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Abstract

Cholesterol has a key role in neuronal function and alterations in brain cholesterol
homeostasis correlate with neurodegeneration. While disruptions in cholesterol homeostasis have
been clearly associated with neurodegenerative disorders such as Alzheimer's and Huntington’s
disease, the role of cholesterol in Parkinson’s disease (PD) remains controversial. To address this
question, we characterized changes in cholesterol intracellular localization and levels using N2a
mouse neuroblastoma cells treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxic
metabolite, 1-methyl-4-phenylpyridinium (MPP*). Filipin Il staining showed an increase in lysosomal
accumulation of free cholesterol 16 hours after treatment with 1mM MPP*, and quantification of
cholesterol levels also showed a significant increase in total and free intracellular cholesterol. In
agreement, we observed a significant decrease in the mRNA levels and transcriptional activity of
sterol regulatory element-binding protein (SREBP) 1 and 2 proteins, which are the main regulators of
fatty acids and cholesterol synthesis. Concomitantly, there is a down-regulation in the mRNA levels of
SREBP-target genes, such as fatty acid synthase, hydroxymethylglutaryl-CoA reductase and a
significant decreased in the mRNA levels of NPC1 and lipase A. In order to uncover signaling
pathways activated upon neuronal mitochondria dysfunction, involved in mitochondria-lysosome
crosstalk, we identified an early activation of the AMPK/ mTOR signaling pathway, after 6 hours of
MPP* treatment. Nevertheless, in contrary to what was expected, we could not detect any alterations
in the mMRNA levels of TFEB and TFEB-target genes for the same time-point, that could be responsible
to the previously detected increase in LAMP2 levels. To corroborate our results, we proceeded to
characterized changes in cholesterol homeostasis in the brain of MPTP-treated mice (40mg/mL, i.p).
Interestingly, we saw a significant decrease in NPC1 and LIPA mRNA levels 6 hours after MPTP
administration, in both the midbrain and striatum. Thus, our results show that the inhibition of
mitochondrial complex | leads to lysosomal accumulation, reduced SREBPS transcriptional activity and
reduction of NPC1 expression, further corroborating previous reports that suggest PD as lysosomal
storage disorder. Moreover, the changes in cholesterol homeostasis observed, may further contribute

to the propagation of toxicity following mitochondrial dysfunction.

Keywords: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), brain cholesterol, lysosomes,

neurodegeneration, Parkinson’s Disease, sterol regulatory element-binding protein (SREBP)






Resumo

O colesterol tem um papel fundamental na funcéo neuronal, e alteracdes na homeostase do
colesterol no encéfalo tém sido relacionadas com a neurodegeneracdo. Enquanto que alteragdes no
metabolismo do colesterol ja foram claramente associadas a doencas neurodegenerativas como a
Doenca de Alzheimer e de Doenca de Huntington, o papel da homeostase do colesterol na Doenca
de Parkinson (DP) permanece controverso. Como tal, o nosso trabalho teve como objetivo
caracterizar alterac6es na localizacdo intracelular e nos niveis de colesterol em células N2a de
neuroblastoma de ratinho tratadas com o metabolito tdxico de 1-metil-4-fenil-1,2,3,6-tetra-hidropiridina
(MPTP), 1-metil- 4-fenilpiridinio (MPP*). A marcag&o com Filipina Il permitiu observar um aumento na
acumulacdo de colesterol livre dentro dos lisossomas 16 horas apo6s o tratamento com 1mM MPP*,
Através da quantificacdo dos niveis de colesterol, confirmamos um aumento significativo nos niveis
intracelulares de colesterol total e livre. Este aumento leva a uma redugéo significativa nos niveis de
mRNA e na atividade transcricional das proteinas de liga¢do ao elemento regulador de esterois (sterol
regulatory element-binding protein - SREBP) 1 e 2, que sao os principais reguladores da biossintese
de acidos gordos e colesterol. Concomitantemente, ha uma regulagdo negativa nos niveis de mRNA
dos genes alvo dos SREBPs, como a sintase de acidos gordos e a hidroximetilglutaril-CoA redutase,
e ainda uma diminui¢&o significativa dos niveis de mRNA de NPC1 e lipase A. Ao investigar as vias
de sinalizacdo ativadas apds disfuncdo mitocondrial, e envolvidas no crosstalk entre mitocdndrias e
lisossomas, detetdmos uma ativagdo precoce da via de sinalizacdo da cinase de proteinas ativada
por AMP (AMP-activated protein kinase - AMPK) / proteina alvo da rapamicina (mammalian target of
rapamycin - mTOR), apos 6 horas de tratamento com MPP*. No entanto, ao contrario do esperado,
ndo foi possivel observar nenhuma alteracdo nos niveis de mRNA de TFEB, e dos seus genes alvo
para o mesmo tempo de tratamento, que eventualmente pudesse ser responsavel pelo aumento dos
niveis de LAMP2 detetados anteriormente. Para corroborar os nossos resultados, procedemos a
caracterizacdo de alterag6es na homeostase do colesterol no cérebro de ratinhos tratados com MPTP
(40mg/mL i.p), e detethmos uma diminui¢do significativa nos niveis de mRNA de NPC1 e LIPA, 6
horas apds a administracdo de MPTP, tanto no mesencéfalo quanto no estriado. Assim, 0S N0ssos
resultados mostram que a inibicdo do complexo | mitocondrial leva a acumulacéo de colesterol nos
lisossomas, reduzindo a atividade transcricional de SREBPs e os niveis de expressdo de NPC1,
corroborando estudos anteriores que sugerem que a DP podera ser um distarbio de armazenamento
lisossomal. Além disso, as alteracdes observadas na homeostase do colesterol poderdo contribuir

ainda mais para a propagacao da toxicidade apds a disfuncao mitocondrial.

Palavras-chave: 1-metil-4-fenil-1,2,3,6-tetra-hidropiridina (MPTP), colesterol no cérebro, Doenca de
Parkinson, lisossomas, neurodegeneracdo, proteinas de ligacdo ao elemento regulador de esteréis
(SREBP)

Xl






Table of Contents

Abbreviations XIX
Chapter 1. Introduction and Objectives 1
1. Importance of Cholesterol in the Brain 1
1.1. Synthesis of Cholesterol in the Brain 1
1.2. Network of Cholesterol Transport 3
1.3. Storage and Excretion of Cholesterol from the Brain 5
1.4. Maintaining Cholesterol and Lipid Homeostasis 6
2. AMPK/mTOR Signaling Pathway in Lipid and Cholesterol Metabolism 9
2.1. AMPK 9
2.2. mTOR 11
3. Parkinson’s Disease (PD) 13
3.1. Hallmarks of PD 13
3.2. From Mitochondria Injury to Lysosomal Dysfunction 14
3.3. Study of Parkinson’s Disease 16
4. New Clues about the Role of Cholesterol in PD 18
5. Aims of the Study 20
Chapter 1l. Materials and Methods 21
1. Materials 21
1.1. Reagents and Supplements 21
1.2. Antibodies 21
2. Methods 21
2.1. Animal Treatments and Dissection 21
2.2. Cell Culture 22
2.3. Preparation of Total Tissue and Cell Extracts 22
2.4. Western Blot 22
2.5. RNA Extraction 23
2.6. Quantitative Polymerase Chain Reaction (qPCR) 23
2.7. Luciferase Gene Reporter Assay 25
2.8. Amplex Red Cholesterol Assay 25
2.9. Immunocytochemistry 26
2.10. Statistical Analysis 26
Chapter 1ll. Results 27
1. Characterization of the effect of MPP* treatment in cholesterol homeostasis in neuronal
cells 27
1.1. MPP* treatment increases cholesterol levels in N2a neuroblastoma cells 27
1.2. The transcriptional activity of SREBPs is reduced in MPP*-treated N2a
neuroblastoma cells 28
1.3. N2a neuroblastoma cells treated with MPP+ have altered SREBP1 and SREBP2
mMRNA levels as well as their respective targets 29
1.4. MPP* stimulates lysosomal cholesterol accumulation in neuronal cells 31

X1l



1.5. CCCP treatment does not replicate lysosomal cholesterol accumulation as seen

with MPP* 32
2. Characterization of changes in cholesterol homeostasis in MPTP-treated mice 34
2.1. Cholesterol levels are not altered in the nigrostriatal region of MPTP-treated mice
34
2.2. MPTP treatments alters the profile of cholesterol-related genes and proteins in
striatum and midbrain in mice 34
3. Assessment of altered AMPK/mTOR signaling pathway by MPP* treatment in N2a
neuroblastoma cells 36
3.1. MPP* treatment leads to the activation of the AMPK/ mTOR signaling pathway 36
3.2. MPP* treatment modifies the expression of several lysosomal proteins 37
3.3. Inhibition of AMPK signaling pathway by compound C did not prevent lysosomal
cholesterol accumulation in MPP*-treated cells 39
Chapter 1V. Discussion 41
Chapter V. References 47

XV



Index of Figures

Chapter I. Introduction and Objectives 1
Figure 1.1. Schematic representation of the mevalonate pathway for the synthesis of
cholesterol 2
Figure 1.2. Schematic representation of the network of cholesterol transfer between astrocytes
and neurons 4
Figure 1.3. Schematic representation of sterol responsive element-binding proteins (SREPBS)
two-step proteolytic activation 8
Figure 1.4. Diagram of interactions involved in AMP-activated protein kinase/ mammalian
target of rapamycin complex 1 (AMPK/mTOR) signaling pathway 11
Figure 1.5. Diagram of interactions from pathways involved in Parkinson’s Disease (PD) 15

Chapter lll. Results 27
Figure 11.1. MPP* treatment increases cholesterol levels in N2a neuroblastoma cells 27
Figure I1l.2. SREBP transcriptional activity is reduced after MPP* treatment 28
Figure 111.3. MPP* treatment reduces the levels of SREBP1 and SREBP2 truncated forms in
N2a neuroblastoma cells 29
Figure IIl.4. MPP* treatment in N2a neuroblastoma cells downregulates SREBP1 and
SREBP2 expression, and their respective targets, in a time-dependent manner 30
Figure 111.5. MPP* treatment induces unesterified cholesterol accumulation in the LE/LY
pathway 32
Figure I11.6. CCCP treatment does not induce the accumulation of free cholesterol
accumulation 33
Figure 111.7. MPTP does not alter cholesterol content in mouse midbrain 34
Figure 111.8. MPTP treatment affects the mRNA levels of genes involved in synthesis and
transport of lipids in the midbrain and striatum 35
Figure 111.9. MPP* treatment initially stimulates AMPK activation, consequently leading to long-
term inhibition of mMTOR in N2a neuroblastoma cells 37
Figure 111.10. N2a neuroblastoma cells treated with MPP* present altered mRNA levels of
multiple lysosomal proteins 38
Figure 111.11. MPTP downregulates the expression of various lysosomal markers in the
striatum and midbrain of MPTP-treated mice 39
Figure 111.12. The AMPK inhibitor Compound C decreases the buildup of free cholesterol in
lysosomes caused by MPP* treatment 40

XV






Chapter Il. Materials and Methods

Index of Tables

21

Table 11.1. Sequences of primers used in RT-PCR analysis.

24

XVII






24-OHC
25-OHC
4E-BP1/2
ABCALl
ABCG1
ACAT1/SOAT1
ACC

AD
AMPK
ApoE
BBB
bHLH
BSA

CC
CCCP
CNS
COPII
CTSD
CTSS
CYP46A1
elFAE

ER

Fas

FPP

GPP

HDL
HMG-CoA
HMGR
HMGS
i.p.

Insig
LAMP1
LanS
LAPTM5
LBs
LDLR

LE

LY

Abbreviations

24(S)-hydroxycholesterol
25-hydroxycholesterol

Eukaryotic initiation factor 4E-binding proteins 1/2
ATP-binding cassette transporter A1
ATP-binding cassette transporter G1
Acyl-coenzyme A: cholesterol acyltransferase 1/ sterol O-acyltransferase 1
Acetyl-CoA carboxylase

Alzheimer’s Disease

AMP-activated protein kinase

Apolipoprotein E

Brain-blood barrier

Basic Helix-Loop-Helix

Bovine serum albumin

Compound C

Carbonyl cyanide 3-chlorophenylhydrazone
Central nervous system

Coat protein complex Il

Lysosomal protease cathepsin D

Lysosomal proteases cathepsin S
Cytochrome P450 cholesterol 24-hydroxylase
Eukaryotic initiation factor 4E

Endoplasmic reticulum

Fatty acid synthase

Farnesyl pyrophosphate

Geranyl pyrophosphate

High-density lipoproteins
3-hydroxy-3-methylglutaryl-coa
3-hydroxy-3-methylglutaryl-coa reductase
3-hydroxy-3-methylglutaryl-coa synthase
Intraperitoneal

Insulin-induced gene

Lysosomal-associated membrane protein 1
Lanosterol synthase

Lysosomal-associated protein transmembrane 5
Lewy bodies

Low density lipoprotein receptor

Late endosomes

Lysosomes

XIX



LIPA
LKB1
LXR
MPP*
MPTP
mTOR
NPC1
NPC2
PBS
PD
PKB or Akt
PM
PP2A
PP2C
PVDF
gPCR
Raptor
ROS
S1P
S2P
S6K1/2
SCAP
Scdl
SDS
sGTPases
SNpc
sPD
SRE
SREBP
SSD
SYT11
TFEB
TSC2/TSC1
ULK1

Lipase A

Liver kinase B1

Liver X receptor
1-methyl-4-phenylpyridinium
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Mammalian target of rapamycin
Niemann-Pick type C1

Niemann-Pick type C2

Phosphate buffered saline

Parkinson’s Disease

Protein kinase B

Plasma membrane

Protein phosphatase 2A

Protein phosphatase 2C

Polyvinyl difluoride

Quantitative polymerase chain reaction
Regulator-associated protein of the mammalian target of rapamycin
Reactive oxygen species

Site-1 protease

Site-2 protease

S6 kinases 1/2

Sterol responsive element-binding protein -cleavage activating protein
Stearoyl coa desaturase 1

Sodium dodecyl sulfate

Small GTP-binding proteins
Substantia Nigra pars compacta
Sporadic Parkinson’s Disease

Sterol responsive element

Sterol responsive element-binding protein
Sterol-sensing domain

Synaptotagmin-11

Transcription factor EB

Tuberous sclerosis complex 2/1

UNC-51 like autophagy activating kinase

XX



Chapter I. Introduction and Objectives

1. Importance of Cholesterol in the Brain

Cholesterol is a multifaceted molecule exerting important structural and physiological roles in
all cells: (i) it serves as an essential membrane component regulating the fluidity and permeability of
the phospholipid bilayer; (ii) participates in signaling and membrane trafficking processes; and (iii) acts
as a precursor for steroid hormones, bile acids and vitamin D, which in turn could function as lipid
solubilizers or signal transducers (reviewed in: Anchisi et al., 2013; Arenas et al., 2017).

Hence, there is no doubt of the importance of this molecule, especially in the central nervous
system (CNS), which comprises about 25% of the total cholesterol in the human body (reviewed in:
Dietschy and Turley, 2001). Because in the adult brain the cholesterol pool is maintained in constant
levels, the bulk of cholesterol accumulates during brain growth and maturation, mainly derived from
myelinization (Jurevics and Morell, 1995; Quan et al., 2003; reviewed in: Dietschy and Turley, 2004).
Apart from being an important constituent of myelin (Saher et al., 2005), cholesterol is crucial for
dendrite outgrowth (Fan et al., 2002; Goritz et al., 2005), synaptogenesis (Mauch et al., 2001; Goritz et
al., 2005), microtubule stability (Fan et al., 2002) and axonal guidance (de Chaves et al., 1997).

It is postulated that only 1% percent of total brain cholesterol is esterified and stored in lipid
droplets (Bryleva et al., 2010; reviewed in: Zhang et Liu, 2015). The rest is present in an unesterified
form, distributed between the sheets of myelin of oligodendrocytes and the membranes of astrocytes
and neurons (reviewed in: Dietschy and Turley, 2004; Arenas et al., 2017), where is responsible for
maintaining neuronal plasticity and conductivity (Saher et al., 2005). Lastly, cholesterol in membranes
can be found rearranged in microdomains (or lipid rafts) that participate in signaling transduction,
determining the subcellular location and function of various signaling components (reviewed in:
Pfrieger, 2003).

1.1. Synthesis of Cholesterol in the Brain

Since the brain-blood barrier (BBB) is impermeable to the cholesterol-rich lipoproteins present
in the peripheral circulation, the CNS relies mostly on de novo local synthesis with turnover rates
different for every cell type (reviewed in: Bjérkhem and Meaney, 2004; Dietschy and Turley, 2004).

The complex enzymatic process, by which cells synthetize cholesterol from acetyl-CoA, is
called the mevalonate pathway. It is a very resource-intense and energy expensive process,
composed of more than thirty steps that occur between the endoplasmic reticulum (ER) and cytosol
(reviewed in: Goldstein and Brown, 1990; Zhang and Liu, 2015; Arenas et al., 2017). In fact, it was
estimated that the synthesis of only one molecule of cholesterol requires more than 100 ATP
molecules (Shobab et al., 2005). The first reaction involves the condensation of acetyl-CoA to 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA), catalyzed by 3-hydroxy-3-methylglutaryl-CoA synthase
(HMGS). This is followed by the rate-limiting step of the mevalonate pathway in the ER, where HMG-

CoA is irreversibly converted to mevalonate (or mevalonic acid) by 3-hydroxy-3-methylglutaryl-CoA



reductase (HMGR) (reviewed in: Zhang and Liu, 2015; Arenas et al., 2017). Given that HMGR plays a
central role in cholesterol biosynthesis, it is subjected to a strict transcriptional and post-transcriptional
regulation, being the most important drug target for cholesterol-lowering drugs designated as statins
(Nakanishi et al., 1988; reviewed in: Goldstein and Brown, 1990; Waterham, 2006).

Mevalonate is then used to synthetize isopentenyl pyrophosphate (IPP), which is a basic C5
isoprene unit used to sequentially generate other isoprenoids, namely geranyl pyrophosphate (GPP)
and farnesyl pyrophosphate (FPP) (reviewed in: Goldstein and Brown, 1990; Waterham, 2006;
Moutinho et al., 2017). After the synthesis of FPP there are two alternative routes: (i) the non-sterol
pathway where FPP starts a sequence of condensations with IPP originating a multitude of new
isoprenoids with different functions, one of which is geranylgeranyl pyrophosphate (GGPP) (reviewed
in: Holstein and Hohl, 2004; Moutinho et al., 2017); or (ii) the post-squalene pathway where FPP
condenses with another molecule of FPP originating the first committed sterol precursor, the squalene
(reviewed in: Goldstein and Brown, 1990; Holstein and Hohl, 2004; Moutinho et al., 2017).

PRE-SQUALENE PATHWAY

Acetyl-CoA
HMGS
HMG-CoA

1 HMGR
Mevalonate

Squalene
NON-STEROL PATHWAY GPP
&ﬁ;’; A Bllkaanosta—)roI "
HaemA -— branch branch
Farnt—:zt;/:g;ggo;ﬁ)leins L= i
Cholesterol

Figure 1.1. Schematic representation of the mevalonate pathway for the synthesis of cholesterol. The
mevalonate pathway is a very energy dependent process with more than 30 enzymatic steps, resulting in the
synthesis of cholesterol and various isoprenoids intermediaries. Initially, a molecule of acetyl-CoA is condensed
into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by the action of 3-hydroxy-3-methylglutaryl-CoA synthase
(HMGS). After, the rate-limiting enzyme 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) catalyzes the
irreversible conversion of HMG-CoA into mevalonate, followed by a sequence of enzymatic reactions leading up
to the formation of farnesyl pyrophosphate (FPP). Then, there are two alternative routes: (l) the non-sterol
pathway, producing various molecules involved in neuronal basic functions; or (lI) the post-squalene pathway,
committing to the novo synthesis of cholesterol either by the Block or the Kandutsch-Russel (KB) branch.
(isopentenyl pyrophosphate (IPP), geranyl pyrophosphate (GPP); desmosterol (DE); 7-dehydrocholesterol (7D),
24-dehydrocholesterol reductase (DHCR24); 7-dehydrocholesterol reductase (DHCR7) (Adapted from: Goldstein
and Brown, 1990; Moutinho et al., 2017).

The non-sterol pathway allows also the production of various isoprenoid intermediaries
(reviewed in: Goldstein and Brown, 1990; Holstein and Hohl, 2004; Moutinho et al., 2017). These
include haem A and ubiquinone, involved in electron transport; dolichol, necessary in glycoprotein
synthesis; and isopentyladenine, present in a few transfer RNAs (reviewed in: Goldstein and Brown,
1990). Most importantly, both FPP and GGPP are used as moieties in protein prenylation of small

GTP-binding proteins (sGTPases), such as Ras (from Rat sarcoma), Rho (Ras homolog) and Rab



(Ras-associated binding protein) families (reviewed in: Zhang and Casey, 1996; Hooff et al., 2010;
Moutinho et al., 2017). Emphasizing the importance of isoprenoids, after being covalent attached to a
lipid, Rho sGTPases participate in various basic neuronal functions, which include neuronal cell
migration and dendritic arborization (Threadgill et al., 1997; reviewed in: Govek et al., 2005). Ras, on
the other hand, are involved in axon growth (reviewed in: Hall and Lalli, 2010), while Rab act on
vesicle transport mechanisms such as endocytosis or axonal retrograde transport (reviewed in: Ng
and Tang, 2008).

As for the post-squalene pathway, after the production of lanosterol it can be further divided
into two different branches of reactions. It was found that in neurons the Kandutsch-Russel branch is
privileged, producing 7-dehydrocholesterol, which is finally converted into cholesterol by 7-
dehydrocholesterol reductase (DHCR7). On the other hand, astrocytes contain mostly intermediaries
of the Block branch, where desmosterol (DE) is metabolized by 24-dehydrocholesterol reductase

(DHCR24), culminating also into the synthesis of cholesterol (Tabernero et al., 1993; Nieweg, 2009).
1.2. Network of Cholesterol Transport

When the brain reaches its final stages of maturation and there is a decrease in the demand of
cholesterol for growth and synaptogenesis, neurons start to decline its synthesis rate and become
more dependent on external cholesterol supply. This role is fulfilled predominantly by astrocytes,
responsible for the secretion of high-density lipoproteins (HDL)-like, containing apolipoprotein E
(ApoE) (Boyles et al., 1985; Pitas et al., 1987; Mauch et al., 2001; Gong et al., 2002; Hirsch-
Reinshagen et al.,, 2004). As mentioned before, the uptake of cholesterol from astrocytes offers
multiple advantages to neurons, since the biosynthesis of cholesterol is a lengthy process and costly
in terms of energy and substrates (reviewed in: Pfrieger, 2003). Thus, after synthesis, astrocytes
export cholesterol in an ApoE-dependent manner by mechanisms involving members of the ATP-
binding cassette (ABC) superfamily of transporters, specifically ABCA1 and ABCGL1 transporters
(Hirsch-Reinshagen et al., 2004; Wahrle et al., 2004).

ABCAL1 controls the loading of cholesterol and phospholipids from plasma membranes to lipid-
free or lipid-poor apolipoproteins A-l (Lawn et al., 1999; Hirsch-Reinshagen et al., 2004; Wabhrle et al.,
2004; Vaughan and Oram, 2006). In turn, ABCG1 is thought to cooperate in the nascent particle
maturation by further adding more lipids to lipidated lipoproteins (Kennedy et al., 2005; Vaughan and
Oram, 2006). ApoE is considered the major apolipoprotein in the CNS (Elshourbagy et al., 1985;
reviewed in: Mahley, 1988), and most of this apolipoprotein within the brain is secreted locally and
independent of plasmatic ApoE levels (Linton et al., 1991). Together ApoE and ABCAL are involved in
the transport of cholesterol and other lipids to be then incorporated in neuronal membranes and
myelin, helping in processes such as nerve growth and even repairing injury (Ignatius et al., 1987;
Fukumoto et al., 2002; Hirsch-Reinshagen et al., 2004; reviewed in: Poirier, 1994). Both genes were
also showed to be under the control of liver X receptor (LXR) (Laffitte et al., 2001; Fukumoto et al.,
2002; Koldamova et al., 2003; Liang et al., 2004), which is one of the most important nuclear receptors
regulating cholesterol homeostasis (reviewed in: Courtney and Landreth, 2016), facilitating the reverse

cholesterol transport.
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Figure 1.2. Schematic representation of the network of cholesterol transfer between astrocytes and
neurons. In the adult brain, although they still retain the ability to synthesize cholesterol, neurons mostly rely on
the uptake of cholesterol from astrocyte-derived apolipoprotein E (ApoE) through interaction with low density
lipoprotein receptor (LDLR) scattered in their surface. Cholesterol-loaded lipoproteins are internalized, following
the endolysosomal (LE/LY) pathway, and later distributed to plasmatic membrane, and other targets. The excess
cholesterol is sensed in the endoplasmic reticulum (ER) and can be converted to 24(S)-hydroxycholesterol (24-
OHC) by cytochrome P450 cholesterol 24-hydroxylase (CYP46A1) to be excreted, or to cholesterol esters by
acyl-coenzyme A: cholesterol acyltransferase 1 (ACAT1) and stored in the form of lipid droplets. Homeostasis is
also achieved through transcriptional regulation of genes coding for proteins involved in cholesterol synthesis, like
3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), by the liver X receptor (LXR) and sterol responsive element-
binding proteins (SREBPs) (Adapted from: Karasinska and Hayden, 2011; Arenas et al., 2017).

In fact, after its excretion by astrocytes to the interstitial fluid, the cholesterol-enriched ApoE
soon become in contact with low-density lipoprotein receptor (LDLR) and low-density lipoprotein
receptor-related protein 1 (LRP1) scattered on the surface of neurons (Beisiegel et al., 1989; Wolf et
al.,, 1992; Fan et al.,, 2001; reviewed in: Brown and Goldstein, 1986; Mahley, 1988). After this
interaction, the ApoE-rich lipoprotein particles are then endocytosed followed by transport to late
endosomes (LE) and lysosomes (LY). In the lysosomes, the cholesterol esters are hydrolyzed by
lipases generating a new supply of unesterified cholesterol (Brown et al., 1975; Kowal et al., 1989;
Sugii et al., 2003; reviewed in: Brown and Goldstein, 1986). This stock will presumably be transported
in vesicles first to the plasma membrane (PM), followed by transport to endoplasmic reticulum (ER)
and Golgi apparatus (Lange et al., 1997; Sugii et al., 2003; Woijtanik and Liscum, 2003; Infante and
Radhakrishnan, 2017).

Cholesterol egress from lysosomes is mediated by Niemann-Pick type C1 (NPC1) and C2
(NPC2) proteins, proteins that are localized in LE/ LY vesicles (Higgins et al., 1999; Sugii et al., 2003;
Wojtanik and Liscum, 2003). Normally, the inner membranes of endosomes are rich in cholesterol,
contrasting with lysosomes that became sterol depleted. However, a deficiency of either one of these
proteins will trigger cholesterol lysosomal accumulation (Pentchev et al., 1987; Carstea et al., 1997;
Liscum et al., 1989). Although both proteins act in the same pathway, they have a different structure
and mode of action. While NPC2 is a small soluble protein, NCP1 is a large glycoprotein consisting of
13 membrane-spanning domains, five of which represent a sterol-sensing domain (SDD) (Carstea et
al., 1997; Davies and loannou, 2000). Initially, NPC2 binds to the hydrophobic side chain of free
cholesterol directing it to NPC1, which will then form a channel, transporting the sterol across the
lysosome (Sleat et al., 2004; Cheruku et al., 2006; Xu et al., 2007; Infante et al., 2008; Kwon et al.,

2009).



1.3. Storage and Excretion of Cholesterol from the Brain

Although cholesterol is vital for numerous neuronal functions, an excess of unesterified

cholesterol is toxic. Thus, neurons developed mechanisms to prevent sterol accumulation at the ER
and other membranes (reviewed in: Tabas, 2002; Pfrieger and Ungerer, 2011).
One of these mechanisms is, as mentioned previously, the formation of lipid droplets (Goldstein et al.,
1974; Wastner et al., 2005), which are dynamic vesicles that protrude from the ER membrane and
function as a storage site for esterified cholesterol and triglycerides (Tauchi-Sato et al., 2002;
Robenek et al., 2006).

The enzyme responsible for detoxifying cholesterol by sterol esterification, meaning the
addiction of a fatty acid to carbon 3 of cholesterol (reviewed in: Ikonen, 2008), is named acyl-
coenzyme A: cholesterol acyltransferase 1 or sterol O-acyltransferase 1 (ACAT1/SOAT1). ACAT1
resides in the ER and is allosterically activated by the presence of high levels of free cholesterol,
which helps to counteract the exceedingly low capacity of the ER to carry unesterified cholesterol
(Chang et al., 1995; Chang et al., 1998), up to 1% of total cell levels (Lange et al., 1999). ACATL1 is
mainly expressed in neurons (Sakashita et al., 2000), although it can be upregulated in
oligodendrocytes under certain conditions, such as increased oxidative stress (Kim et al., 2011).

Besides storage, neurons also avoid accumulation of unesterified cholesterol in the ER
through hydroxylation of cholesterol into 24(S)-hydroxycholesterol (24-OHC) catalyzed by the
cytochrome P450 cholesterol 24-hydroxylase (CYP46A1). This is considered the major pathway for
the metabolization and excretion of cholesterol from the CNS (Bjorkhem et al., 1997; Lund et al., 1999;
Lund et al., 2003). Indeed, it was observed that animals lacking CYP46A1 had a decreased rate of
cholesterol biosynthesis and increased esterification activity, probably as a compensatory mechanism
for the reduced elimination (Lund et al., 2003; Mast et al., 2017). These knockout animals also have
difficulty in forming spatial and motor memories, which was attributed to the lack of non-sterol
intermediaries of the mevalonate pathway required for protein prenylation of sGTPases (Kotti et al.,
2006). In opposition, transgenic animals overexpressing CYP46A1 had enhanced cognitive functions
(Maioli et al., 2013). Indeed, our group has previously shown that the differences in cognitive function
due to the modulation of CYP46A1 activity in vivo are likely due to changes in protein prenylation.
Increased CYP46A1 expression induces prenylation and activity of sGTPases of the Rho and Rab
families, in neuronal cells both in vitro and in vivo (Moutinho et al., 2015). Moreover, we have already
demonstrated that CYP46A1 triggers an increase in neuronal dendritic outgrowth and dendritic
protrusion density and elicits in vitro and in vivo increases of synaptic proteins in crude synaptosomal
fractions. Furthermore, CYP46A1 increased tropomyosin-related kinase (Trk) receptors
phosphorylation, its interaction with geranyl transferase I, and the activity of this enzyme, in a
cholesterol dependent manner (Moutinho et al., 2016).

CYP46A1 location is mainly restricted to the somata and dendrites of neurons (Ramirez et al.,
2008), and excitation of neurons with external stimuli caused the mobilization of the enzyme from the
ER to the plasma membrane, increasing the export of 24-OHC (Sodero et al., 2012) in an ABCALl-

dependent manner (Matsuda et al., 2013). So far, the promoter of CYP46A1 was found to respond to



oxidative stress (Ohyama et al., 2006) and to epigenetic modulators in a Sp transcription factors
dependent manner (Milagre et al., 2008; Nunes et al., 2010; Nunes et al., 2013).

The addition of a hydroxyl group into side-chain carbons in sterols modify their solubility
turning them more hydrophilic than cholesterol (Meaney et al., 2002). Nevertheless, they can freely
diffuse from the CSF through the BBB, entering the circulation to be excreted through the bile in the
liver (Bjorkhem et al., 1997; Bjérkhem et al., 1998). In an individual with a healthy liver, since 24-OHC
is mostly derived from the brain, it is likely that its plasma levels represent the balance between
synthesis and excretion. This makes 24-OHC a biomarker for metabolically active neurons (Lutjohann
et al., 1996; Bjorkhem et al., 1997; Bjorkhem et al., 1998; Bretillon et al., 2000). In fact, it was
observed in multiple studies that patients suffering from dementia and neurodegenerative diseases,
like late onset Alzheimer's Disease (AD) and even Parkinson’s Disease (PD) had relative low
circulating levels of 24-OHC, marking the spread loss of neurons. Due to this, 24-OHC was also
considered a potential biomarker for neurodegeneration (Bretillon et al., 2000; Kdlsch et al., 2004;
Huang et al., 2019).

1.4. Maintaining Cholesterol and Lipid Homeostasis

In order to maintain cholesterol levels in steady-state levels, a tight regulation of all proteins
involved in the biosynthesis, uptake and degradation of cholesterol to avoid toxicity and cell death are
maintained in the CNS (reviewed in: Zhang et Liu, 2015). One mechanism already mentioned is the
regulation of cholesterol uptake in neurons via LXR activation.

So far, two isoforms of LXR were identified, LXRa e LXRp, and both are expressed in the
CNS. They are involved in the regulation of several genes from the cholesterol and fatty acid
metabolism including HMGR and squalene synthase. Moreover, as previously mentioned LXR
controls the expression of ABC transporters and apolipoproteins, as well as the uptake of cholesterol
by members of LDLR family (Wang et al., 2002; Whitney et al., 2002; Liang et al., 2004; Abildayeva et
al., 2006). In fact, activation of LXR promotes LDLR ubiquitination by the inducible degrader of LDLR
(IDOL), therefore decreasing cellular cholesterol influx (Zelcer et al., 2009).

LXR are activated by oxysterols, and 24-OHC is one of the best-studied in vitro LXR agonists
(Lehmann et al., 1997; Shafaati et al., 2011). Corroborating this finding, it was observed in neuronal
cells, that low concentrations of 24-OHC activated LXR transcriptional activity triggering a
neuroprotective response (Okabe et al., 2013; reviewed in: Noguchi et al., 2014), while high doses of
the same oxysterol favored a “necroptosis-like” response (reviewed in: Noguchi et al., 2014).

Another mechanism that cells have in order to maintain cholesterol homeostasis is the
activation of membrane-bound transcription factors, the sterol responsive element (SRE)-binding
proteins (SREBPS), responsible for the expression of lipogenic and cholesterologenic enzymes
(reviewed in: Brown and Goldstein, 1999; Weber et al., 2004). In fact, it was reported that trapping as
little as 1% of cholesterol at the PM rapidly triggers a switch-like response of the SREBP pathway,
resulting in an increase of cholesterol synthesis and uptake and the return of PM cholesterol to optimal

levels (Infante and Radhakrishnan, 2017).



SREBPs are part of a large class of transcription factors that contain basic helix-loop-helix
(bHLH)-Zip domains, with the distinction of being synthesized as ER membrane-bound precursors
(reviewed in: Horton et al., 2002) The prevalent isoforms are: SREBP-1a and SREBP-1c which are
transcribed from a single gene by alternative promoters, and SREBP-2 expressed from an entire
separate gene (Hua et al., 1995).

The latter, SREBP2, is mainly involved in the transcription of genes from the biosynthesis and
uptake of cholesterol (Horton et al., 1998; Pai et al., 1998), containing SRE sequences in their
promotor (Amemiva-Kudo et al.,, 2002; reviewed in: Shimano, 2001). Some examples are HMGR,
HMGS, lanosterol synthase (LanS) and LDLR (Horton et al., 1998; Pai et al., 1998; reviewed in:
DeBose-Boyd and Ye, 2018).

On the other hand, SREBP1 isoforms, specially SREBP-1c, favor the transcription of enzymes
involved in the synthesis of fatty acids, including fatty acid synthase (Fas), acetyl-CoA carboxylase
(ACC) and stearoyl CoA desaturase 1 (Scdl) (Amemiva-Kudo et al., 2002; reviewed in: Shimano,
2000). The SREBP1-binding site in these genes is designhated as SRE-like sequences since they
usually have a more diverse consensus sequence than the traditional SRE (reviewed in: Shimano,
2000). Besides, it was reported that some lipogenic enzymes like Fas have incorporated E-boxes
sequences in their promoters, which could give some sensitivity towards the level of carbohydrate,
glucose or insulin available within the cell (Bennett et al., 1995; Kim et al., 1995; Amemiva-Kudo et al.,
2002; reviewed in: Shimano, 2001).

Together, SREBP1 and SREBP2 are transcriptionally and post-transcriptionally regulated
(reviewed in: DeBose-Boyd and Ye, 2018). Both are capable of self-regulating their own expression
levels in a feed-forward type mechanism, due to the presence of SRE sequences in the promoters of
these genes (Sato et al., 1996; Amemiya-Kudo et al., 2000). Plus, SREBPs require the proteolytic
cleavage of the membrane-bound precursor, to generate a smaller active nuclear form, known as
nuclear SREBP (nSREBP) (reviewed in: Brown and Goldstein, 1999; Horton et al., 2002). Particularly,
SREBP1-c is also the subject of another type of transcriptional regulation mediated by LXR, implying a
correlation between the synthesis of fatty acids and oxysterol metabolism. This suggests that, if there
is an over-accumulation of free cholesterol in the cell, the expression of SREBP1 by LXR will stimulate
the production of fatty acids to be used in esterification processes, as means to avoid toxicity (Schultz
et al., 2000; Repa et al., 2000; reviewed in: Horton et al., 2002).

SREBPs can be found in the ER membrane, oriented in “hairpin fashion” (Hua et al., 1995).
Moreover, each protein can be divided into 3 functional domains: (i) a C-terminal sequence, that
participates as a regulatory domain for the maturation of SREBPs and is positioned into the cytosol;
(ii) a central section, that functions as anchoring region and is composed by two membrane-spanning
hydrophobic segments, split apart by a loop that projects into the lumen of the ER; and (iii) a cytosol-
facing N-terminal that comprises the bHLH-Zip portion responsible for dimerization, nuclear entry and
transactivation, and also an acidic motif that binds coactivators (reviewed in: Brown and Goldstein,
1999; Horton et al., 2002). Some examples of known transcriptional partners are Spl (Sanchez et al.,
1995), nuclear factor Y (NF-Y) (Dooley et al., 1998) and cAMP response element binding protein
(CREB) (Dooley et al., 1999).



Under physiologic conditions, newly synthetized SREBP forms a tight complex with SREBP-
cleavage activating protein (SCAP) (reviewed in: Brown and Goldstein, 1999), entrapped in the
membranes of ER because of SCAP binding to resident Insulin-induced gene (Insig) anchor proteins
(Yang et al.,, 2002). As the name depicts, SCAP is capable of sensing cholesterol and fatty acid-
depletion (Hua et al.,, 1996; Sakai et al., 1997) and, in that case, induces SREBP maturation by
interacting with its regulatory C-terminal domain (Sakai et al., 1997).

Therefore, when the cells are depleted from cholesterol and there is a fall in the levels of ER
sterols (Radhakrishnan et al., 2008), SCAP interacts with coat protein complex Il (COPII) machinery.
This leads to the incorporation of SCAP-SREBP complex into special COPII vesicles that protrude
from the ER, and migrate towards the Golgi, where the two-step cleavage processing occurs
(Espenshade et al., 2002; Yang et al., 2002). Initially, a first protease that requires SCAP transport to
act, and is known as Site-1 protease (S1P), cleaves SREBPs in their luminal loop. This leads to the
separation of SREBP into two segments that remain bound to the membrane. Then, a second
protease known as Site-2 protease (S2P) cleaves the N-terminal-containing segment within its
membrane-spanning domain, originating the smaller and soluble nSREBP that is released to the
cytosol. Finally, nSREBP migrates to the nucleus, where it will bind to SRE sequences in the
promoters of the target genes and promote transcription (Sakai et al., 1996; reviewed in: Brown and
Goldstein, 1999; Horton et al., 2002). Meanwhile, SCAPs are recycled back to the ER, where they will
mediate another SREBP maturation (Nohturfft et al., 1999).
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Figure 1.3. Schematic representation of sterol responsive element-binding proteins (SREPBs) two-step
proteolytic activation. Under physiological conditions, SREBPs are retained in the endoplasmic reticulum (ER)
membranes thought the association of SREBP-cleavage activating protein (SCAP) with Insig. However, when the
ER sterol content falls beyond a threshold point, SCAP-SREBP complex is incorporated into specific coat protein
complex Il (COPII) vesicles that migrate towards the Golgi apparatus. In this, SREBP is cleaved sequentially by
Site-1 and Site-2 proteases (S1P and S2P), releasing its N-terminal segment containing the active basic helix-
loop-helix (bHLH)-Zip motif, also known as nuclear SREBP (nSREBP). In the nucleus, nSREBP binds to sterol
responsive element (SRE) sequences and promotes the expression of several enzymes involved in fatty acids
and cholesterol synthesis. (Adapted from: Horton et al., 2002; Ikonen, 2008; DeBose-Boyd and Ye, 2018).

As seen above, sterols are responsible for finely adjusting all this process, by exerting a
negative feedback over SCAP through its sterol-sensing domain (SSD) (Hua et al., 1996; Nohturfft et
al., 1998). Firstly, excess cholesterol in the ER can bind directly to SCAP, promoting the



conformational change to bind Insig (Adams et al., 2004; Radhakrishnan et al., 2007). This action
restraints the binding site of SCAP, that is recognized by COPII proteins, thus leading to dissociation
of SREBP-SCAP from COPII machinery (Sun et al., 2005). Secondly, because sterols reduce the
activity of SCAP, they also selectively inhibit cleavage by S1P shutting off SREBP maturation
(Nohturfft et al., 1999 DeBose-Boyd et al., 1999; reviewed in: Brown and Goldstein, 1999). Since S2P
only acts after cleavage of SREBP by S1P, it is also indirectly regulated (reviewed in: Brown and
Goldstein, 1999). Plus, it was shown that oxysterols, like 25-hydroxycholesterol (25-OHC), similarly
promote SCAP attachment to Insig, but do it by connecting directly to the Insig protein (Adams et al.,
2004; Radhakrishnan et al., 2007).

Another important protein that contains a SSD, is HMGR, whose activity is regulated post-
transcriptionally by sterols. Indeed, excess sterols in the ER prompt Insig to bind and ubiquitinate
HMGR, marking it for degradation by proteasome and consequently blocking the mevalonate pathway
(Sever et al., 2004; reviewed in: Goldstein et al., 2006). Lastly, it was shown that different sterols can
affect the establishment of HMGR-Insig and SCAP-Insig complexes in a different manner. While
lanosterol was shown to stimulate HMGR-Insig formation, it cannot promote the necessary SCAP
conformational change. The opposite happens with cholesterol, which does not influence HMGR
attachment to Insig. Finally, oxysterols can induce formation of both complexes (Brown et al., 2002;
Song et al., 2005; reviewed in: Goldstein et al., 2006).

2. AMPK/mTOR Signaling Pathway in Lipid and Cholesterol Metabolism
2.1. AMPK

There are various molecules that could be considered regulators of cell metabolism. One of
which is the evolutionary conserved serine/threonine protein kinase AMP-activated protein kinase
(AMPK), capable of receiving both intra- and extracellular signals, and acting in order to restore both
local and whole-body energy homeostasis (reviewed in: Garcia and Shaw, 2017; Curry et al., 2018).
Because of its essential role in maintaining glucose and lipid levels, several groups have investigated
the role of AMPK in the brain. Neurons, in particularly, require a fine tuning of their energy status,
since they consume a huge bulk of energy for synaptic activity, and cannot synthesize and store the
necessary glycogen, relying in neighboring cells to provide nutrients (reviewed in: Poels et al., 2009).

AMPK is a heterotrimeric enzymatic complex with three important subunits: (I) a catalytic o-
subunit, that contains both an auto-inhibitory domain and the active site for AMPK activation, the Thr-
172 residue (Hawley et al., 1996; reviewed in: Hardie et al., 2003; Curry et al., 2018); (Il) a B-
regulatory domain that acts as a scaffold, binding the a- and y-subunits together by its C-terminal, and
helps to translocate AMPK to cellular membranes (Woods et al., 1996; reviewed in: Hardie et al.,
2003; Curry et al., 2018); and (Ill) a regulatory y-subunit that binds AMP, ADP or ATP, depending on
the metabolic state of the cell, regulating the catalytic function of the complex (Xiao et al., 2007;
reviewed in: Hardie et al., 2003; Curry et al., 2018). Moreover, each subunit has its own range of
isoforms with tissue-specific roles in the activity and stability of AMPK (reviewed in: Ross et al., 2016).

There are various upstream kinases that activate AMPK under different mechanisms, and the

first discovered was the liver kinase B1 (LKB1) in response to a rise in the classical AMP/ATP ratio



(Woods et al., 2003; Shaw et al., 2004). In a state of energy abundance, the y-domain binds to the
available ATP molecules and blocks the site for AMPK activation (Xiao et al., 2007; Chen et al., 2012).
On the other hand, under stressful conditions, like glucose starvation, the AMP/ATP ratio quickly
elevates, and the abundant AMP readily binds to y-subunit. Consequently, the y-subunit suffers a
conformational change that exposes Thr-172 in the a-subunit, making it available to be further
phosphorylated (Xiao et al., 2007; Chen et al., 2012; Landgraf et al., 2013), thus initiating various
catabolic pathways to restore the levels of ATP (reviewed in: Garcia and Shaw, 2017), and promote
cell survival (Culmsee et al., 2001; reviewed in: Poels et al., 2009; Curry et al., 2018).

However, despite previous studies stating that AMP binding to the y-subunit promotes
phosphorylation of Thr172 via directly stimulating the activity of the upstream kinases, AMP does not
seem to have a direct influence on Thr-172 residue phosphorylation by LKB1 (Sanders et al., 2007).
Instead, AMP causes significant allosteric activation of AMPK already phosphorylated on Thrl72
residue, while also protecting it from dephosphorylation of Th172 by phosphatases, like protein
phosphatase 2A (PP2A) and 2C (PP2C) (Xiao et al., 2007; Sanders et al., 2007). Meanwhile, LKB1
was observed to be constitutively active and indifferent to several AMPK agonists (Woods et al., 2003;
Sakamoto et al.,, 2004). Thus, depending exclusively on the metabolic state of the cell, AMPK
activation only occurs in instances of decreased dephosphorylation, meaning in states where there is
plenty ADP (Sanders et al., 2007).

Besides the classical AMP/ATP ratio, AMPK can also be regulated through the cytoplasmatic
Ca?* concentration. In fact, the calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2) is
thought to be the dominant upstream kinase in neurons, regulating AMPK in reaction to Ca?* signaling
cascade during neuronal activity (Hurley et al., 2005; Hawley et al., 2005; Woods et al., 2005). Lastly,
TGF-p activated kinase 1 (TAK1) is another kinase described to phosphorylate AMPK, triggered by
cytokine receptors activation by different signals involved in cell growth, inflammation and apoptosis
(Momcilovic et al., 2006).

The mode of function of AMPK is relatively simple: it increases energy levels by inducing
energy-producing mechanisms, like fatty acid p-oxidation and glucose uptake, while negatively
regulating energy-dispendious processes, such as synthesis of proteins, fatty acids and cholesterol.
Particularly, the synthesis of new proteins and cell growth are processes that require huge bulks of
energy, maintained by the mammalian target of rapamycin complex 1 (mMTORCL1). Thus, AMPK acts
on mTOR to inhibit its activity and prevent ATP depletion (reviewed in: Garcia and Shaw, 2017).

However, AMPK can have a direct role in suppressing lipid and cholesterol biosynthesis,
unrelated to mTOR inhibition, through phosphorylation of SREBP-1c and SREBP2 (Zhou et al., 2001;
Li et al., 2011; reviewed in: Garcia and Shaw, 2017). This way, when AMPK is active, it can bind and
directly phosphorylate both SREBPSs, in their precursor and nuclear form, blocking their cleavage and
subsequent nuclear translocation, ultimately inhibiting the expression of their respective target genes.
Because SREBPs genes regulate themselves in an SRE-dependent manner, AMPK is also preventing
the feed-forward transcription of their own genes (Li et al., 2011). Additionally, AMPK was also

discovered to directly phosphorylate and inactivate ACC1 and HMGR, regulating this manner the rate
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limiting steps of fatty acid and cholesterol synthesis, respectively (Zhou et al., 2001; reviewed in:
Hardie and Carling, 1997; Garcia and Shaw, 2017).
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Figure 1.4. Diagram of interactions involved in AMP-activated protein kinase/ mammalian target of
rapamycin complex 1 (AMPK/mTOR) signaling pathway. There are various signals that can trigger AMPK
activation by upstream kinases, like high content in AMP or intracellular Ca2+ which activate liver kinase B1
(LKB1) and calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2), respectively. In order to restore
energy levels, the activated AMPK will directly phosphorylate and inhibit sterol responsive element-binding
proteins (SREBPSs), acetyl-CoA carboxylase 1 (ACC1) and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR)
activity, preventing energy-dispendious processes such as fatty acid and sterol synthesis. AMPK is also
responsible for blocking mTORC1 both by phosphorylation of its Raptor unit and by phosphorylating and
activating tuberous sclerosis complex 2/1 (TSC2/TSC1). When the energy status of the cell is replenished,
mTORC1 can be activated either by protein kinase B (Akt) phosphorylation on proline-rich Akt substrate of 40 kDa
(PRAS40) subunit or by loss of AMPK inhibition. In the latter, TSC2/TSC1 complex cannot longer suppress Rheb
activity, which in turn activates mTORCL1. Thus, resulting in fatty acid and sterol synthesis by stimulating SREBP-
1c and SREBP2 maturation, and protein synthesis by phosphorylating and activating ribosomal protein S6
kinases 1/2 (S6K1/2) while blocking eukaryotic initiation factor 4E (elF4E)-binding proteins 1/2 (4E-BP1/2).
Conversely, the active mTORCL1 inhibits autophagy, and mitochondrial and lysosomal biogenesis. Lastly,
phosphatases like protein phosphatase 2A/C (PP2A/C) can inactive AMPK while rapamycin is known to suppress
MTORCL1. (Adapted from: Laplante and Sabatini, 2012; Lipton and Sahin, 2014; Garcia and Shaw, 2017).

2.2. mTOR

Like AMPK, mTOR is also a phylogenetically conserved serine/threonine kinase that
participates in numerous mechanisms in response to the metabolic state of the cell (reviewed in:
Laplante and Sabatini, 2012; Lipton and Sahin, 2014). However, both complexes have almost
opposite effects, because MTORCL1 acts to promote cell growth and proliferation, by inhibiting various
catabolic mechanisms, like autophagy (Hosokawa et al., 2009), and stimulating anabolic events,
including upregulation of mitochondrial biogenesis (Cunningham et al., 2007) and increase in
cholesterol and fatty acid synthesis through the activation of SREBPs (Diivel et al., 2010; reviewed in:
Laplante and Sabatini, 2012).

MTOR can be found as two different protein complexes, mMTORC1 and mTORC?2, that only
share mTOR itself, the mammalian lethal with sec13 protein 8 (mLST8) unit and the inhibitory DEP
domain containing mTOR-interacting protein (DEPTOR). Then, each complex has a specific structure
and act on specific signalization pathway (reviewed in: Laplante and Sabatini, 2012; Lipton and Sahin,
2014).
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MTORC?2 is further constituted by the rapamycin-insensitive companion of mTOR (Rictor), the
mammalian stress-activated MAP kinase-interacting protein 1 (mSIN1) and proteins observed with
Rictor 1 (PROTOR 1) and 2 (PROTOR 2) (Sarbassov et al., 2004; reviewed in: Hoeffer and Klann,
2010; Lipton and Sahin, 2014). Some examples of downstream targets are the protein kinase B (PKB
or Akt) and Ca (PKCa), and the serum- and glucocorticoid-regulated kinase 1 (SGK1), involved in cell
survival and cytoskeleton organization (Sarbassov et al., 2004; reviewed in: Kurdi et al., 2018).

On the other hand, mTORC1 is composed additionally by the regulator-associated protein of
the mammalian target of rapamycin (Raptor), and by the proline-rich Akt substrate of 40 kDa
(PRAS40) (reviewed in: Hoeffer and Klann, 2010; Lipton and Sahin, 2014). Because of the Raptor
unit, mMTORCL1 is the only complex described to have a high sensitivity to the allosteric inhibitor
rapamycin, which acts by interrupting the formation of this complex (Kim et al., 2002; Jacinto et al.,
2004, reviewed in: Hoeffer and Klann, 2010).

The mode by which mTORC1 controls protein synthesis is by direct phosphorylation of the
ribosomal protein S6 kinases 1 (S6K1) and 2 (S6K2), and the eukaryotic initiation factor 4E (elF4E)-
binding proteins 1 (4E-BP1) and 2 (4E-BP2), each regulating a different step during initiation of cap-
dependent translation. While mTORC1 phosphorylation of S6K1/2 leads to their activation, 4E-BP1/2
phosphorylation results in their blockage and release from elF4E present at the 5’ cap of mMRNAs, thus
promoting gene transcription (reviewed in: Hoeffer and Klann, 2010; Laplante and Sabatini, 2012;
Lipton and Sahin, 2014). mTORCL1 can also control phosphatases activity, like PP2A, which in turn
regulate mTORC1 substrates, creating a feedback loop that regulates initiation rates (reviewed in:
Hoeffer and Klann, 2010).

As mentioned previously, mTOR, specifically mTORC1, is a downstream target of AMPK,
subject to negative regulation. Therefore, when there is a low energy level, AMPK is activated, and
phosphorylates Raptor unit, inhibiting mTORC1 function (Gwinn et al., 2008). Another mechanism by
which AMPK suppresses mTORC1 activity is by phosphorylating and activating the tuberous sclerosis
complex 2 (TSC2), which is upstream of the mTORCL1 signaling cascade. Both TSC2 and associated
TSC1 are tumor suppressors that act jointly as GTPase-activating protein (GAP) on Rheb (Ras
homolog enriched in brain). Thus, activated TSC2/TSC1 inhibit the activity of Rheb, consequently
blocking mTORC1. Conversely, when there is abundance of energy in the cell, mTORCL1 is activated,
stimulating various anabolic events (Inoki et al., 2003; Inoki et al., 2003; Li et al., 2004, reviewed in:
Laplante and Sabatini, 2012; Lipton and Sahin, 2014). Lastly, one mechanism described to regulate
mTORC1 activity independent of AMPK and TSC2, is the binding of AKT, a target of mTORC2, to its
substrate PRAS40, releasing from its inhibitory pressure (Sancak et al., 2007; Haar et al., 2007).

One of these anabolic events is the activation of lipid synthesis by SREBP-1c, which is done in
an insulin-dependent manner (reviewed in: DeBose-Boyd and Ye, 2018). Initially, insulin activates
mMmTORC1, which then up-regulates SREBP-1c activity in three different ways: (I) by stimulating
SREBP-1c expression through a complex containing LXR (Li et al., 2010; Tian et al., 2016); (ll) by
enhancing SREBP1-c proteolytic cleavage by an unknown target of phosphorylation of S6K1 (Divel et
al., 2010; Owen et al., 2012); and (lll) though phosphorylation of the phosphatase lipin-1, preventing
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its migration to the nucleus and alleviating its inhibitory effect over SREBP-1c expression of lipogenic
enzymes (Peterson et al., 2011).

Moreover, recently it was observed that mTORC1 also influences cholesterol synthesis by
SREBP2, in a process depending on membrane trafficking. When mTORCL1 is highly active, it blocks
autophagic processes and restricts endosomal recycling in the plasma membrane. This means that
there are low levels of cholesterol in lysosomes and they are not enough to suppress SREBP2
maturation in the ER. However, when mTORC1 activity is severely reduced, there is a stimulation of
autophagy and uptake of cholesterol that enters the LE/LY pathway. Thus, leading to a rise in ER
cholesterol levels and inhibition of SREBP2 proteolytic cleavage (Eid et al., 2017).

3. Parkinson’s Disease (PD)

PD is considered the second most common neurodegenerative disorder after AD, affecting
more than six million people worldwide (reviewed in: Doria et al., 2016), with a rising prevalence given
the aging of the world population (De Rijk et al., 1997; reviewed in: Doria et al., 2016).

3.1. Hallmarks of PD

The pathological hallmarks of PD are the selective death of midbrain dopaminergic neurons in
the Substantia Nigra pars compacta (SNpc) and the accumulation of abnormal proteinaceous
inclusions in the cytoplasm of the surviving neurons, designated as Lewy bodies (LBs) (reviewed in:
Dauer and Przedborski, 2003; Poewe et al., 2017). Since there is a marked loss of the nigrostriatal
neurons that are rich in neuromelanin, other feature found to be typical of PD brains is depigmentation
of the SNpc. Due to the same reason there is also a characteristic loss of dopamine in the putamen,
where dopaminergic neurons project (reviewed in: Dauer and Przedborski, 2003).

Because the nigrostriatal pathway is severely damaged and is dopamine-poor, PD mainly
manifests itself as a progressive motor disorder with symptoms including resting tremors or involuntary
movements (also called dyskinesias), muscle rigidity (stiffness), slow movements and changes in
posture, also collectively known as Parkinsonism (reviewed in: Dauer and Przedborski, 2003; Doria et
al., 2016). Nevertheless, it can be accompanied by non-motor symptoms like sleep disturbances,
dementia, alterations in behavior and depression, that may precede the diagnosis, which is based
mainly based in motor symptoms, and worsens the quality of life of PD patients (O’Sullivan et al.,
2008; reviewed in: Chaudhuri and Schapira, 2009).

Usually, the diagnosis employs a combination of magnetic resonance imaging (MRI) and
positron emission tomography (PET), to help establish the degree of the dopaminergic lesion, as well
as rule out other syndromes with overlapping symptoms to PD (reviewed in: Stoessl et al., 2014). Still,
the difficulty in diagnosing PD in time, can be attributed to the fact that when the physical symptoms
start to appear, about 60% of the dopaminergic neurons in SNpc are already severely damaged, and
approximately 80% of the dopamine in the putamen is missing. Moreover, the definitive diagnosis
requires the identification of the pathological marks mentioned, namely LBs and SNpc neuronal loss,

which are done in post-mortem brains (reviewed in: Dauer and Przedborski, 2003).
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To this day, PD is still not curable, and treatments are mostly focused on the relief of the motor
symptoms with the administration of L-dopa as the most popular therapy, for replenishing the lack of
dopamine in the striatum (reviewed in: Dauer and Przedborski, 2003; Poewe et al., 2017).

Most of the diagnosed cases of PD are sporadic PD (sPD) and are considered idiopathic since
there is doubt about the influence of environmental agents (like pesticides), metabolism alterations
and genetic factors. Still, one of the major risks for developing sPD is aging, with the onset typically at
60 years old, and with the incidence multiplying with each further decade (reviewed in: Dauer and
Przedborski, 2003). This is attributed in part to the fact that, as people get older, it increases the
possibility for accumulation of mutations in mitochondrial DNA (mtDNA) and oxidative stress (Bender
et al., 2006; Kraytsberg et al., 2006), while there is also impairment of quality control processes,
namely the ubiquitin-proteasome and autophagy machinery (reviewed in: Kaushik and Cuervo, 2015).
Plus, the link between mitochondria dysfunction and the development of sPD is well documented,
since it was found that PD patients had a severe deficit in the activity of NADH dehydrogenase,
present in the complex | of the electron transport chain, as seen in samples of substantia nigra from
post-mortem brains (Schapira et al., 1990), as well as fibroblasts (Mytilineou et al., 1994) and blood
platelets samples (Haas et al., 1995).

Only 5% to 10% of the cases are attributed to have a familial origin (reviewed in: Poewe et al.,
2017). The first case of inherited PD described a mutation in gene coding for a-synuclein, the major
component of LBs (Polymeropoulos et al., 1997; reviewed in: Dauer and Przedborski, 2003). Since
then, several genetic studies allowed the identification of other PD-causing mutations, in genes
involved in mitochondrial quality control, such as PTEN-induced kinase (PINK) (Valente et al., 2004),
Parkinson disease protein 2 (Parkin) (Kitada et al., 1998) and Parkinson disease protein 7 (DJ-1)
(Bonifati et al., 2003); and autophagy, such as leucine-rich repeat kinase 2 (LRRK2) (Paisan-Ruiz et
al., 2004), providing clues about the underlying mechanisms of the disease.

3.2. From Mitochondria Injury to Lysosomal Dysfunction

As mentioned before, one of pathological hallmarks of PD is the accumulation of LBs, which
are spherical cytoplasmatic aggregates scattered through the brain and composed of numerous
proteins like parkin, ubiquitin and neurofilaments (reviewed in: Dauer and Przedborski, 2003). Still, its
main component is a-synuclein (Spillantini et al., 1998), a small cytosolic protein that is highly
expressed in the CNS. Under physiological conditions, a-synuclein exists as small molecular weight
oligomers, like dimers and trimers, near the presynaptic terminal of neurons and in astrocytes
(Maroteaux et al., 1988; Jakes et al., 1994; Mori et al., 2002; reviewed in: Dauer and Przedborski,
2003). It is thought to have a role in maintaining synaptic function, through interaction with dopamine
transporter, modulation of the size of the presynaptic vesicles and regulation of the rate of cycling the
readily released pool (Abeliovich et al., 2000; Lee et al., 2001; Murphy et al., 2000). Plus, it appears to
have an influence in cellular membrane dynamics and trafficking machinery since it reversibly attaches
to lipid membranes and transport vesicles (Jensen et al., 1998; Jensen et al., 1999; Eliezer et al.,
2001). Nevertheless, the conformation of physiological and pathological a-synuclein remains a

controversial issue.
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However, in the case of PD, there are known pathogenic mutations in the a-synuclein gene
that promote the formation of non-fibrillar oligomers, or protofibrils, which in its turn are considered the
most toxic species of a-synuclein (Conway et al., 1998; Conway et al., 2000; Rochet et al., 2000).
Given the propensity of a-synuclein to interact with synaptic vesicles, it is believed that in its profibril
form, it acts in a way to permeabilize these vesicles, thus provoking the release of dopamine into the
cytoplasm (Lashuel et al., 2002). Afterwards, dopamine in the cytoplasm can suffer auto-oxidation,
generating the highly reactive superoxide and other reactive oxygen species (ROS). ROS can further
promote cellular damage by reacting with nucleic acids, proteins and membrane lipids (reviewed in:
Dauer and Przedborski, 2003). The free oxygen radicals can also provoke the inactivation of tyrosine
hydroxylase, which is an enzyme involved in dopamine synthesis, further increasing the deficit of this

neurotransmitter (Ara et al., 1998).
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Figure 1.5. Diagram of interactions from pathways involved in Parkinson’s Disease (PD). In PD, there are
various mechanisms that can be altered and contribute to the development of the disease. One of this is loss of
mitochondrial function which leads to oxidative stress and influx of Ca2+ into the cell. The production of reactive
oxygen species (ROS) can result in the misfold of a-synuclein and formation of toxic oligomers, which can further
lead to formation of Lewis Bodies. The accumulation of protein aggregates is implicated in the impairment of both
proteasomal and autophagic processes, also contributed by the mitochondrial dysfunction and the toxic oxygen
species. Particularly, ROS can induce permeabilization of lysosomes releasing caspases into the cytoplasm and
triggering cell death. (Adapted from: Poewe et al., 2017).

Impairment of
proteasomal and
autophagic processes

Other characteristic of PD, already referred above, is the severe mitochondrial dysfunction
observed in neurons, glia and even platelets from diagnosed patients. Analysis of these types of
samples demonstrated a block in the complex | of the electron transport chain, resulting in decrease of
ATP levels and in a rise in oxidative stress (reviewed in Doria et al., 2016). Then, just like in a vicious
cycle, ROS can also target the electron transport chain itself, leading to even more oxidative damage
and further severing mitochondrial function. In addition, the depletion of energy from mitochondria loss
of function, causes an increase in the levels of Ca?* in the cytoplasm, thus causing the leakage of
dopamine from the synaptic vesicles and activating caspase cascade, ultimately leading to apoptosis
(reviewed in: Dauer and Przedborski, 2003).

Given the number of degenerated mitochondria accumulated and the presence of ROS and
Lewis bodies, it has also been shown that there is an impairment of both proteasomal and autophagic

proteolysis in PD, since these are the main mechanisms for the degradation of cellular components
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(reviewed in: Wong and Cuervo, 2010; Arduino et al., 2011). For instance, the mitochondrial-derived
oxygen species can induce lysosomal membrane permeabilization (LMP), leaking various enzymes to
the cytoplasm, which results in lysosomal depletion, defective clearance and accumulation of
undegraded autophagosomes (Dehay et al., 2010). Plus, if there is a considerable amount of both
proteins and organelles needed to be removed, vesicular trafficking can be also impaired, further
leading to a decrease in the clearance of autophagosomes (Arduino et al., 2012). LMP can also be
directly responsible for the triggering of cell death, since one of the lysosomal enzymes released to the
cytoplasm is cathepsin D, a known pro-apoptotic enzyme (Dehay et al., 2010). Thus, autophagic
process is also very relevant to the pathology of PD, since it functions as a protective mechanism
against toxicity and allows protein/ organelle quality control by selectively removing atypical protein
aggregates, like the LB, and even entire cytoplasmatic organelles, such as compromised mitochondria
(reviewed in: Wong and Cuervo, 2010; Arduino et al., 2011).

Nevertheless, the initial insult that triggers the neurodegeneration process involved in PD is
still unknown, being hypothesized to be the accumulation of protein aggregates, the mitochondrial
dysfunction or even a combination of both. Regardless, it will result in the loss of cell functions,
including energy production, increase in oxidative stress, block in vesicle trafficking, loss of quality
control mechanisms and impairment of autophagic processes, ultimately leading to neuroinflammation

and cell death (reviewed in: Dauer and Przedborski, 2003).
3.3. Study of Parkinson’s Disease

As mentioned before, PD is a complex and multifactorial disease. Despite the recent efforts,
the mechanisms that underlie the development of this disease remain to be understood, thus,
highlighting the need to study and understand the mechanisms behind the development and

progression of the disease.
3.3.1. MPTP-treated Mice as an Animal Model of PD

The use of animal models in the study of PD has been essential to discover the
pathophysiologic mechanisms involved in the development of the disease and to unveil new
therapeutic approaches to minimize its symptoms. Currently, in the in vivo research of the disease,
there are available both drug-induced and genetic models, each with its own advantages depending
on the objective of the study (reviewed in: Bové and Perier, 2012; Blandini and Armentero, 2012).

In order to learn specific key molecular pathways involved in the development of PD,
especially in familial PD, the use of transgenic models is recommended. These can replicate the
formation of fibrils resembling those seen in LBs, like in the case of the common a-synuclein
overexpression model, and even some neuropathological features such as the motor impairment (Lee
et al., 2002; Giasson et al., 2002). On the downside, little is recorded about the loss of dopaminergic
neurons (reviewed in: Dauer and Przedborski, 2003; Blandini and Armentero, 2012). On the other
hand, although the toxin models do not recapitulate all the neurological symptoms like the formation of

the pathogenic inclusions, they demonstrate a more consistent impairment of the nigrostriatal
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pathway, even if by different mechanisms of action and behavioral changes (reviewed in: Meredith
and Rademacher, 2011; Blandini and Armentero, 2012).

Regarding toxin animal models, there are several toxins used to mimic the features of PD in
laboratory studies, ranging from known herbicides and insecticides, namely paraquat and rotenone,
and pharmacological agents such as 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (reviewed in: Dauer and Przedborski, 2003; Bové and Perier, 2012). There
are also different animal models that can be used, comprising primates, rats, mice and even worms
(reviewed in: Przedborski et al., 2001; Bové and Perier, 2012). Thus, the importance of the selection
of the animal model and the neurotoxin used to approach the study of the disease.

In order to study cell death mechanisms in PD, the most common model used is the
administration of MPTP to mice (reviewed in: Bové and Perier, 2012), although there are several
parameters that can alter the sensitivity to the neurotoxin. Different strains of mice demonstrate
different magnitudes of dopaminergic lesion, and within the same strain, the gender, age and body
weight may have an influence in the results (reviewed in: Jackson-Lewis and Przedborski, 2007). Also,
the type of administration of MPTP (route and duration) and the dose used are factors that must be
accounted for (Sonsalla and Heikkila, 1986; reviewed in: Jackson-Lewis and Przedborski, 2007).

After administration, MPTP reaches the brain through the systemic circulation. Because it is a
highly lipophilic toxin, it can easily diffuse across the BBB. In the brain, the astrocytes and
serotonergic cells uptake MPTP, where the enzyme monoamine oxidase B (MAO-B) catalyzes the
production of 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP*). MPDP* is an unstable molecule, so it
is quickly converted into the active metabolite 1-methyl-4-phenylpyridinium (MPP*) that is further
released to the extracellular space (reviewed in: Dauer and Przedborski, 2003; Bové and Perier,
2012). Since MPP* has high affinity to the dopamine transporter, it is selectively uptake by surrounding
dopaminergic neurons (Bezard et al., 1999). Inside, MPP* can: (I) accumulate in mitochondria through
a mechanism dependent on the mitochondrial transmembrane potential (Hoppel et al., 1987); (ll)
cooperate with the vesicular monoamine transporter-2 (VMATZ2), leading to its build up in synaptic
vesicles (Liu et al., 1992); or (lll) interact with negative charged enzymes in the cytoplasm of neurons
(Klaidman et al., 1993; reviewed in: Dauer and Przedborski, 2003).

The accumulation of the toxin in synaptic vesicles seems to be neuroprotective, preventing its
access to mitochondria (Liu et al., 1992). Indeed, following the entering to the mitochondria matrix,
MPP* propagates toxicity by blocking the oxidation of glutamate or pyruvate by the complex | multi-
subunit enzyme NADH-ubiquinone oxireductase of the electron transport chain (Nicklas et al., 1985;
reviewed in: Bové and Perier, 2012). Consequently, this causes the loss of mitochondrial membrane
potential, accumulation of ROS, depletion of ATP and finally triggers mitochondrial apoptotic cascade
(reviewed in: Dauer and Przedborski, 2003; Bové and Perier, 2012). This mode of action is parallel to
what has been seen in post-mortem brains of PD patients, where it was observed a substantial
impairment of mitochondrial function from the inhibition of complexes I-IV of the electron transport
machinery (reviewed in Bové and Perier, 2012; Doria et al., 2016). Thus, highlighting the usefulness of

MPTP in studies with mouse models of PD.
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There are three types of regimens used when administering MPTP in mice: (I) acute, that
triggers non-apoptotic neurodegeneration and used to study inflammation, in which the animal is
injected intraperitoneal (i.p.) four times in the same day, each with 20mg/kg MPTP (Jackson-Lewis et
al.,, 1995; reviewed in: Bové and Perier, 2012); (ll) sub-acute, leading to a more gradual loss of
dopaminergic neurons in an apoptotic manner and used to study molecular pathways of cell death,
that involves the injection of 30mg/kg i.p. during 5 succeeding days (Tatton and Kish, 1997; reviewed
in: Bové and Perier, 2012); and (lll) chronic, that replicates the slow impairment of the nigrostriatal
pathway and the only regimen that induces the formation of protein aggregates, where, as one
example, MPTP can be delivered along 21 days with the help of a minipump (Bezard et al., 1997;
reviewed in: Meredith and Rademacher, 2011). However, the parameters of these regimens are not
completely strict, as each laboratory group designs the best protocol for its envisioned studies. Indeed,
in our lab, to observe the respond in the early stages of MPTP treatment, we adopted a modified acute
regimen where MPTP is administered in a single dose of 40mg/kg i.p. and sacrificed the animals 3h or
6h later (Castro-Caldas et al., 2009; Castro-Caldas et al., 2012; Rosa et al., 2018).

3.3.2. MPP*-treated Cell lines for the Study of PD

The use of cell culture models in studying neurodegenerative diseases offers many
advantages in comparison to animal models. Besides allowing the investigation of the role of an
isolated cell type in a condition that will mimic the disease environment, cell-based studies enable the
study of a specific molecule or pathway within the cell, and whether or not its effect is protective or
toxic in the context of the disease. Plus, they facilitate the screening of potential drugs and
pharmacological targets, while also being relatively easy to manipulate without the high-costs and
ethical problems associated with animal models (reviewed in: Falkenburger and Schulz, 2006;
Schlachetzki et al., 2013; Falkenburger et al., 2016).

For the study of PD, cells can also be genetically and pharmacologically manipulated.
Between the variety of neurotoxins that can be employed, MPP* is once again the most common,
since it mimics the effects seen in post-mortem brains of PD patients (reviewed in: Bové and Perier,
2012). Thus, the use of cell lines treated with MPP*, like the human-derived HEK293 and SH-SY5Y
cell lines, and mouse-derived N2a cell line, are also very useful in in studies of PD that research
pathways that are possibly altered in the disease, including the depletion of energy, dysregulation of
Ca?* homeostasis, oxidative stress and apoptotic cell death mechanisms (reviewed in: Schmidt and
Ferger, 2001).

4. New Clues about the Role of Cholesterol in PD

As seen in the Chapter 1.1., cholesterol is a very abundant molecule in the human brain,
performing roles in synaptogenesis, axonal guidance, modulation of dendrite outgrowth, and even
synthesis of myelin sheets during brain development. So, given its importance, any perturbations in
cholesterol homeostasis could lead to disruption of neurotransmission, loss of synaptic plasticity,
neurodegeneration and even the onset of neurodegenerative diseases. Nevertheless, the role of

cholesterol in PD remains controversial and vastly unexplored.
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There are already various reports that could potentially show a link between PD and
disturbances in cholesterol homeostasis. For example, a genome-wide association study of sporadic
PD (Do et al. 2011), identified SREBP1-coding gene (SREBF1) as a genetic risk factor for this
disease. Interestingly, Ivatt and coworkers (2014), identified in a genome-wide RNAI screen, this risk
locus as a regulator of mitophagy, proposing a role for lipids in the regulation of mitochondrial
homeostasis. Moreover, impairment of cholesterol synthesis is suggested to be involved in PD
(Musanti et al., 1993), while parkin, an E3 ubiquitin ligase encoded by PARK2, which is mutated in
some patients with early onset PD, regulates systemic lipid metabolism (Kim et al., 2011).

Another important finding is that a-synuclein, the major constituent of the LB, has two
cholesterol-binding domains, one of which binds to cholesterol with high affinity (Fantini et al., 2011).
Plus, Bar-On and colleagues (2006), demonstrated that cholesterol-extracting agents, namely methyl-
B-cyclodextrin, reduced the accumulation of a-synuclein in neuronal cell bodies and synapses in B103
neuroblastoma cells, previously transfected with human a-synuclein. Using the same experimental
conditions, these authors observed that statins, which are cholesterol synthesis inhibitors, also
decreased the aggregation of a-synuclein in detergent insoluble fractions, while the supplementation
of the media with cholesterol had the opposite effect (Bar-On et al., 2008). A similar effect was
observed in vivo by Koob et al. (2010), since transgenic mice overexpressing a-synuclein in neurons
and treated with statins had fewer inclusions of this protein in comparison with controls.

Paul et al. (2017), observed that hypercholesterolemia in mice could cause oxidative stress
and lead to impairment of the nigrostriatal pathway. In the same study, they observed that MPTP-
treated mice fed with a high cholesterol diet show an increased vulnerability to the loss of
dopaminergic neurons, further aggravating the motor impairment given by the neurotoxin alone.
Similarly, in an in vitro study, Raju and team (2017), saw that the addition of cholesterol to
differentiated SH-SY5Y cells treated with MPP*, potentiated the neurotoxicity and reduced viability,
probably by decreasing mitochondrial membrane potential. Likewise, Eriksson et al. (2017), also
observed accumulation of cholesterol in a lysosomal-like pattern in pre-apoptotic BE(2)-M17 cells
treated with MPP*, comparing it to a similar profile after treatment with U18666A, a known intracellular

cholesterol transport inhibitor.
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5. Aims of the Study

Neurodegenerative diseases such as PD are a truly global challenge and one of the leading
medical and societal challenges faced by European Union society. To date, there are no effective
treatments that can slow or halt the disease, and currently approved drugs only temporary ameliorate
motor impairment. Therefore, it is imperative that drug discovery attempts to identify new potential
therapeutic targets to open new therapeutic avenues for this disease. Therefore, the main goal of this
thesis was to identify novel disease-modifying targets in PD, focusing on neuronal cholesterol
homeostasis. Specifically, we wanted to explore in vitro and in vivo how mitochondrial dysfunction
could affect cholesterol intracellular levels and localization, and whether such changes could have a
neuroprotective or deleterious role in the development of the disease.

In order to accomplish these goals, our work was divided into three main tasks:

I Characterization of the effect of MPP* treatment in N2a neuroblastoma cells by evaluating

changes in total, free and esterified cholesterol levels, cholesterol intracellular distribution,
SREBPs transcriptional activity, and the expression levels of various key genes and proteins

involved in cholesterol synthesis, catabolism, uptake and transport.

1. Characterization of the effect of MPTP administration on the nigro-striatal region of mice brain,

by evaluating changes in total, free and esterified cholesterol levels and the expression levels
of various key genes and proteins involved in cholesterol synthesis, catabolism, uptake and

transport.

1. Identification of signaling pathways activated upon mitochondria dysfunction that could be

responsible for alterations in cholesterol homeostasis, focusing on the activation of

AMPK/mTOR signaling pathway.
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Chapter Il. Materials and Methods

1. Materials

1.1. Reagents and Supplements

Dulbecco’s Modified Eagle Medium (DMEM) and Fetal Bovine Serum (FBS) were purchased
from Corning (Life Sciences, MA, USA). Opti-Minimum Essential Medium (Opti-MEM), penicillin-
streptomycin mix, L-glutamine and TripLE Express were acquired from GIBCO (Thermo Fisher
Scientific Inc, MA, USA). Amido Black Staining Solution 2X, Filipin 1l from Streptomyces filipinensis,
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and 1-methyl-4-phenylpyridinium (MPP*), were bought from Sigma Aldrich Inc (MO, USA).
Compound C (CC) was obtained from CalBiochem (CA, USA). Proteinase inhibitors, DNAse |
Recombinant Kit and B-galactosidase Reporter Gene Assay (chemiluminescent) was purchased from
Roche Applied Science (Penzberg, Germany). Albumin Fraction IV used for diluting antibodies used in
Western Blot was acquired from PanReac AppliChem (ITW Reagents Division, Darmstadt, Germany).
Bovine serum albumin (BSA) used in protein quantification, polyvinyl difluoride (PVDF) membranes
and SuperSignal™ West Femto were obtained from Thermo Fisher Scientific Inc. 30% Acrylamide/Bis-
acrylamide and Bio-Rad Protein Assay Reagent was obtained from BioRad Laboratories Inc. (CA,
USA). Sodium dodecyl sulfate (SDS) 20% and NZYTech Reverse Transcriptase Kit was acquired from
NZYTech Lda. (Lisbon, Portugal). Lipofectamine 3000 and Amplex Red Cholesterol Assay Kit were
purchased from Invitrogen™ (Thermo Fisher Scientific Inc). NucSpot 470 Nuclear Stain was obtained
from Biotium (CA, USA). WesternBright™ ECL was purchased from Advansta (CA, USA). TRIzol

Reagent was bought from Ambion (Thermo Fisher Scientific Inc.).
1.2. Antibodies

The primary antibodies used in Western Blot analysis were purchased as follow: mouse anti-
SREBP1 and rabbit anti-SREBP2 from Abcam (Cambridge, UK); rabbit anti-mTOR, rabbit anti-
pmTOR, rabbit anti-AMPKo and rabbit anti-pAMKa from Cell Signaling Technology Inc. (MA, USA);
mouse anti-p-actin from Sigma-Aldrich Inc. Both secondary antibodies, goat anti-rabbit horseradish
peroxidase and goat anti-mouse horseradish peroxidase, were acquired from BioRad Laboratories
Inc. For the immunocytochemistry assays, the primary antibody rat anti-LAMP2 was acquired from
Santa Cruz Biotechnology Inc., whereas the secondary goat anti-rat Alexa Fluor 594 was obtained
from Abcam (Cambridge, UK).

2. Methods
2.1. Animal Treatments and Dissection
The animal experiments described below were conducted under the Institutional, Portuguese

and European guidelines (Diario da Republica, n.° 151/2013, Série | de 2013-08-07; and 2010/63/EU
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European Council Directive), and the methods approved by the Direcdo Geral de Alimentacédo e
Veterinaria and Orgdo Responsavel pelo Bem-Estar Animal (ORBEA) of Faculty of Pharmacy,
Universidade de Lisboa. The twelve-week-old male C57BL/6 wild-type mice used in the trials were
purchased form Harlan, and kept under regimented conditions on a 12h light-dark cycle, at constant
temperature (22-24°C) and humidity (50-60%), with free access to a standard diet and water ad
libitum, in the FFULisboa Animal House — Campus Lumiar. Then, the animals were divided into
groups depending on the duration of MPTP treatment (3h and 6h). The animals treated with the
neurotoxin received a single acute i.p. injection of 40mg/kg body weight and were later sacrificed
according to each group mentioned, whereas control mice were injected i.p. with a saline solution and
sacrificed 6h after i.p. injection. All mice were anesthetized with isoflurane, decapitated, the midbrain

and striatum brain regions were dissected, frozen in liquid nitrogen, and stored at -80°C until needed.
2.2. Cell Culture

The N2a mouse neuroblastoma cell line were grown in T75 flasks (Falcon®, Corning, NY,
USA), at 37°C, 5% CO: in humidified atmosphere, in 1:1 (v/v) Opti-MEM/ high glucose DMEM media,
supplemented with 10% heat inactivated FBS, 2mM L-glutamine, penicillin (100U/mL) and
streptomycin (100ug/mL). Cell sub-culturing and harvesting were achieved by enzymatic dissociation
when cells reached a confluency of approximately 80%, with 2mL of TrypLE Express. Cells were
counted with the help of a hemocytometer, diluted in fresh medium and reseeded at the desired

concentration. The treatments were only done in the following day, after changing to fresh medium.
2.3. Preparation of Total Tissue and Cell Extracts

In order to obtain total cell extracts, cells were washed twice with PBS, and lysed in lysis
buffer (50mM Tris-HCI pH7.4, 180mM NaCl, 1Mm EDTA, 1% Triton-X 100, 1mM DTT, 10mM NaF,
1.25mM NasVO4 and 1X protease inhibitors). Total tissue extracts from mouse midbrain and striatum
were prepared from a pool of two different MPTP-treated mice brains, which were mixed,
homogeneized and resuspended in Cell lysis buffer 1X (Cell Signaling Technology) supplemented with
1mM DTT, 1.25mM NasVOs and 1X protease inhibitors). Afterwards, the samples were sonicated four
times for 4 seconds each, followed by a centrifugation at 13 000 rpm for 15 minutes at 4°C. The
supernatants were recovered and kept at -80°C until further use. Quantification of both total protein

levels was done by Bradford Quantification using Bio-Rad Protein Assay Reagent.
2.4. Western Blot

Before immunoblotting, the samples were denatured for 5 minutes at 95°C using a mixture of
1:1 (v/v) sample/ SDS denaturing buffer (0.25M Tris-HCI pH6.8, 4% SDS, 4% glycerol, 1% B-
mercaptoethanol and bromophenol blue). Afterward, proteins were resolved on a 7.5% or 10% SDS-
polyacrylamide (37.5:1 crosslinker ratio) gel electrophoresis (SDS-PAGE) with a fixed current of
35mA. The gel was then blotted to an activated PVDF membrane with a constant current of 500mA for
2 hours. For activation the PVYDF membrane was wetted in ethanol for 1 minute, transferred to water

for 2 minutes, and equilibrated for 5 minutes in transfer buffer. For immunodetection, the membranes
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were blocked in 5% dry non-fat milk in Tris-buffered saline-tween (TBS-T, 20mM Tris-HCI pH 7.6,
150mM NaCl, 0.1% Tween-20) for 1 hour and incubated overnight at 4°C (with agitation in a cold
chamber) with the specific antibodies: mouse anti-SREBP1 (1:400 3% BSA), rabbit anti-SREBP2
(1:400 3% BSA), rabbit anti-pmTOR (1:500 5% BSA), rabbit anti-mTOR (1:1000 5% BSA), rabbit anti-
pAMPKa (1:1000 3% BSA), rabbit anti-AMPKa (1:1000 5% BSA) and mouse anti-B-actin (1:40000 3%
BSA). The incubation with the secondary antibody, goat anti-rabbit horseradish peroxidase (1:5000
5% non-fat dry milk) or goat anti-rabbit horseradish peroxidase (1:5000 5% non-fat dry milk), occurred
in the following day for at least 1 hour at room temperature with agitation. Between each of these
steps, the membranes were washed three times with TBS-T for 15 minutes each. The membranes
were revealed using WesternBright™ ECL (Advansta, USA) and SuperSigmal™ West Femto (Thermo
Fisher Scientific, USA) reagents in ChemiDocTM MP Imaging System (Bio-Rad, USA). Between
incubations with different antibodies, the membranes were stripped with an acidic stripping solution
(0.4M glycine, 0.2% SDS, 17mM Tween-20, 2.9M acetic acid, pH2.2). Both the evaluation of B-actin
expression and Amido Black staining were used as a loading control. Results were analyzed using
Image Lab Software Version 5.0 build 18 (Bio-Rad Laboratories, USA) and are displayed as fold

induction from control samples.
2.5. RNA Extraction

After harvesting, the cells were washed two times with PBS 1X, resuspended in TRIzol
Reagent (Ambion, Thermo Fisher, USA) and stored at -80°C. Later, the lysate was collected and
incubated at room temperature for 5 minutes. For each mL of TRIzol used, 0.2mL of chloroform was
added. The samples were then agitated vigorously for 15 seconds, incubated for 2 to 3 minutes at
room temperature and centrifuged at 12000 x g for 15 minutes at 4°C. The aqueous phase was
recovered and added to 0.5mL of isopropanol for each mL of TRIzol used, followed by an incubation
for 10 minutes at room temperature. Samples were centrifuged at 12000 x g for 10 minutes at 4°C and
the resulting pellet was washed with 70% ethanol and airdried. Finally, the RNA extracts were
resuspended in DEPC-treated water and incubated for 10 minutes in a warm bath at 55°C. The RNAs
were quantified using Nanodrop spectrophotometer (Thermo Scientific, USA). Once again, RNA
samples were kept at -80°C. Brain tissue from MPTP-treated mice was resuspended and dissociated
in TRIzol and RNA isolated as previously mentioned. Each samples of RNA from midbrain or striatum

corresponds to a single MPTP-treated mouse.
2.6. Quantitative Polymerase Chain Reaction (QPCR)

Before proceeding to cDNA synthesis, RNA samples were digested with DNAse |
Recombinant enzyme (Roche, Germany). For this, 1ug of total RNA was diluted to a final volume of
8uL, and 1uL Incubation Buffer 10X (Roche, Germany), 0.1U/uL DNAse | and DEPC-treated water
was added to this solution to reach a final volume of 10uL. The samples were then heated at 37°C for
20 minutes, followed by 10 minutes at 75°C, in a VWR Thermal Cycler (VWR International LLC, USA).
For cDNA synthesis, 5ng/uL random hexamers and 0.5mM dNTP mix was added to the DNAse-

treated samples. After 5 minutes incubation at 65°C, 100U of NZY Tech Reverse Transcriptase
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enzyme (NZYTech) diluted in Reaction Buffer 1X (NZYTech) and 2uL of Reaction Buffer 10X were
added to the mix to reach a final volume of 20uL. The samples were then exposed to 25°C for 10
minutes, followed by 50 minutes at 50°C. In the last step, the samples were subjected to 85°C for 5
minutes. When cooled down, the samples were stored at -20°C. Next, a master mix of SensiFAST™
SYBR® Hi-ROX Kit (Bioline, UK) and primers was prepared for each target gene according to Table
2.1.

Table II.1. Sequences of primers used in RT-PCR analysis.

Gene Species Sequence (5°-3’)

GAA GGC TCA CTC ATT TGT CAGA (fwd)
GTC TCG GTA AAT AAG TGT AGG CG (rev)
GAT GAA CCA TCT CCG TTG GC (fwd)
GAC CCA ATT ATG AAT CGG GAG TG (rev)
CTT CTG GGA TTA CCT CGC CT (fwd)
GTC CTC CAT CAG TAC CGT CAG (rev)
GCT TCC GGT CTT TGA CAA CCT (fwd)
CAC CAA GCA TTA GTT CTC CTCC (rev)
CGA CGC CAG CCA TTC CTC CTT (fwd)
AGA GTC CCA TAG CCA ACC ACA AGA (rev)
CGT GTG CTC CAA GAT GTG TT (fwd)
GGA CTC GTG ACA ATG ACT GAG (rev)
ACA CGT AGA TTC CGG CAA GT (fwd)
AGG AGC CTT TTC CCA TCTC (rev)
GGC ATC ATT GGG CAC TCC TT (fwd)
GCT GCA AGC ACA GCC TCT CT (rev)
CCG GCA ACA AA AGA TCT GTG (fwd)
ATG TAC AGG ATG GCG ATG CA (rev)
GTC TCC TTG CTT TGC TTC (fwd)
GGA CAG AGA ACT GTG GTC TCC (rev)
GAC GGT GAC CAG AGC GTT C (fwd)
GTG GGC ACT AGG GCA TCAG (rev)
CCC TGA ACT ATG TGG CTCT (fwd)
ATA GGG TGT TGA GTC CTT CC (rev)
AGC ACC TGG AGG CTG GGA AGTC (fwd)
TTG CCA TCA GAG CAG TGG CTC AT (rev)
GGA CTC AGG GCC TCT GTC TG (fwd)
AGC AGG CTG GAT GTC TCT GT (rev)
TTT AGT CTT GGC TCC CGTG (fwd)
CCA AAC ATG TCC TTG AGA AGAG (rev)
ATC GGT ATT AAG CAG GTG TG (fwd)
GAT TGC CAG GTA CAG GTA GA (rev)
TGG AGA GTG TGG AAT TGC GAC (fwd)
GGA CAC CTG GAC AGG AAC TG (rev)
TTC TTG CGA TAC ACT CTG GTG C (fwd)
CGG GAT TGA ATG TTC TTG TCGT (rev)
GCA GGA AAC TGA GAG ACC CC (fwd)
GTA CCC ACT GGC CTT CTC AC (rev)
GCG TTC TGG AGA CCA TGGA (fwd)
ACA AAG TTG CTC TGA AAA CAA ATCA (rev)
ATA CGC CCC AGC TTT GAT GT (fwd)
CTT GTA TGG CGG GGT CTT GT (rev)
CCA CCC CAG CCA TCA ACAC (fwd)
CAG ACA GAT ACT CCC GAA CCTT (rev)

ACAT1 Mouse
ACC1 Mouse
ApoE Rat
CTSD Mouse
CTSS Mouse

CYP46A1  Mouse
Eef Mouse
Fas Mouse

HMGR Mouse
HMGS Mouse

LAMP1 Mouse
LanS Mouse

LAPTMS5 Mouse
LDLR Mouse
LIPA Mouse
MVK Mouse
NPC1 Mouse
Scdl Mouse

SREBP1 Rat

SREBP2 Mouse

SYT11 Mouse

TFEB Mouse

In a 384 well PCR plaque, 2uL of sample cDNA diluted 1:18 in Milli-Q water and 3L of real-
time target gene mix, containing SensiFAST™ SYBR® Hi-ROX 1x and the specific primers, was
added in each well. gPCR was done in a QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher

Scientific, USA) with the cycling program of three stages determined as follow: (l) initial denaturation
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at 95°C for 2 minutes; (II) amplification stage of 40 cycles of 5 seconds at 95°C (denaturation) and 30
seconds at 60°C (anneling and extension); and (Ill) melting curve analysis. The mRNA levels were
normalized to the level of Eef, and results were presented as fold induction over controls, through the
AACt method.

2.7. Luciferase Gene Reporter Assay

Cells were transfected using Lipofectamine 3000 (Invitrogen™, USA) as a lipid-based
transfection reagent, designed to improve the efficiency of transfection in hard to transfect cells and
increase its reproducibility. Thus, the protocol used was the one given by the manufacturer with a few
minor changes. For each microgram of DNA, 2uL of Lipofectamine 3000 was used. As such, initially
two solutions using Opti-Mem medium were prepared. One containing 2uL Lipofectamine 3000, and
the other containing a mix of 2uL P3000 reagent, 1ug pLDLR-luciferase reporter plasmid (Castoreno
et al., 2005) and 0.1ug CMV-B-galactosidase plasmid. The pLDLR-luciferase reporter plasmid contains
the SRE of the LDLR promotor upstream of the luciferase gene (Castoreno et al., 2005). Both
solutions were mixed in 1:1 (v/v) ratio and left for incubation at room temperature for 15 minutes. The
harvested cells were added carefully to the transfection solution, and cells were plated at a density of
20 000 cells transfected with 50 nanograms of DNA in each well of a 96-well plague. In the following
day, the growth medium was replaced, and cells were treated. At the end of the treatment cells were
washed one time with PBS 1X, resuspended in p-galactosidase Reporter Gene Assay Lysis Buffer 1X
(Roche Applied Science, Germany) and frozen at -80°C. Luciferase activity was measured by adding
50uL Luciferase Buffer (20mM Tris-acetate pH7.8, 33mM DTT, 0.1mM EDTA, 3.74mM MgSOa,
0.27mM Coenzyme A, 0.47mM luciferin and 0.53mM ATP) to 10uL of lysate. B-galactosidase activity
was read using B-galactosidase Reporter Gene Assay Chemiluminescent kit (Roche) as instructed by
the manufacturer. Briefly, 25uL B-gal Substrate 1X was mixed with 10uL of cell extracts and 2.5uL B-
galactosidase Reporter Gene Assay Lysis Buffer 1X. After incubation at room temperature for 1 hour
with agitation, the enzyme activity was read by adding 12.5uL of Initiation Reagent. All readings were
performed in FB 12 luminometer (Berthold Detection Systems, Germany). Normalization of the
luciferase activity was based on p-galactosidase activity and are presented as fold induction over

control samples.
2.8. Amplex Red Cholesterol Assay

The Amplex Red Cholesterol Assay Kit (Invitrogen™, USA) was used to evaluate possible
alterations to the levels of free, esterified and total cholesterol within control and treated cells. Thus,
the protocol followed was performed according to the manufacturer instructions. After harvesting, the
cells were washed, resuspended in Reaction Buffer 1X and stored at -80°C. To prepare the total cell
extracts, samples were sonicated four times for 4 seconds each and centrifuged at 13 000rpm for 10
minutes at 4°C. In a 96-well plaque, for each sample, the recovered supernatant was diluted 10x in
Reaction Buffer 1X, to a final volume of 50uL. In parallel, a cholesterol calibration curve and a
negative control without cholesterol were prepared. Reaction was initiated with the addition of 50uL of

a solution containing 300uM Amplex Red reagent, 2U/mL horseradish peroxidase, 2U/mL cholesterol
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oxidase and 0.2U/mL cholesterol esterase in Reaction Buffer 1X. In order to measure the free
cholesterol levels, 50uL of the same solution but without cholesterol esterase was added to the
samples. The levels of esterified cholesterol were obtained by subtracting the values of free
cholesterol from total cholesterol levels. After incubating for 30 minutes at 37°C, the microplate was
read in Glowmax Multi+ Detection System (Promega Corporation, USA) at 590nm. The background
fluorescence was corrected by subtracting the negative control and normalization of the results was
obtained through protein quantification using Bio-Rad Protein Assay Reagent. The Amplex Red
Cholesterol Assay kit was also used to quantify the cholesterols levels in midbrain and striatum of
MPTP-treated mice. These samples were the same total extracts used before in Western Blot, and
that were prepared using a lysis buffer containing DTT. Since Amplex Red is unstable in the presence
of thiols like DTT, a dilution of 1:50 in Reaction Buffer 1x was used for the quantifications. The

remaining protocol was as above described.
2.9. Immunocytochemistry

Firstly, the cells were washed three times with PBS 1X and fixed for 10 minutes at room
temperature with 4% paraformaldehyde in PBS. Cells were then washed with PBS and incubated with
blocking solution (10% fetal bovine serum, 0,05% Tween-20 in PBS) for 45 minutes at room
temperature. After blocking, cells were incubated with the primary antibody anti-LAMP2 (1:200 in
blocking solution) overnight at 4°C. In the following day, the cells washed with PBS and incubated for
2 hours at room temperature with a donkey anti-rat Alexa Fluor 594 (1:200), and 50ng/pL Filipin IlI
from Streptomyces filipinensis (Sigma Aldrich) in blocking solution. Afterwards, the nuclei were stained
with NucSpot 470 Nuclear Stain 1X (Biotium, USA) in PBS for 30 minutes at room temperature, and
mounted. All images were acquired in an AxioScope.Al microscope with an AxioCam HR camera
(Zeiss, Germany), using 400x magnification in at least ten representative random fields. The time of
exposure was set for treated samples. Lastly, quantification of total fluorescence and colocalization
was performed with ImageJ 1.52i software (National Institutes of Health, USA) and results are shown

as fold induction over control samples.
2.10. Statistical Analysis

All data obtained was analyzed using Prism 5.0 software (GraphPad Software Inc., USA).
Results are expressed as mean + SEM values. Statistical analysis was done using Student’s unpaired
t-test or one-way ANOVA test with the Tukey or Dunnet post-hoc test. Means with a p value under

0.05 were considered statistically significant.
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Chapter lll. Results

1. Characterization of the effect of MPP* treatment in cholesterol homeostasis in
neuronal cells

1.1. MPP" treatment increases cholesterol levels in N2a neuroblastoma cells

In order to determine if a PD-like mitochondrial dysfunction affects cellular cholesterol
homeostasis, we used a model system of N2a neuroblastoma cells treated with the neurotoxin MPP*.
As mentioned previously, MPP* mode of action parallels mitochondria dysfunction observed in post-
mortem brains of PD patients, by blocking the multi-subunit enzyme NADH-ubiquinone oxireductase in
the complex | of the electron transport chain and causing a decrease in mitochondrial oxidative
phosphorylation and increase in oxidative stress (Nicklas et al., 1985; reviewed in: Bové and Perier,
2012). To do so, we treated undifferentiated N2a neuroblastoma cells with vehicle or 100uM or 250uM
of MPP* for 6h and 24h, and quantified levels of total, free and esterified cholesterol using the Amplex
Red Cholesterol Assay kit (Figure I11.1.).
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Figure 1ll.1. MPP* treatment increases cholesterol levels in N2a neuroblastoma cells. Quantification of total,
free (A) and esterified (B) cholesterol in N2a neuroblastoma cells treated with vehicle or 100uM or 250uM of
MPP* for 6h and 24h. Cholesterol levels were determined using the Amplex Red Cholesterol Assay. The results
are expressed as pg/pL of cholesterol per mg of total protein (A) and % of total cholesterol (B) and represent
mean values + SEM obtained from five independent experiences. (*p<0.05; **p<0.01).

We can observe that treatment with 250uM MPP* for 24h, led to a rise in the levels of total
and free cholesterol (p<0.01, p<0.05, respectively). We also determined if there were alterations in the
amount of esterified cholesterol in cells, which is the biologically inert form of cholesterol that is stored
in lipid droplets in order to avoid toxicity (Bryleva et al.,, 2010; reviewed in: Zhang et Liu, 2015).
Similarly, our results show a tendency to an increase in the levels of unesterified cholesterol at the
same experimental conditions (from approximately 6% in vehicle-treated cells, to 12% of esterified
cholesterol in the cells treated with 250uM MPP*). Therefore, MPP* treatment in N2a neuroblastoma

cells induces the accumulation of cholesterol in dose and time-dependent manner.
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1.2. The transcriptional activity of SREBPs is reduced in MPP*treated N2a

neuroblastoma cells

Since we found that MPP* treatment caused an overall increase in cholesterol levels in N2a
neuroblastoma cells, we hypothesize that this could be due to an increase in cholesterol synthesis. As
mentioned before, the expression of lipogenic and cholesterogenic enzymes are under the strict
control of the ER membrane-bound transcription factors SREBP1 and SREBP2, respectively
(reviewed in: Brown and Goldstein, 1999; Weber et al., 2004). SREBPs require a two-step proteolytic
cleavage to generate a smaller active form, capable of entering the nucleus and bind with SRE
sequences in the promoters of the target genes (reviewed in: Brown and Goldstein, 1999; Horton et
al., 2002).

To investigate if MPP* treatment leads to changes in SREBPs transcriptional activity, we
performed a reporter assay with the pLDLR-luc plasmid, containing the SRE-sequence of the LDLR
promoter upstream of the luciferase coding-gene (Castoreno et al., 2005, Figure 111.2.A.). N2a cells
were transfected with the pLDLR-luc reporter plasmid and 24h afterwards, cells were treated with
vehicle or with 100uM or 250uM MPP* for 6h and 24h (Figure 111.2.B.).
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Figure 1l1l.2. SREBP transcriptional activity is reduced after MPP* treatment. (A) N2a neuroblastoma cells
were transfected with pLDLR-luciferase plasmid, containing the luciferase coding-gene downstream to the SRE-
sequence of the LDLR promotor. (B) Relative promoter activity in cells treated with 100uM or 250uM MPP* for 6h
or 24h is expressed as fold induction over the promoter activity in vehicle-treated cells. Normalized luciferase
activities were expressed as mean values + SEM of duplicates from six independent experiences (***p<0.001).
Interestingly, 24h after MPP* treatment, we could observe a significant decrease in luciferase
activity (p<0.001), of approximately 55%, independently of the concentration of MPP* used. Since we
observe a significant increase in free cholesterol at this precise time point, the decrease in SREBPs
transcriptional activity appears to be a feedback response to the rise in intracellular cholesterol levels.
To further confirm our results, we determined by Western Blot analysis the protein levels of the
truncated forms of SREBP1 and SREBP2 in N2a neuroblastoma cells treated for 6h and 16h with
vehicle or 250uM and 1mM MPP* (Figure 111.3.). Interestingly, our results show a significant decrease
in NSREBP1 levels in a time-dependent manner. Indeed, there is a rapid decrease of roughly 40% in
nuclear levels of SREBP1 6h after MPP* treatment (250uM MPP* p<0.001; 1mM MPP* p<0.01), while
treatment for 16h leads to a decrease to 20% of control values (for both concentrations p<0.001)
(Figure 111.3.A.). On the other hand, our analysis of nSREBP2 protein levels only demonstrate a

tendency to be decreased after 16h of MPP* treatment. Overall, these results suggest that MPP*
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treatment in neuronal cells increases cholesterol levels, which leads to the retention of SREBPs in the
ER, therefore decreasing their transcriptional activity.
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Figure I1I1.3. MPP* treatment reduces the levels of SREBP1 and SREBP2 truncated forms in N2a
neuroblastoma cells. Western Blot analysis of the SREBP1 (A) and SREBP2 (B) truncated forms after treatment
for 6h or 16h with 250uM or 1mM of MPP*. The representative immunoblots for NSREBP1, nSREBP2 and B-actin
are shown in (C). B-actin was used as loading control and the results are expressed as mean values + SEM of

five different experiments. (**p<0.01; ***p<0.001).
1.3. N2a neuroblastoma cells treated with MPP+ have altered SREBP1 and SREBP2
MRNA levels as well as their respective targets

Given our former results, we decided to verify if the MPP* treatment could also be directly
affecting SREBP mRNA expression levels, besides its maturation process, and if the decrease in
NSREBPs could be affecting mRNA levels of lipogenic and cholesterogenic genes. To this effect, we
decided to quantify mRNA levels of both SREBP1 and SREBP2 and its canonical target genes, by
gPCR analysis, after treating N2a cells with 250uM and 1mM MPP* for 16h, which was the time point
where we observed the most striking changes in the levels of nNSREBP (Figure Ill.4.A and B.). Our
results show that the mRNA levels of SREBP1 are significantly reduced, to about 50% of control
levels, in the cells treated with 250uM MPP* (p<0.01). Likewise, our analysis also demonstrates that
there is a reduction of approximately 25% in the expression of SREBP?2 in cells treated with the same
concentration of MPP* (p<0.05).

Next, we decided to evaluate the mRNA levels of some downstream targets of both SREBP1
and SREBP2, to observe if the overall synthesis of lipids (Figure 111.4.A.) and cholesterol (Figure
111.4.B.) was affected in MPP*-treated cells. Firstly, we could observe that there is an accentuated
downregulation of fatty acid biosynthesis-related genes, as demonstrated by the decrease to

approximately 45% and 35% of control levels, in the mRNA levels of Fas (250uM MPP* p<0.001; 1mM
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MPP* p<0.01), and Scd1 (250uM and 1mM of MPP* p<0.001), respectively. Both genes are well
known to be under the regulation of SREBP1 transcription factor (Amemiva-Kudo et al., 2002;
reviewed in: Shimano, 2000). On the other hand, our gPCR analysis also revealed a decrease in
several known SREBP2 downstream targets. While HMGR expression was clearly declined by 50% at
both MPP* concentrations tested (p<0.001), HMGS and LDLR mRNA levels were also significantly
reduced after 250uM MPP* treatment.
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Figure 1ll.4. MPP* treatment in N2a neuroblastoma cells downregulates SREBP1 and SREBP2 expression,
and their respective targets, in a time-dependent manner. gPCR analysis of the mRNA levels of (A) SREBP1
involved in fatty acids synthesis, and (B) SREBP2 in the biosynthesis and uptake of cholesterol, as well as their
downstream targets, in neuronal cells treated with 250uM or 1mM of MPP* for 16h. mRNA levels of genes of
interest involved in cholesterol transport and storage were also evaluated (C). (D) Time-course analysis in N2a
cells that were treated with 250uM MPP* for 6h or 16h. Normalization was achieved using the internal standard
Eef (eukaryotic translation elongation factor). Data is represented as mean values + SEM from at least five
individual experiments and is expressed as fold induction over control (*p<0.05; *p<0.01; ***p<0.001,
*kkk|
p<0.0001).

We also decided to investigate if the genes involved in transport and storage of cholesterol
were also affected by MPP* treatment, which could also explain why there is an accumulation of
cholesterol within the cells after MPP* treatment (Figure I11.4.C.). Therefore, we determined the mRNA
levels of NPC1 that mediates cholesterol export from lysosomes and is implicated in the lysosomal
storage disease Niemman-Pick type C disease (reviewed in: Wheeler and Sillence, 2019); ACAT1 and
lipase A (LIPA), involved in cholesterol esterification (Chang et al., 1995; Chang et al., 1998) and
hydrolization of cholesteryl esters (reviewed in: Li and Zhang, 2019), respectively; and ApoE, a
apolipoprotein involved in cholesterol export from cells (reviewed in: Poirier, 1994). Our gPCR analysis
revealed that the mRNA levels of genes involved in the transport of cholesterol, namely NPC1 and
ApoE mRNA levels were almost reduced in half after 250uM MPP* (p<0.05), while LIPA expression

was decrease to about 75% of control levels (p<0.05).
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Lastly, we also performed a time-course analysis in N2a neuroblastoma cells treated with
vehicle or 250uM MPP* for 6h, to detect if the changes in the expression of lipid-related proteins,
could be detected earlier during MPP* treatment (Figure 111.4.D.). We observed that the levels of
transcripts for all genes tested (SREBP1, Fas, SREBP2 and HMGS) tended to be already reduced at
6h of treatment but were only significantly decreased at the longer time-point, as previously described.
Thus, our results so far demonstrate that probably due to the decrease in nNSREBPSs levels after MPP*

treatment, the expression of both SREBP and its downstream targets is significantly downregulated.
1.4. MPP* stimulates lysosomal cholesterol accumulation in neuronal cells

Recent studies have suggested that PD shares a number of characteristics with lysosomal
storage disorders such as Gaucher’'s disease (reviewed in: Klein and Mazzulli, 2018). Moreover, a
cohort study discovered that 56% of PD patients have at least one putative damaging variant in a
lysosomal storage disorders gene, and 21% are carrying multiple alleles (Robak et al., 2017). Among
these, NPC1 variants have been identified (Josephs et al., 2004; Kluenemann et al., 2013). Plus, as
previously mentioned, loss of function mutations in either the NPC1 or NPC2 genes gives rise to the
accumulation of unesterified cholesterol in late endosomes/lysosomes due to impaired egress, and
consequently to lysosomal dysfunction and neuronal cell death. Since our results have shown that
MPP* treatment leads to a decrease in NPC1 transcripts, we decided to assess if there were any
changes in intracellular cholesterol distribution. So, once again we treated the N2a cells for 16h with
250uM and 1mM of MPP* and labeled cells with filipin Il and immunostained for LAMP2 (Figure 111.5.).

Filipin 11l from Streptomyces filipinensis is a natural fluorescent antibiotic that only binds to free
cholesterol and allows detecting patterns of cholesterol accumulation (reviewed in: Maxfield and
Wistner, 2012). Meanwhile, labeling lysosomes with LAMP2 allows to determine if cholesterol is
sequestered in the lysosomes.

The microscopy images of filipin 11l staining shows that treatment with 1mM MPP*increases, in
a statistically significant manner, the relative fluorescent per cell in approximately 170% (p<0.05),
which reflects an increase in free cholesterol levels (examples marked by white arrows). Furthermore,
treatment with the neurotoxin increases LAMP2 staining by 55% (p<0.01), which suggested an
increase in the number lysosomes or enlargement of lysosomal (LAMP2-positive) vesicles.
Interestingly, our results also shown there is a tendency for an increase in the co-localization between
filipin Il and LAMP2 staining, which may reflect an accumulation of free cholesterol in lysosomes
(Figure 111.5.D.). These values are interesting not only because they corroborate the increased in free
cholesterol levels determined before using the Amplex Red Cholesterol assay, but also indicate that

the accumulated unesterified cholesterol is in lysosomes.
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Figure lIl.5. MPP* treatment induces unesterified cholesterol accumulation in the LE/LY pathway. (A) N2a
neuroblastoma cells treated with vehicle or 250uM and 1mM of MPP* for 16h. After fixation, cells were labeled
with filipin Il and NucSpot, and immunostained with LAMP2. Images are representative of filipin Il (blue), LAMP2
(red) and nuclei (green), and co-localized pixels of LAMP2 with filipin Il (purple). White arrows mark examples of
enlarged free cholesterol aggregates and increased colocalization of free cholesterol in lysosomes. Scale bar:
100 pm. The quantification of relative fluorescence for filipin Il (B), LAMP2 (C) and colocalization images (D), was
done using the values of average fluorescence normalized to total cell number. Data is represented as fold
induction from control samples in mean values + SEM, from fourteen independent experiences. (*p<0.05;
**p<0.01).

1.5. CCCP treatment does not replicate lysosomal cholesterol accumulation as seen
with MPP*

Drug-induced impairment of mitochondrial function has been shown to elicit stress signaling
pathways that regulate lysosomal biogenesis, and that could eventually be involved on the increase in
cholesterol levels in lysosomes. Therefore, we decided to investigate if our results were due to the
specific use of MPP*, or if other compounds that also caused impairment of mitochondria function had
the same effect in cholesterol accumulation. In order to investigate this premise, we treated N2a
neuroblastoma cells for 16h with vehicle or with 10uM and 20uM of CCCP, which is a mitochondrial
uncoupler vastly used to induce mitophagy (Fernandez-Mosquera et al., 2017), and labeled cells with
filipin Il and immunostained for LAMP2

Interestingly, the relative fluorescence calculated for LAMP2 did not present any statistical

relevant differences between controls and CCCP-treated cells (Figure I11.6.A. and C.). Similarly, when
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observing filipin staining for all samples, we could not observe the distinct phenotype of cholesterol
accumulation (Figure 111.6.A), corroborated by the lack of any significant differences in the average
fluorescent intensity per cell (Figure I11.6.B.). Furthermore, there were also no statistically significant
differences in filipin/LAMP2 colocalization values (Figure 111.6.D).

Altogether, our results show that different mitochondrial drugs used to mimic mitochondrial
oxidative defects, namely MPP* inhibiting complex | and the mitochondrial uncoupler CCCP, led to

different cellular outcomes in terms of neuronal cholesterol accumulation, particularly in the lysosomal

pathway.
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Figure 111.6. CCCP treatment does not induce the accumulation of free cholesterol. (A) The N2a
neuroblastoma cells were treated with DMSO and 10uM or 20uM of CCCP for 16h, fixed and stained with filipin
Ill, NucSpot and immunostained with LAMP2. Images are representative of filipin 1ll (blue), LAMP2 (red), nuclei
(green) and co-localized pixels of filipin 11l and LAMP2 (purple). Scale bar: 100 um. The quantification of relative
fluorescence for filipin 11l (B), LAMP2 (C) and colocalization images (D), was done using the values of average
fluorescence normalized to total cell number. Data is represented as fold induction from control samples in mean
values + SEM, from three different experiences.
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2. Characterization of changes in cholesterol homeostasis in MPTP-treated mice

2.1. Cholesterol levels are not altered in the nigrostriatal region of MPTP-treated mice

After observing changes in cholesterol homeostasis after MPP* treatment in the N2a
neuroblastoma cells, we decided to investigate if similar alterations could be observed in an in vivo
model of PD, in this case mice subjected to MPTP administration. Accordingly, we firstly analyzed
whether MPTP was able to also trigger cholesterol accumulation, using samples of striatum and
midbrain of mice treated with a single i.p. dose of 40mg/kg MPTP or saline, and sacrificed 3h or 6h
after its administration (Figure II.7.). The selected time-point is due to the close temporal correlation
between formation of MPP*, which peaks at 3h after MPTP treatment, and MPP* inhibition of
mitochondrial respiration in the CNS (Saporito et al., 2000). As before, the quantification of total, free

and esterified cholesterol was done via Amplex Red Cholesterol assay.
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Figure IIl.7. MPTP does not alter cholesterol content in mouse midbrain. Quantification of total, free and
esterified cholesterol levels was done using Amplex Red Cholesterol Assay, in samples of striatum (A, C) and
midbrain (B, D) of mice treated with an acute single dose of 40 mg/kg, i.p. of MPTP or saline and sacrificed 3h or
6h after MPTP administration. Results are represented as mean values + SEM in pg/uL of cholesterol per mg of
total protein (A, B) and % of total cholesterol (C, D), and were obtained from four individual experiments.

Our results show that MPTP does not induce any significant changes in the levels of total, free
and esterified cholesterol at the time points analyzed. Since the cholesterol accumulation induced by
MPP* treatment in N2a cells was only observed with longer treatments, it will be interesting to analyze

putative changes in cholesterol levels in mice treated with MPTP for 24h or longer.

2.2. MPTP treatments alters the profile of cholesterol-related genes and proteins in

striatum and midbrain in mice

Since the ER membrane is one of the most cholesterol-poor membranes in cells, small
changes in the ER membrane cholesterol levels, that cannot be measured with Amplex Red
Cholesterol Assay, can rapidly be sensed by the cell, and translated in the activation/ deactivation of

SREBPs. Plus, although MPP*-depend cholesterol accumulation in N2a cells was only observed 16h
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after treatment, at an earlier time point, we could already observe the trend to the decrease in the
mRNA levels of SREBP1, Fas, SREBP2 and HMGS genes (Figure 111.4.D.). Due of this fact, we
decided to use once more the samples of midbrain and striatum from mice treated with an i.p. injection
of 40mg/kg MPTP or saline, and sacrificed 3h or 6h later, and quantified the mRNA levels of various

genes involved in cholesterol biosynthesis, transport and storage, and lipid synthesis by qPCR

analysis (Figure 111.8.).
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Figure II1.8. MPTP treatment affects the mRNA levels of genes involved in synthesis and transport of
lipids in the midbrain and striatum. The mice were treated with a single i.p. injection of 40mg/kg of MPTP or
saline, and sacrificed after 3h or 6h. gPCR analysis of striatum and midbrain show expression levels of proteins
involved in synthesis and uptake of cholesterol (A, B), biosynthesis of fatty acids (C, D), as well as transport and
storage of cholesterol (E, F). Normalization was achieved using the internal standard Eef. Data is represented as
mean values + SEM from at least five independent experiments. (*p<0.05, **p<0.01, ***p<0.001).

In the striatum samples, we can observe that there is a time-dependent decrease in the mRNA
levels of Fas, a SREBP1-target gene, being significantly reduced by 20% (p<0.05), 6h after MPTP
treatment, when compared with controls. Also, NPC1 and ApoE have a significant decrease of 25% in
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their mRNA levels at 6h of MPTP treatment (p<0.05), while LIPA mRNA levels where already
significantly decreased to 75% at 3h (p<0.01), and further reduced to 65% of control values 6h after
MPTP administration (p<0.001).

In the midbrain samples we could observe a similar profile, with a time-dependent significant
decrease in the levels of NPC1 and LIPA transcripts when compared with controls. NPC1 mRNA
expression decreased 55% after 6h of MPTP treatment (p<0.001), while there is a decrease of about
30% in LIPA mRNA levels, in the same samples (p<0.01). Moreover, we could detect a transient but
significant increase in MVK mRNA levels that are increased 1.4 fold over control, 3h after the
treatment (p<0.05), returning to control levels 3h later. On the other hand, LDLR mRNA levels show a
tendency to be already decreased at the shorter time point, reaching a significant decrease of
approximately 50% of control 6h after MPTP treatment (p<0.01).

Interestingly, MPTP administration in vivo, recapitulates in the nigro-striatal pathway, some of
the mRNA changes observed in N2a cells after MPP* treatment, namely a decrease in the expression
of genes involved in fatty acid and cholesterol-related processes, such as Fas, LDLR, NPC1 and
LIPA.

3. Assessment of altered AMPK/mTOR signaling pathway by MPP* treatment in N2a

neuroblastoma cells
3.1. MPP* treatment leads to the activation of the AMPK/ mTOR signaling pathway

Our results so far suggest that mitochondrial dysfunction induced by MPP* leads do an
increase in cellular cholesterol levels, probably due to its accumulation in the endo-lysosomal
pathway. Independently, this interdependence of mitochondria and lysosomes has already been
underscored by other lines of evidence. For instance, it has been shown that under acute
mitochondrial stress, AMPK is activated, promoting autophagosome formation and transcription factor
EB (TFEB)/MITF-dependent lysosomal biogenesis, thus programming the cell to clean-up the
dysfunctional mitochondria (Fernandez-Mosquera et al., 2017). On the other hand, as mentioned
before, AMPK activation results in mTORC1 inhibition (reviewed in: Garcia and Shaw, 2017).
mTORCL1 is a major coordinator of anabolism, promoting the synthesis of proteins, cholesterol, and
nucleotides, among other essential building blocks for cell growth and proliferation (reviewed in:
Laplante and Sabatini, 2012). However, the reach of AMPK goes beyond mTORCL1 because it often
also regulates key enzymes of anabolic pathways. For example, it directly phosphorylates and
negatively regulates HMGCR, the limiting step of the cholesterol synthesis pathway, and represses
the synthesis of fatty acids by phosphorylating ACC (Zhou et al., 2001; reviewed in: Hardie and
Carling, 1997; Garcia and Shaw, 2017).

Thus, we decided to focus in investigating the activation of the AMPK/mTOR signaling
pathway, not only given its importance in regulating lipid metabolism, but also because there were
already various articles describing changes in the activation of this pathway within the context of PD,
namely using the MPP*/MPTP neurotoxin (Choi et al., 2010; Dehay et al., 2010; Arduino et al., 2012;

Sakamoto et al., 2017; Jovanovic-Tucovic et al., 2019). For that reason, N2a cells were treated with
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vehicle or 250uM and 1mM of MPP* for 16h and Western Blot analysis was used to determine the
levels of AMPK, mTOR and also their respective phosphorylated forms as a mean to analyze their

activation (immunoblots represented in Figure 111.9.C.).
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Figure 11.9. MPP* treatment initially stimulates AMPK activation, consequently leading to long-term
inhibition of mTOR in N2a neuroblastoma cells. Western Blot analysis of p-AMPK/AMPK (A) and p-
mTOR/MTOR (B) protein levels ratio after treatment with vehicle or 250uM or 1mM of MPP* for 6h or 16h. (C)
Representative immunoblots for p-AMPK, AMPK, p-mTOR and mTOR. The Amido Black staining was used as
loading control. Data is expressed as mean values + SEM of four different experiments. (*p<0.05; **p<0.01).

As expected, we observed an early and transient phosphorylation of AMPK after MPP*
treatment. Indeed, when neuronal cells were treated with 250uM and 1mM MPP* for 6h, the p-
AMPK/AMPK protein ratio was significantly increased by approximately 2.4 and 3.5 fold, respectively,
when compared with untreated samples (p<0.05). However, AMPK phosphorylation levels return to
basal levels 16h after treatment (1mM MPP* p<0.05).

In contrast, analysis of the phosphorylation levels of mMTOR in the same samples, show a
significant decrease p-mTOR/mTOR ratio 16h after treatment with 250uM MPP*. A similar tendency
was observed when cells were treated with ImM MPP*. Our results may imply that an early activation

of AMPK could be responsible for mTOR inhibition at a later time-point.
3.2. MPP* treatment modifies the expression of several lysosomal proteins

In the previous results, we observed that the MPP* treatment in neuronal cells caused an
increase in cholesterol and LAMP2 levels, and most likely the accumulation of cholesterol within
lysosomes, concomitant with a decrease in NPC1 mRNA levels. As mentioned before, the increase in
LAMP2 could be a consequence of an increase in lysosomal biogenesis, or due to enlargement of
LAMP2-positive vesicles. Activation of lysosomal biogenesis after acute mitochondrial stress, has

been previously shown (Fernandez-Mosquera et al.,, 2017). This was also observed in similar
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pharmacologic models of mitochondrial respiratory chain inhibition in cultured cells, in which AMPK
signaling is necessary for lysosomal biogenesis, by inhibiting mTORC1, which in turn activates TFEB
(Roczniak-Ferguson et al., 2012; Settembre et al., 2012). Plus, our last results, show an activation of
the AMPK/mTOR signaling pathway, consistent with the putative activation of TEFB. Therefore, we
evaluated by gqPCR analysis the mRNA levels of TEFB, and TEFB-lysosomal target genes in N2a
neuroblastoma cells treated with vehicle or with 250uM or 1mM MPP* for 6 or 16h (Figure 111.10.). As
TEFB targets, we selected lysosomal-associated membrane protein 1 (LAMP1), lysosomal-associated
protein transmembrane 5 (LAPTM5); the lysosomal proteases cathepsins S (CTSS) and D (CTSD);
and synaptotagmin-11 (SYT11) which is regulator of endocytosis and vesicle recycling in neurons, and

was identified as a PD-associated gene and a parkin substrate (Wang et al., 2018).
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Figure II1.10. N2a neuroblastoma cells treated with MPP* present altered mRNA levels of multiple
lysosomal proteins. (A) gPCR analysis shows the gene expression of transcription factor EB (TFEB), lysosomal-
associated membrane protein 1 (LAMP1), cathepsin S (CTSS) and D (CTSD), lysosomal-associated protein
transmembrane 5 (LAPTM5), and synaptotagmin-11 (SYT11), in N2a neuroblastoma cells treated with 250uM or
1mM of MPP* for 6h or 16h. (B) gPCR analysis of a time-course response to MPP* in N2a cells treated with
250uM of MPP* during 6h or 16h. Normalization was achieved using the internal standard Eef. Results are
represented as mean values + SEM from at least five individual experiments. (*p<0.05; ***p<0.001).

Surprisingly, our results show a marked reduction in TFEB and SYT11 mRNA levels in
comparison with control samples, independent of the dose of MPP* used. TFEB mRNA levels were
significantly reduced by about 50% (p<0.05), whereas SYT11l decreased approximately 35%
(p<0.001). On the other hand, CTSD mRNA levels in samples treated with 1mM MPP* had an
increase of 2.6 fold, in comparison with control (p<0.05).

Since TFEB-target genes transcriptional activation have been described to be rapidly
increased upon respiratory chain complex | inhibition, eventually returning to baseline levels after 12 h
treatment (Fernandez-Mosquera et al., 2017), we treated N2a cells with vehicle or 250uM MPP*
during 6h (Figure 111.10.B.). Interestingly, after 6h of treatment, TFEB and TFEB-target genes mRNA
levels did not present any statistically significant differences between controls and MPP*-treated cells.

We also decided to evaluate the expression levels of the same lysosomal markers in samples
of midbrain and striatum of mice treated with a single acute injection of 40mg/kg of MPTP or saline,

and sacrificed after 3h and 6h (Figure 111.11.).
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Figure 111.11. MPTP downregulates the expression of various lysosomal markers in the striatum (A) and
midbrain (B) of MPTP-treated mice. The mice were treated with a single acute dose of 40mg/kg MPTP or saline
during 3h or 6h. gPCR analysis shows the gene expression of transcription factor EB (TFEB), lysosomal-
associated membrane protein 1 (LAMP1), cathepsin S (CTSS) and D (CTSD), lysosomal-associated protein
transmembrane 5 (LAPTM5), and synaptotagmin-11 (SYT11). Normalization was achieved using the internal
standard Eef. Results are represented as mean values + SEM from two independent treatments (*p<0.05).

In the striatum, CTSS gene showed a significant decrease in its mMRNA levels after 6h of
MPTP treatment, decreasing to about 80% of vehicle-treated mice (p<0.05). On the other hand,
LAMP1 gene was the only gene to have a statistically significant change in its mRNA levels in the
midbrain MPTP-treated mice, retaining only about 70% of control levels after 6h of treatment (p<0.05).
Our results show that, in contrast to what was initially hypothesized, the activation of AMPK induced

by MPP* does not lead to an increase in lysosomal biogenesis.

3.3. Inhibition of AMPK signaling pathway by compound C did not prevent lysosomal

cholesterol accumulation in MPP*-treated cells

Lastly, to understand if the increase in cholesterol levels induced by MPP* treatment was
related to the previously observed activation of the AMPK/ mTOR pathway, we decided to verify if
blocking the initial activation of AMPK, we could prevent the cholesterol accumulation. The AMPK
inhibitor selected was dorsomorphin or compound C (CC), despite its specificity not being restricted to
this target (reviewed in: Dasgupta and Seibel, 2018), it is still widely used to study the inhibition of
AMPK signaling pathway. To investigate this, we pre-treated N2a cells with or without 20uM of CC for
1 h, following a treatment with 1mM of MPP* for 16h. After, cells were fixed, labelled with filipin and
immunostained for LAMP2 (Figure I11.12.A.).

Surprisingly, CC treatment led to a tendency in increasing lysosomal cholesterol accumulation
in N2a cells, inducing a cellular phenotype of cholesterol storage like MPP* (Figure 111.12.B.).
Moreover, inhibiting AMPK also led to a statistically significant increase LAMP2 average fluorescence
(Figure 111.12.C.). Thus, pre-treating cells with CC in order to block AMPK activation before the MPP*

treatment, does not counteract the MPP*-induced lysosomal cholesterol accumulation.
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Figure 111.12. The AMPK inhibitor Compound C decreases the buildup of free cholesterol in lysosomes
caused by MPP* treatment. (A) N2a neuroblastoma cells were first treated with 20uM of CC or DMSO for 1 h,
followed by 1mM of MPP* for 16h. Then, cells were fixed, labeled with filipin Ill and NucSpot, while
immunostained with LAMP2. Images are representative of filipin 11l (blue), LAMP2 (red), nuclei (green) and co-
localized pixels of filipin 11l and LAMP2 (purple). Scale bar: 100um. The values of average fluorescence
normalized to total cell number were used for quantification of relative fluorescence for filipin 11l (B), LAMP2 (C)
and the colocalization images (D). Data is represented as mean values + SEM from at least three independent
experiences (*p<0.05; ***p<0.001).
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Chapter IV. Discussion

Almost one quarter of all cholesterol in the human body is contained in the CNS, where is
important for the formation of synapses, axonal guidance, dendrite outgrowth and synthesis of myelin.
Given its role in maintaining normal brain function, it is known that alterations in cholesterol
homeostasis can lead to neurodegeneration or even the onset of neurodegenerative diseases. The
use of neurotoxins that cause PD-like mitochondrial dysfunction has proven successful in finding
potential disease-modifying targets. Thus, during this thesis, we decided to explore how mitochondrial
dysfunction caused by MPTP/MPP*, a widely used neurotoxin for research of PD, could affect
cholesterol homeostasis and if such changes would be beneficial or detrimental for the development of
the disease.

Our results showcase a correlation between the three pathologic mechanisms in the context of
PD, namely mitochondrial dysfunction, intracellular cholesterol accumulation, and eventually
impairment in clearance mechanisms. By quantifying the levels of total, free and esterified cholesterol,
we show that MPP* treatment in neuroblastoma cells leads to cholesterol accumulation in a dose and
time-dependent manner, and that cholesterol accumulated mainly in late endosomes/ lysosomes.
Previous reports have already explored the interdependence of cholesterol accumulation and altered
lysosomal function in other pathologic contexts. For instance, fibroblasts with a mutation in the NPC1
gene, or treated with U18666A, both causing overload of cholesterol in late endosomes/ lysosomes
characteristic of Niemman’s Pick Type C disease, have overall increased cholesterol levels, and
lysosomal dysfunction (Sobo et al.,, 2007). Plus, several in vitro models of heterozygous and
homozygous GBA1 mutations, which increase the risk for the development of PD, present lysosomal
dysfunction accompanied by increased total cholesterol levels when compared to wild type GBA1
cells, as well as increased levels of cholesterol esters (Magalhaes et al., 2016). Interestingly, a
previous study had already reported lysosomal cholesterol accumulation in MPP*-treated BE(2)-M17
neuroblastoma cells (Eriksson et al., 2017).

In parallel to an increase in cholesterol levels, we observed, for the first time, that MPP*
treatment leads to a decrease in SREBPs expression and transcriptional activity that appear to be a
feedback response to the rise in intracellular cholesterol levels, as well as the downregulation of some
of their downstream targets. Amongst these genes, we observed a significant decrease in the mRNA
levels of HMGR, which codes for the rate-limiting enzyme of cholesterol synthesis. Besides being
transcriptionally regulated by SREBP2, HMGR is also directly post-transcriptionally regulated by the
intracellular sterol content, sensed by an SDD maotif. Interestingly, our results match a previous study
that had reported decreased cholesterol biosynthetic capability in skin fibroblasts of PD patients,
accessed by measuring the activity of HMGR. In the same study, it was also reported reduced
cholesterol esterifying activity (Musanti et al., 1993). However, we only observed a tendency to have
decreased mRNA levels of ACAT1 when N2a cells were treated with ImM MPP* for 16h.
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In addition, gene expression analysis revealed that LDLR, NPC1 and ApoE mRNA levels in
MPP*-treated cells were all significantly reduced, hinting for mitochondrial dysfunction as a trigger for
cholesterol trafficking impairment. Moreover, altered cholesterol trafficking could also be a mechanism
involved in neurodegeneration caused by administration of MPTP in in vivo models, since we
observed that the midbrain and striatum of MPTP-treated mice also had altered mRNA levels of NPC1
and LIPA (in striatum and midbrain), ApoE (in striatum for 6h) and LDLR (in midbrain) expression.
However, it is to mention that at the early time-points analyzed, MPTP treatment did not led to any
statistically significant differences in the levels of cholesterol in the midbrain and striatum of MPTP-
treated mice. Conversely, we observed accumulation of cholesterol in neuronal cells with more
prolonged time of treatment. Therefore, we hypothesize that the long-term inhibition of mitochondrial
complex | and the extended dysfunctional cholesterol trafficking are important factors contributing to
the rise in cholesterol content.

Afterwards, we also decided to evaluate if MPP* treatment in neuronal cells activated AMPK/
mTOR signaling pathway, and if its activation could be somehow responsible for the phenotypic
changes observed, such as the increase in LAMP2 levels and lysosomal cholesterol accumulation. As
mentioned before, AMPK has an important role in regulating the metabolic state of the cell, by favoring
mechanisms that would originate energy, such as glucose uptake and fatty acid pB-oxidation,
suppressing various energy-dispendious processes, like synthesis of proteins (reviewed in: Garcia and
Shaw, 2017). To block the latter, AMPK phosphorylates and inhibits the activity of mTORC1, slowing
down the synthesis of fatty acids and cholesterol, since mMTORC1 has been shown to regulate the
activity of SREBP1 (Peterson et al., 2011) and SREBP2 (Eid et al., 2017). In an mTORC1-
independent manner, AMPK was also described to intervene directly in the inhibition of lipid synthesis
by direct phosphorylation of SREBPs, ACC1 and HMGR (Zhou et al., 2001; Li et al., 2011, reviewed
in: Hardie and Carling, 1997; Garcia and Shaw, 2017). Recurring to Western Blot analysis of total and
phosphorylated forms of AMPK and mTORC1 proteins, we observed that MPP* treatment in neuronal
cells triggered an early activation of AMPK, 6h after MPP* treatment. These results were expected,
since AMPK is known to be activated during stressful conditions like oxidative stress, which is a
common outcome following MPP*-derived mitochondrial dysfunction. Corroborating, SH-SY5Y cells
treated with 2mM MPP* were reported to also have increased levels of p-AMPK as soon as only 2h
after treatment. Conversely, AMPK activation was prevented by pre-treatment with antioxidants (N-
acetylcysteine and butylated hydroxyanisole). Thus, MPP*-derived production of ROS contributes
directly to AMPK activation (Jovanovic-Tucovic et al., 2019). The relation of mitochondrial defects and
alterations in the autophagic system, which are regulated by AMPK activation, is also well
documented. For example, hybrid cells harboring sPD patient mitochondria, with decreased complex |
function, presented impaired autophagic activity marked by the excessive accumulation of
autophagosomes (Arduino et al., 2012). Likewise, it was observed that MPP*-treated BE-M17 cells
had a dose-dependent accumulation of undegraded autophagosomes, preceding cell death.
Interestingly, the reduced autophagic flux was attributed to a consequence of lysosomal membrane
permeabilization, directly associated with the formation of ROS caused by the MPP*-inhibition of the

mitochondrial electron chain transport (Dehay et al., 2010). Independently, knockout models of various
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genes coding for mitochondrial proteins also displayed increased number and larger dysfunctional
lysosomes by a ROS-dependent mechanism (Demers-Lamarche et al., 2016). Therefore, it is
plausible that MPP*-inhibition of mitochondrial complex | leads to the generation of ROS, which will
affect AMPK phosphorylation and affect permeabilization of lysosomal membranes. As a result, the
number of dysfunctional lysosomes on the cell increases, which could underlie the rise in intracellular
cholesterol levels.

Additionally, we observed inhibition of mMTOR activity after 16h of MPP* treatment, which we
proposed to be related to the initial activation of AMPK. We anticipated these results, because
treatment with rotenone, another drug used in studies of PD given its effect on blocking complex | of
mitochondria, lead to a time and dose-dependent inhibition of mMTORC1 phosphorylation in primary
cortical mice neurons (Zhou et al., 2015). Plus, in another study using SH-SY5Y cells, MPP* triggered
an early AMPK activation within 2h, while mTORCL1 inhibition was delayed until 16h after treatment
(Jovanovic-Tucovic et al., 2019).

Interestingly, fibroblasts heterozygous and homozygous mutants of GBA1 that displayed, as
mentioned previously, increased levels of cholesterol and number lysosomes, also had lower levels of
p-70S6K1, a mTORCL1 downstream target, than fibroblasts wild type GBA1 (Magalhaes et al., 2016).
Likewise, cells knockout for pl18, which belongs to a scaffold complex necessary for mTORCL1
activation, or cells re-expressing pl18 but treated with rapamycin, a known mTORCL1 inhibitor that
stimulates autophagy, also reported a rise in cholesterol content attributed to the accumulation of late
endosomes that would accommodate cholesterol (Takahashi et al., 2012). More so, an active
mMTORCL1 has been shown to stimulate the expression and maturation of SREBP-1c and SREBP2
(Peterson et al., 2011; Eid et al., 2017), and in our results we observe a decreased expression of
SREBP1/2 expression, as well as their downstream targets, leading to reduced synthesis of both fatty
acids and cholesterol. Thus, given these lines of evidence, we propose that mTORCL1 inhibition after
MPP* treatment is related to the observed increased levels of cholesterol, lysosomal cholesterol
accumulation, and lastly, the reduced lipid biosynthesis.

Because we previously detected an initial phosphorylation of AMPK that could be responsible
for the later mTORCL1 suppression, we decided to see if by blocking AMPK activity, we could prevent
the alterations in cholesterol content. Despite our hypothesis, we observed that pre-treating cells with
compound C, a common AMPK inhibitor, did not prevent the MPP*-induced lysosomal cholesterol
accumulation. However, it is to mention that, compound C is also a potent inhibitor of other kinases,
and so our results cannot be attributed only to blocking AMPK function (reviewed in: Dasgupta and
Seibel, 2018).

Both lysosomes biogenesis and the autophagic processes, which are involved in MPP*-
dependent neurodegeneration, are regulated by the transcription factor EB (TFEB) (Sardiello et al.,
2009; Settembre et al., 2011). Under physiologic conditions, TFEB is a basic helix-loop-helix leucine
zipper transcription factor that remains in close association with lysosomes membranes due to
phosphorylation by mTORC1. However, during stress-conditions, where AMPK suppresses mTORC1
activity, this kinase can longer confine TFEB location. This results in TFEB migration to the nucleus,

where it will stimulate the expression of various proteins involved in lysosomal function (Roczniak-
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Ferguson et al., 2012; Settembre et al., 2012). Overall, AMPK promotes the autophagic process by
three different mechanisms. Firstly, AMPK starts the macroautophagic signaling cascade through the
direct activation of UNC-51 like autophagy activating kinase (ULK1) and by blocking mTORC1, which
could also function as ULK1 inhibitor (Lee et al., 2010; Kim et al., 2011). After, ULK1 phosphorylates
Beclin-1, leading the formation of autophagosomes (Russell et al., 2013). Secondly, both the
mitochondrial stress and AMPK are responsible for increasing the transcriptional activity of TFEB, thus
inducing the formation of lysosomes that will merge with the newly made autophagosomes
(Fernandez-Mosquera et al., 2017; reviewed in: Curry et al., 2018). Once again, since we observed
AMPK activation after 6h of treatment, we also expected that TFEB and TFEB-target expression could
be increased for the same time-point. Nevertheless, we did not observe any statistically significant
differences between MPP*-treated cells and controls, meaning that the activation of AMPK was not
leading to an increase in lysosomal biogenesis. Plus, we detected a down-regulation of TFEB and its
lysosomal targets at a later time-point. This has been observed in cells treated with rotenone and the
mitochondrial uncoupler CCCP, indicating that the extended inhibition of mitochondrial function
suppresses lysosomal biogenesis (Fernandez-Mosquera et al., 2017). Yet, when we treated neuronal
cells with CCCP to investigate if different mitochondrial drugs, that lead to oxidative stress, could
mimic similar lysosomal cholesterol accumulation as MPP*, we observed that this particular outcome
was specific to the neurotoxin-inhibition of the mitochondrial complex I. Interestingly, AMPK was found
to be a molecular target of methyl-B-cyclodextrin, which is a compound used to deplete cholesterol
from cells and has an effect in ameliorating cholesterol accumulation in lysosomes in NPC1 mutants
(Dai et al., 2017).

In summary, we demonstrate that mitochondria dysfunction leads to downregulation of
SREBPs expression and activity in neuronal cells. Given their role in regulating fatty acids and
cholesterol biosynthesis and the profound alterations in sterol homeostasis observed after MPP*
treatment, we suggest that targeting SREBP could be beneficial in PD. Specially, since SREBF1,
SREBP1-coding gene, was previously identified as a risk factor for the disease (Do et al. 2011), and
even a regulator of mitophagy (Ivatt et al., 2014). Similarly, SREBP2 was also discovered to stimulate
expression of some autophagic genes (Seo et al., 2011), and overexpression of SREBP2 restored
some of the autophagic dysfunction in fat-overloaded hepatocytes (Cheng et al., 2018). Thus, with this
line of evidence, it would be interestingly to evaluate if the overexpression of either SREBP1 or
SREBP2 could ameliorate mitochondria function and cell survival, by analyzing ATP levels and cell
death parameters. We are also interested in investigating the role of SREBP1 in mitophagy, which
could be done by accessing the stabilization of PINK1 in cells overexpressing SREBP1 and subjected
to MPP* treatment.

Furthermore, we discovered that the inhibition of mitochondrial complex | leads to lysosomal
dysfunction and reduced NPC1 expression, further supporting previous reports that suggest PD as a
lysosomal storage disorder, similar to Gaucher’s disease (reviewed in: Klein and Mazzulli, 2018).
Indeed, it was shown that 56% of PD patients presented at least one putative damaging variant in a
lysosomal storage disorders gene, and 21% carried multiple alleles (Robak et al., 2017). These

include GBA1 mutations, which are considered the greatest risk factor for developing PD (Sidransky et
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al., 2009), and even NPC1 variants (Josephs et al., 2004; Kluenemann et al., 2013). Although the
clear association between the NPC1 gene and PD remains unknow (Deng et al., 2014), based on our
results, we proposed continuing investigating NPC1 as another risk factor for PD. Therefore, it would
be interesting to determine if heterozygous mice for the NPC1 mutated gene, which to not present a
clinical NPC phenotype, are more or less susceptible to MPTP treatment.

We also found evidence that MPP* treatment in neuronal cells signals the activation of AMPK/
mTOR signaling pathway. Thus, it would be interesting to overexpress TEFB in MPP*-treated cells
and observe if this could prevent the alterations in cholesterol homeostasis and modulate cholesterol
levels by overexpressing SREBP1/2, and analyze also lysosomal biogenesis. Indeed, overexpression
of TFEB plasmid in BE-M17 cells was capable of attenuating MPP*-induced cell death by promoting
the formation of lysosomes (Dehay et al., 2010).

Lastly, although we failed to observe if the role of cholesterol could be beneficial or detrimental
to development of PD, based on our results and other evidence already presented, we propose that
the changes in cholesterol homeostasis observed, such as the increase in cholesterol levels, are

actually contributing to the propagation of toxicity after MPP*-induced mitochondrial dysfunction.
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