transcriptional repression or decreasing the activity of pro-
apoptotic molecules, and by upregulating anti-apoptotic proteins via enhancement

both its transcription and activity (Lu and Xu, 2006; Levy et al., 2009; Winter et al.,
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2011). Our results are consistent with those observed with neurotrophic factors like
BDNF, which has been previously reported to inhibit neuronal apoptosis by inducing
the expression of anti-apoptotic BCL-2 family of proteins, such as BCL-XL, and by
inhibiting pro-apoptotic proteins such as BAD and BAX (Marosi and Mattson, 2014).
While it has been demonstrated that there is a tight correlation between the increase
in VDAC1 expression levels and VDAC1 oligomerization and programmed cell death
(Keinan et al., 2010; Weisthal et al., 2014), we found that VDAC1 levels were
reduced in AAV-TFEB injected mice, demonstrating that VDAC1 downregulation was
contributing to the generation of mitochondria that were less prone to programmed
cell death. In further support of this insight, Shimizu et al. demonstrated that
increasing BCL-XL levels prevented the release of cytochrome ¢ by VDAC1 (Shimizu
et al., 1999). Accordingly, delivery of BCL-XL linked to a peptide that allowed its
delivery across the blood-brain barrier prevented MPTP-induced neurodegeneration
(Dietz et al., 2008). Furthermore, genetic ablation of BIM attenuated BAX activation,
cytochrome c release and dopaminergic neuronal death in MPTP-intoxicated mice
(Perier et al., 2007). In line with this, inactivating caspase-9 was reported to confer
neuroprotection in dopaminergic neurons from neurotoxic insults, such as MPTP
(Viswanath et al., 2001). All these results regarding the blockade of mitochondria-
mediated cell death are in keeping with the increased mitochondrial fusion and
mitochondrial protein import that we also observed, since both have been shown to
counteract cell death induced by several stimuli including parkinsonian toxins (Chen
et al., 2005; Zorzano and Claret, 2015; Franco-lborra et al., 2018a). In that
connection, we previously demonstrated that inhibiting the cytochrome c release by
remodeling the cristae structure through overexpression of the mitochondrial fusion
protein OPA1 induced a neuroprotective effect in the MPTP model (Ramonet et al.,
2013). Therefore, all these TFEB-induced mitochondrial changes are likely to play a

key role in the neuroprotective effect elicited by TFEB.
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Figure 43. Schematic representation of TFEB-induced effects on mitochondria. TFEB
overexpression promotes mitochondrial fusion and increases mitochondrial size, thereby extending
mitochondrial network and probably, although not checked (indicated by an asterisk), maximizing ATP
biosynthesis and increasing mitochondrial membrane potential (Awm). Moreover, TFEB also
enhances mitochondrial protein import in substantia nigra dopaminergic neurons, and blocks at
multiple levels the mitochondria-mediated cell death by increasing anti-apoptotic proteins, such as
BCL-XL, and decreasing both upstream (like BIM or VDAC1) and downstream (like caspase-9)
instigators of mitochondria-mediated cell death. Consequently, cytochrome c release is inhibited,
which, together with increased phosphorylated/inactivated caspase-9, contribute to block cell death.

Our findings here, in spite of being promising, represent an early proof-of-principle
step since our experimental setting bolster a prevention of the pathological events
associated with the disease rather than an actual rescue. We are aware that
translating our results directly into clinical practice might raise some concerns
regarding the risk of neoplastic transformation due to the constant high
overexpression levels of TFEB that results in a sustained activation of both AKT and
ERK1/2 pathways, which hyper-activate mTORC1 signaling. Although a constant
mTORC1 signaling has been described to be necessary not only for the surveillance

of the neuron but also for synaptic plasticity processes, mutations in TSC1/TSC2 that
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implicate an augmented mTORC1 activity result in tuberous sclerosis, an autosomal
dominant disorder characterized by the formation of multiple tumors mainly in the
central nervous system. We did not observe any sign of neoplasia or aberrant
behavior in TFEB-injected mice as long as 56 days after stereotaxic injection,
although some caution should be taken in long-term studies, especially considering

that TFEB was originally characterized as a lineage survival oncogene.

We propose some strategies to challenge these above commented limitations. One
way would be the use of adeno-associated viral vectors with a tetracycline-controlled
transcriptional activation for inducible and reversible control of transgene expression,
which can be controlled by doxycycline at any time point desired (Dogbevia et al.,
2016). Although less striking than a constitutive AAV, both AAV equipped with rtTA
(TetON) and tTA (TetOFF) have been successfully used in the neuroscience field
(Haberman et al., 2002; Bockstael et al., 2008; Dogbevia et al., 2016), providing
evidence that temporal control of gene expression is achievable. TFEB has so far
been used exclusively as a transgene, thereby being solely limited to gene therapy.
An alternative of gene therapy would be the direct administration of TFEB to the local
area. Pending the identification of an appropriate endocytosis of the full-length TFEB
protein into neurons, an interesting method to go one step further and as an
alternative of gene therapy would be by means of a purified cell-penetrating
polypeptide from TFEB. This strategy unveils promising perspectives since a recent
work unraveled that a purified tetrapeptide from mesencephalic astrocyte-derived
neurotrophic factor (MANF) was able to penetrate cells and potently promoted
survival of cultured primary dopaminergic neurons (Bozok et al., 2018). In this line,
recent preclinical results obtained from Kang and collaborators demonstrated that a
cell-penetrating peptide-conjugated with metallothionein 1A alleviated mitochondrial
damage and neurodegeneration in in vivo and in vitro PD experimental models (Kang
et al., 2018). Finally, another alternative method to gene therapy would be the
pharmacological approach. Some drugs have been described to activate TFEB,
especially focused on inhibiting mTORC1, the main repressor of TFEB. However,

given that mTORC1 controls a wide range of biological functions, by suppressing all
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mTORC1 activities with some inhibitors such as Torin1 actually results in neuronal
cell death (Malagelada et al., 2010). Therefore, the discovery of TFEB activators
without inhibiting the mTORC1 pathway would be preferred and undoubtedly less
deleterious to neurons. Although rapamycin is known to allosterically inhibit only
some actions of mTORC1 without impeding neuronal survival (Ruegg et al., 2007)
and to activate TFEB (Martina et al., 2012; Decressac et al., 2013), there might be
important issues with long-term use of rapamycin given its side effects as an
immunosuppressant. An mTORC1-independent drug that has been used to activate
TFEB is trehalose (Palmieri et al., 2017). Nevertheless, the mechanism by which
trehalose activates TFEB is through inhibition of AKT (Palmieri et al., 2017), thereby
losing relevance for the PD field because AKT it is known to be an important kinase
for the surveillance of SNpc dopaminergic neurons (Burke, 2007; Malagelada et al.,
2008). Other mTORC1-independent pharmacological strategies have recently been
shown to activate TFEB, such as the curcumin analogue C1 that binds directly to
TFEB interfering its binding to inhibitory 14-3-3 proteins (Song et al., 2016), or
ambroxol (Magalhaes et al., 2018), although in the latter the mechanism by which
TFEB is activated remains mysterious. Overall, the current available drugs capable of
activating TFEB are rather limited and some of them might raise serious concerns in
the context of PD because of their mechanism of action. Hence, further work on drug
discovery through high-throughput screening or by means of drug repositioning may
be innovative ways for the breakthrough of new activators of TFEB that could be of

great relevance to PD and related disorders.

To sum up, our results (briefly summarized in Figure 44) suggest that TFEB gene
therapy or TFEB pharmacological activation are alternative candidates to
neurotrophic factor-based therapies for PD and other neurodegenerative diseases. In
any event, the potential beneficial effect of TFEB has become evident so further
research should be conducted to elucidate the safest and most efficient ways to

translate the results presented in this thesis into clinical practice.
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Figure 44. Schematic representation of the pleiotropic effect induced by TFEB overexpression
in mouse SNpc dopaminergic neurons. In Parkinson’s disease-related neurodegeneration, SNpc
dopaminergic neurons undergo neuronal atrophy and programmed cell death, which can be
dissociated. AAV-TFEB unilateral overexpression induces a neurotrophic affect in SNpc dopaminergic
neurons that is accompanied by several mitochondrial changes. All these TFEB-induced molecular
changes contribute in preventing MPTP-induced neurodegeneration by blocking mitochondria-
mediated cell death at multiple levels. Besides, TFEB overexpression is able to preserve neuronal
function in MPTP conditions.
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6. Conclusions

10.

11.

TFEB overexpression induces a neurotrophic effect in mouse substantia

nigra dopaminergic neurons.

TFEB overexpression enhances dopaminergic function by increasing TH
expression levels and boosting both the available pool of DA and DA release

in the striatum.

mTORC1 signaling and protein synthesis are boosted in TFEB-

overexpressing mice.

Pro-survival AKT/mTOR and ERK1/2 signaling pathways are activated upon

TFEB overexpression.

TFEB overexpression increases mitochondrial size, mitochondrial fusion and

mitochondrial protein import in substantia nigra dopaminergic neurons.

TFEB overexpression confers a complete neuroprotection both at the level of
cell body and striatal dopaminergic terminals in the MPTP mouse model of

Parkinson’s disease.

The neurotrophic effect elicited by TFEB counteracts neuronal atrophy and

preserves neuronal function in MPTP mice.

MPTP-induced protein synthesis decline is prevented by TFEB

overexpression.
TFEB counteracts the autophagy-lysosomal impairment of the MPTP mice.

Knocking down the master transcriptional repressor of autophagy ZKSCAN3

does not prevent MPTP-induced neurodegeneration or atrophy.

Mitochondria-mediated cell death is blocked at multiple levels by TFEB

overexpression.
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