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1. INTRODUCTION



1.1 PARKINSON’S DISEASE

Parkinson’s disease (PD) is the second most common neurological
disorder described for the first time in the 1817by James Parkinson in
“An essay on the on the shaking palsy”. PD is mainly characterized by
death of dopaminergic neurons in the Substantia Nigra pars compacta
(SNpc) which neurons form the nigrostriatal pathway, this results in a
decrease in dopamine levels.

The cell bodies of nigrostriatal neurons located in the SNpc, project
primarily to the putamen and normally contain substantial amounts of
neuro-melani. Loss of these neurons produces the classic gross
neuropathological finding of SNpc depigmentation. At the onset of PD
symptomatology, roughly 80% of DA in the putamen is depleted, and
60% of SNpc dopaminergic neurons have already been lost. Mesolimbic
dopaminergic neurons, whose cell bodies reside adjacent to the SNpc in
the Ventral Tegmental Area (VTA), are much less affected in PD. The two
primary efferent fiber projections of the VTA are the mesocortical and
the mesolimbic pathways, which correspond to the prefrontal cortex and
nucleus accumbens respectively and consequently there is significantly

less DA depletion in these neurons?. (Figure 1)
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Figure 1: Schematic representation of the differences between the normal nigrostriatal pathway (A) and in

Parkinson's disease (B)

The trend of PD incidence is increasing. Some studies have shown a 118%
increase in cases from 1990 to 2015, counting about 6.2 million affected
people, and it is estimated that around 2040 this number will increase to
12 million, mainly due to fact that the disease is clearly related to the
increase in longevity.?

Aging is the first risk factor for the disease development, and, in fact, with
advancing age, the prevalence of PD increases tenfold between the ages
of 50 and 80 3.

PD is usually associated with a Lewy bodies, cytoplasmic inclusions
formed by alpha-synuclein and lipid aggregates which together with
motor symptoms suggest the final diagnosis of the disease®.
Bradykinesia, muscular rigidity, dystonia, resting tremor or postural
instability are the first requisite for the diagnosis °. Usually, before motor
symptoms, are present non-motor symptoms like disturbances in
autonomic function, sensory symptoms, sleep, cognitive and psychiatric

disturbances *.



1.2 TREATMENTS

Currently, targeted surgical therapies such as gene therapy, neural
transplantation, and nanotechnology are very promising, but need
further consideration of safety and efficacy in animal models before
moving into clinical trials. However, the surgical treatment called DBS
(Deep Brain Stimulation) provides a significant improvement in the
motor symptoms of Parkinson's disease and relief from the motor
complications of pharmacological treatments®.

Pharmacologic treatments with regard to Parkinson's disease target
motor symptoms only. These primarily include dopaminergic and non-
dopaminergic therapies. Dopaminergic drugs, used for decades, now
include levodopa or levodopa plus, catechol-O-methyl transferase
(COMT) inhibitors, dopa-decarboxylase inhibitors (DDC-I), monoamine
oxidase type B (MAO-B) inhibitors, and DA agonists and non-

dopaminergic drugs.

Levodopa

DA is synthesized from L-3,4-dihydroxyphenylalanine (L-dopa) resulting
from the hydroxylation of tyrosine. This pathway leads to the synthesis
of DA in its first stage and finally to the synthesis of other
catecholamines, such as norepinephrine and adrenaline, by the action of
L-amino acid aromatic decarboxylase’.

In 1970, after several studies, the US Food and Drug Administration
approved Levodopa as a treatment for PD’.

Levodopa is the most potent drug for the treatment of motor symptoms

of PD. Levodopa is actively absorbed in the proximal small intestine



where it is metabolized by L-amino acid aromatic decarboxylase (AADC),
for this reason the treatment is combined with an AADC inhibitor such as
carbidopa®.

However, there is about a 40% chance of developing motor
complications after about 6 years of levodopa treatment®.

Pulsatile stimulation, because of the short half-life and rapid catabolism
of DA, leads to intermittent delivery to dopamine receptors®.
Formulation of levodopa and DDC-I (benserazide and carbidopa are
currently used) may reduce peripheral levodopa degradation and
consequently DAergic side effects!’.

Several new levodopa formulations, such as IPX066, have been
developed to optimize the plasma concentration of Levodopa, most of
which are able to reduce the withdrawal time and frequency of levodopa
use, or increase the time of intake without troublesome dyskinesias?*?.
Several methods of administration such as continuous intestinal and
subcutaneous infusion and inhalable formulation are currently being

developed?®?.

Figure 2: Levodopa 3D structure (https://pubchem.ncbi.nlm.nih.gov/compound/6047)



COMT Inhibitors

COMT is an enzyme involved in the peripheral metabolism of levodopa.
Its inhibitors are always used in triple combination with levodopa and
carbidopa. Entacapone may lead to improved motility; Stalevo®, a tablet
consisting of LD/CD and entacapone, may provide a more stable plasma
level of levodopa and persistent stimulation of DA receptors in the

striatum; Nebicapone, a COMT inhibitor apparently more effective than

entacapone, is in phase 3 clinical trials!?.

MAO-B Inhibitors

MAO-B are essential in DA metabolism in the brain, in fact it can be used
as monotherapy especially in the early stage of the disease or in
combination with levodopa. Selegiline, the first MAO-B inhibitor used in
PD, has been shown to delay the need for levodopa treatment by slowing

the progression of PD®.

DA Receptor Agonists

DA receptor agonists are commonly used drugs for PD but cause many
adverse effects that include hypotension, hallucinations ,nausea,
vomiting, compulsive  shopping, compulsive shopping, and

hypersexuality 4.

Anticholinergics

Anticholinergic drugs such as trihexyphenidyl, benztropine are often

used in the treatment of tremors although the clinical use of



anticholinergics is limited due to the obvious adverse effects, which far

outweigh even the therapeutic benefits!2.

Amantadine

Amantadine, developed as an antiviral drug, it was discovered by
accident that is capable of improving parkinsonian symptoms, especially

balance and gait!2.

Cannabis

Cannabis could be an alternative therapy for PD since in a small
controlled study, 30 minutes after smoking cannabis, there was a
significant reduction in tremor, bradykinesia and rigidity, but still

requires verification through further studies®.



1.3 ETIOLOGY

Both environmental and genetics factors play a critical role in the

pathogenesis of PD.

1.3.1 ENVIRONMENTAL FACTORS

The first evidence for the involvement of external factors in PD
development was provided by the parkinsonism induced by the
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)%®. The
toxin is capable of triggering metabolic reactions that culminate in the
neuronal death’.

The structure of MPTP is similar to that of meperidine produced as a
byproduct in the process of 1-methyl-4-phenyl-propionoxy-piperidine
synthesis. In vivo experiments show that once this toxin is injected it is
capable of crossing the blood-brain barrier (BBB) and reaching the
central nervous system (CNS) probably due to its lipophilicity. In the CNS,
the enzyme monoamine oxidase type B (MAO-B) secreted by astrocytes
converts MPTP to 1-methyl-4-phenyl-2,3-dihydropyridine, an
intermediate  metabolite, and subsequently to 1-methyl-4-
phenylpyridinium (MPP+), the final toxic metabolite. MPP+ which is the
active neurotoxin is a polar compound and as such cannot cross the BBB,
indicating that it acts at the cellular level.

MPP+ selectively enters noradrenergic (NE) and dopaminergic (DA)
neurons by transporters, NE transporter and DA transporter (DAT),
respectively. In the NE/DA nerve cell, MPP+ is able to form a complex
with neuromelanin in the axoplasm that is transported by the vesicular

monoamine transporter type 2 (VMAT-2) and stored in synaptosomal
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vesicles. MPP+ accumulates in synaptosomal vesicles to the point where
cell death of nigrostriatal DA neurons occurs in the SNpc and striatum®8,
MPP+ is also capable of inhibiting respiratory chain complex 1 in
mitochondria by inducing a decrease in the expression of anti-apoptotic
proteins, such as Bcl2. Stabilization of the electron transport chain and
blockage of ATP synthesis increases the production of reactive oxygen
species (ROS) leading to the opening of mitochondrial transition pores.
As a result, cytochrome Cis released from the mitochondrion and forms
a complex with pro-caspase-9 and apoptosis protease activation factor-
1. The formed complex activates caspase-9 and downstream caspases
resulting in apoptosis and ultimately nigrostriatal DA cell death in the
SNpc and striatum?,

Epidemiological studies on the relationship between PD, rural life and
farm works have suggested the importance of pesticides as a significant
cause of the disease?®. Paraquat, Rotenone and several dithiocarbamates
and organochlorines exposure, active or passive, are associated with
manifestation of the disease %°.

Rotenone is an organic molecule originally thought to be non-toxic to
humans but now, it is well established that it is a mitochondrial toxin able
to inhibit Complex | of the electron transport chain?® causing
neurodegeneration of dopaminergic neurons?.

Exposure to Paraquat herbicide causes an increase of alpha-synuclein
level in mice and aggregate formation . Moreover, mice treated with
injections of Paraquat shown a loss of dopaminergic neurons in SNpc,
strongly supporting the conclusion that Paraquat induces the
dopaminergic degeneration typically observed in PD?.

Interestingly, Rotenone and Paraquat molecules have a chemical

structure similar to MPTP 2.
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Recent studies are focusing on a new class of household pesticides like
Pyrethroids. Preliminary results suggest that Pyrethroids are capable of
increasing dopamine transporter-mediate uptake?® thus causing indirect

apoptosis of dopaminergic cells?’.

1.3.2 GENETIC FACTORS

Until 1997, PD was considered a disease purely caused by environmental
factors; while the discovery of mutation in SNCA, encoding alpha-
synuclein, allowed to highlight hereditable components 8. After that
many other genes are identified to be cause of PD%°.

Among them, mutations in SNCA and LRRK2 are associated at autosomal
dominant forms of PD while PARKIN, PINK1 and DJ1 mutations are typical

of autosomal recessive forms %°.

a-Synuclein: SNCA (PARK1-PARK4)

SNCA gene has been mapped in 4g21- 22 region3® and encodes at least
four different a-synuclein isoforms through alternative splicing Isoforms.
The isoforms composed of fewer amino acids have a higher aggregation
potential leading to the formation of amyloid fibrils 31.

In 1997 Polymeropoulos et all. identified, through linkage analysis in an
Italian family and three Greek families, the A53T point mutation
implicated in the disease.3?

In the same vyear Spillantini et al. discovered that Lewy bodies,
characteristic of PD, are mainly composed of a-synuclein aggregates. In

particular, they stained tissue sections of the Substantia Nigra with a
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specific serum against a-synuclein and they obtained a strong staining in
Lewy bodies demonstrating the high content of a-synuclein 33.
Following this discovery, two further point mutations, A30P and E46K,
were identified, as well as duplications and triplications of the SNCA gene
although these mutations are rare in familial forms of autosomal
dominant PD 34,

Currently several mutations in SNCA such as A18T, A29S, A30P, A30G,
E46K, G51D, H50Q, A53E, A53T, and A53V have been linked to familial
parkinsonism in addition to triplication and duplication of the SNCA gene
locus. Triplication and duplication are of particular interest since strongly
demonstrate that overexpression of a-synuclein alone can lead to
disease®.

Moreover, post-transcriptional mechanisms acting on SNCA transcripts,
such as the use of alternative start sites and variable UTR lengths are
associated with PD%,

a-synuclein is a protein (14kD) expressed at presynaptic terminals in the
brain and it is characterized by a lysine-rich amphipathic amino terminal,
an acidic carboxylic terminal, and a central region that contains a highly
hydrophobic motif including amino acid residues (NAC domain)3®.

The frequent form of a-synuclein is thought to be monomeric and is
found in the cytoplasm of neuronal cells, whereas under pathological
conditions a-synuclein is thought to form oligomers. Spontaneous
conversion of soluble unfolded a-synuclein monomers into aggregates
leads to accumulation of a-syn in neurons®. Although a-synuclein
physiological function is still cryptic, a-synuclein seems to play a critical
role of modulating neuronal stability by acting on presynaptic signaling

and vesicular trafficking 3’. The physiological role of a-synuclein seems
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related to lipid and membrane proteins interactions to regulate synaptic
plasticity and neurotransmitter release.

The most important partners of a-syn, are the soluble N-ethylmaleimide-
sensitive factor (NSF) receptor attachment proteins (SNAREs), which
represent the most important mediators in vesicle trafficking and
membrane fusion. Cooperation between a-syn proteins and SNAREs
allows careful regulation of synaptic plasticity and neurotransmitter
release®.

a-syn helps stabilize the SNARE complex, which mediates SV fusion with
the presynaptic plasma membrane (PM) during neurotransmission, by
binding directly to the N-terminal domain of VAMP2 through a short
sequence in its C-terminal domain (residues 96-100). The SNARE complex
is composed of the target-SNARE (t-SNARE) Syntaxin-1 and SNAP25
(synaptosome associated protein-25) located on the PM and the
vesicular-SNARE  (v-SNARE)  synaptobrevin2/VAMP2 located in
membrane vesicles®.

Many studies have reported that a-synuclein within LBs undergoes
several posttranslational modifications, including phosphorylation,
cross-linking, ubiquitination, nitration, and truncation; it is very likely
that these modifications play an important role in regulating a-synuclein
aggregation and toxicity in vivo. Phosphorylation at residue S129 (pS129)
and its possible implication on a-synuclein-induced neurodegeneration
are of particular interest. Indeed, while a large accumulation of pS129
has been observed in the brains of patients with synucleinopathies,
under normal conditions only a small fraction of a-synuclein is
constitutively phosphorylated at S129 in the brain. These results support

the hypothesis that phosphorylation at S129 could play an important role
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in the control of normal a-synuclein functions, as well as neurotoxicity,
regulating its aggregation, and LB formation.38.

A substantial portion of a-synuclein in cells is associated with the
mitochondrial and synaptic vesicles membrane and it is subject to
phosphorylation by membrane-associated kinases, the G protein-
coupled receptor kinases (GRKs). A crucial role of membrane-associated
a-synuclein phosphorylation is the regulation of neurotransmitter
uptake, particularly dopamine3®. Recently, overexpression of Polo-like
kinase 2 (PLK2), the major kinase responsible for a-synuclein
phosphorylation in the brain, has been shown to increase a-synuclein
turnover through the autophagic degradation pathway, a cellular process
unique to the synuclein (a- and B-synuclein). The PLK2-mediated
clearance of a-synuclein represents a new opportunity for the
development of therapeutic strategies for the treatment of PD that aim
to reduce, specifically, toxic levels of a-synuclein®.

Further studies showed that the unphosphorylated a-synuclein peptide
interacts primarily with proteins related to mitochondrial electron
transport whereas the phosphorylated peptide has more affinity for
some cytoskeletal proteins and presynaptic proteins implicated in
synapse transmission and vesicle trafficking3®. The C-terminal region of
a-synuclein has been shown to be involved in the interaction with the
Rab GTPase (Rab8a), a small guanine nucleotide-binding protein
implicated in the coordination of vesicle trafficking3. Phosphorylation at
S129 promotes a-synuclein binding to Rab8a and modulates Rab8a-
mediated a-synuclein toxicity. These observations suggest that pS129
might serve as a molecular switch to control the interaction of a-

synuclein with different protein partners and thereby modulate its

functions3?.
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PARKIN (PARK2)

Parkin is a large gene in the human genome, mapping 1.38Mb and
composed in 12 exons 3. Parkin gene is organized in an N-terminal
ubiquitin like domain (Ubl), and four zinc-coordinating RING like
domains (RINGO, RING1, IBR, RING2),

Mutations in parkin gene are one of the genetic causes of autosomal
recessive early onset PD*L.

Parkin is widely expressed throughout the brain and has multiple
neuroprotective functions, such as maintaining of the ubiquitin-
proteasome system and mitochondrial metabolism*?. Indeed, parkin
plays an essential role in ubiquitin-mediated degradation of misfolded or
damaged proteins and removal of dysfunctional mitochondria through
mitophagy*2.

Parkin functions as an E3-ubiquitin ligase that is involved in
monoubiquitylation and multiple monoubiquitylation as well as

polubiquitylation*2.

Ubiquitin carboxyl-terminal esterase L1: UCHL-1 (PARK5)

UCHL1 (PARKS5) stands for ubiquitin carboxy-terminal hydrolyase L1 that
already suggests a function of the protein. The 193M mutation in this
gene has been identified in PD affected members of a single family of
German origin. Whether UCHL1 is indeed a causative or susceptibility
gene is still unclear. Remarkably, loss of UCHL1 function leads to
neurodegeneration in mice®.

UCHL-1 is an enzyme present at high levels in the brain and its function
could be related to the recycling of polymeric ubiquitin and its conversion

into monomeric units. Mutations in the PARKS5 gene causes a reduction
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in the enzymatic activity of UCHL-1 causing an alteration in proteasome

activity 4.

PTEN-induced kinase 1: PINK-1 (PARK6)

PINK-1 is a 581 amino acid ubiquitous protein and most of the mutations
identified are located in the kinase domain, pointing the importance of
PINK1 enzymatic activity in the pathogenesis of PD%.

PINK1 is a Ser/Thr protein kinase localized at mitochondrial level. PINK1
has been identified as a ubiquitin kinase that activates Parkin in response
to mitochondrial dysfunction.

Studies in drosophila with PINK1 or Parkin deficiency have shown a very
similar phenotype: they present morphological abnormalities of
mitochondria in muscle and gonadal cells and muscle degeneration.
These observations indicate that Parkin and PINK1 may be on the same
mitochondrial signaling pathway?®.

Furthermore, it has been shown that the mutant phenotype of PINK1-
deficient drosophila can be rescued by Parkin overexpression
demonstrating that Parkin acts downstream of PINK1. The PINK1-Parkin
axis is linked to early-onset PD, as demonstrated by its discovery through
disease-causing mutations. Nevertheless, it remains unclear whether it is

involved in sporadic PD%.

DJ-1 (PARK7)

The DJ-1 gene contains eight exons on chromosome 1p36 and encodes
for a 189-amino acid protein, spans 24 Kb, and is conserved and
ubiquitously expressed. Normally, the wild-type DJ1 protein is a

homodimer, is distributed intracellularly between nucleus or cytoplasm,
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and can increase in response to endogenously produced reactive oxygen
species (ROS), most probably through activation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase*. In fact, the oxidative
modification of Cys106 of DJ1 has been suggested to allow DJ-1 to act as
a sensor of cellular redox homeostasis and to participate in
cytoprotective signaling pathways in the cell. All these results support

the idea that oxidative stress is an essential factor in PD pathogenesis #.

Leucine Rich Repeat kinase 2: LRRK2 (PARKS8)

The PARKS8 locus was first identified in a large Japanese family affected
by autosomal dominant parkinsonism. Subsequent studies showed that
the original family had a mutation in the leucine-rich repeat kinase 2
(LRRK2) gene®®49:>0,

Shortly thereafter, mutations in LRRK2 gene were found to have a
significant impact in familial and sporadic PD, and hundreds of nonsense
or missense genetic variations in the LRRK2 locus have been identified %°.
Approximately 100 mutations in this gene have been discovered, but
only six have been strongly associated with the disease: G2019S,
R1441C/G/H, Y1699C, and 12020T>! (Figure 3).

G2019S and R1441C are the prevalent mutations and are responsible for
up to ~30% of inherited PD cases in certain populations, and up to 2.5-
10% of sporadic PD cases, respectively®.

The penetrance range of the G2019S mutation increases from 17% at age
50 years to 85% at age 70 years while the R1441C mutation has been
shown to have lower penetrance®,

LRRK2 is a 286-kDa protein composed of seven sequential domains:

armadillo repeat motif (ARM), ankyrin repeat (ANK), leucine-rich repeat
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(LRR), ras-of-complex (ROC), C-terminal of ROC (COR), kinase (KIN), and
WD40 domains.>®

The Armadillo repeat motif (ARM) domain is organized in 3 a-helixes and
is composed by a repeated 42 amino acids. The armadillo domain is an
actor for several protein interactions.

The ankyrin repeat (ANK) domain is composed of seven ankyrin repeats,
each of which forms two antiparallel helices followed by a beta hairpin
loop, which stack together to form a curved structure in the ankyrin
repeat domain. Ankyrin repeats are found in both eukaryotic proteins
and bacterial, including transcription factor cytoskeletal proteins,
signaling proteins, and cell cycle regulators >*.

Thirteen LRRs were identified in LRRK2 that form a B-strand followed by
an a-helix. The helices align side by side to form an arc structure classified
as an LRR domain. LRR domains can interact with different proteins
through binding to their extended solvent-accessible surface®>.

The WD40 domain of LRRK2 is composed of seven WD40 repeats. It is
possible that the seven-bladed helix forms a rigid structure useful for
reversible interaction with proteins. WD40 domains are common in
proteins that have different functions, including the GB subunit of
heterotrimeric G proteins, protein phosphatase subunits, cytoskeletal
assembly proteins transcriptional regulators, RNA processing complexes,
and proteins involved in vesicle formation and trafficking>°.

Recent studies have shown that the WD40 domain is required both to
stabilize the LRRK2 dimer and to modulate the LRRK2 kinase activity but
the role of this domain in the physiological and pathological function of
LRRK2 has not yet been fully elucidated. Piccoli et all. analyzed protein-
protein interactions conferred by the LRRK2 WD40 domain finding that
the LRRK2 WD40 domain is able to bind to synaptic vesicles (SVs)
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contributing to the accumulation of evidence suggesting that LRRK2
serves as a scaffold protein linking vesicle trafficking and the
cytoskeleton®.

Although progress has been made in elucidating the structure of LRRK2
and its bacterial homolog, the ROCO proteins °’*8 the molecular details
regarding domain assembly and their functional roles remain unknown
due to the lack of a high-resolution structure of LRRK2 as a whole>?.
LRRK2 has two distinct enzymatic activities: it is a serine-threonine kinase
capable of both autophosphorylating and phosphorylating a select group
of heterologous substrates; it performs GTPase activity, which is
mediated by the Roc domain®®.

Disease-associated variants, especially the most common pathogenic
variant, LRRK2 G2019S, are located in the central catalytic core of LRRK2
and could lead to increased kinase activity. Furthermore, elevated LRRK2
activity has been found in PD patients with variants related to other
disease-related genes or even without known genetic causes, suggesting
that LRRK2 contributes to the pathogenesis of PD®°.

The precise function of LRRK2 is still unknown but the presence of
multiple enzymatic domains and protein-protein interaction domains
suggests that LRRK2 is involved in several cellular functions. However,
several studies of PD-related mutant forms and LRRK2 knock out animals
have suggested the involvement of LRKK2 in neurite outgrowth,
cytoskeleton maintenance, vesicular trafficking, protein degradation,
and the immune system®..

LRRK2 is a protein that is present in both the cytosol and the plasma
membrane in monomeric or dimeric form. It has been shown that the
LRRK2 dimer is concentrated in the membrane, whereas the monomer is

present in significant amounts in the cytoplasm. The LRRK2 dimer despite
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being less abundant is more active than the monomer®2.

The identification of endogenous substrates of LRRK2 kinase has been
intensively studied. After identifying moesin, a cytoskeletal actin-binding
protein, as a substrate of LRRK2, it was discovered that LRRK2 may
autophosphorylate itself at the S910 and S935 sites and the
phosphorylations are essential for the binding of 14-3-3 proteins®®
Mapping of the phosphosites by mass spectrometry showed at least 74
phosphorylation sites on the isolated LRRK2 protein, and the
phosphorylation sites include a majority of serines (59%), followed by
37% threonines and some tyrosines (4%)°%*.

Experimental data confirm that 60% of LRRK2 phosphorylation sites are
autophosphorylation sites while 36% are heterologous. The remaining
4% of sites have been identified as both autophosphorylation and PKA
phosphorylation sites (threonine 833, serine 1443, and serine
1444555667,

Observing the distribution of phosphorylated residues throughout the
LRRK2 protein, an important phosphorylation cluster can be seen
between the ANK and the LRR domain at serines S860, S910, S935, S955,
S973, and S976 for the most studied sites. Different findings support the
idea that these sites are mainly phosphorylated by kinases other than
LRRK2. The importance of heterologous phosphorylation sites for LRRK2
function was reinforced by the findings that 14-3-3 binding to LRRK2 is
dependent on S910 and S935 phosphorylation and that LRRK2
phosphorylation levels at heterologous phosphorylation sites influence
the subcellular distribution of LRRK2%4. Up to date, S1292 is considered
the main LRRK2 autophosporylation site and in fact, different studies
have evidenced that the inhibition of LRRK2 kinase activity induces both

decreased phosphorylation levels at S1292 (directly) and at the
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constitutive sites (indirectly).

In addition to autophosphorylation, it was found that LRRK2 also
phosphorylates different proteins. For instance, LRRK2 phosphorylates
tubulin-associated protein Tau suggesting that LRRK2 might modulate
microtubule stability through regulation of Tau phosphorylation. Other
proteins such as p53, p53, elF4E-BP, aktl, endophilinA, and ASK1 have
been suggested as LRRK2 kinase substrates, although it remains unclear
whether they are physiological substrates or not.

The development of cellular and biochemical assays, specific LRRK2
kinase inhibitors and phospho-substrate-specific antibodies have been
very useful to verify LRRK2-mediated phosphorylation of endogenous
proteins. Using these approaches, several members of the Rab GTPase
family have been identified as likely endogenous LRRK2 kinase
substrates®,

Rab proteins are part of the superfamily of small Ras-like GTPases and up
to date, 66 different Rab genes have been identified in the human
genome. They function as molecular switches in the regulation of
intracellular membrane trafficking in all eukaryotic cells by alternating
between GTP and GDP bound states. The GTP bound conformation is
usually considered "active" form that interacts with downstream specific
effector proteins® .

Rab proteins are stably prenylated on one or two cysteine residues at the
C-terminus by geranylgeranyl transferases after binding to REPs (Rab
escort proteins). When bound the membrane, Rab proteins are activated
by the exchange of GDP for GTP, via guanine nucleotide exchange factors
(GEFs). GTP is subsequently hydrolyzed to GDP thus allowing recognition
of Rab proteins by a GDP dissociation inhibitor (GDI) that retrieves Rabs

from membranes to sequester them in the cytosol’.
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Each Rab targets an organelle and specifies a transport step along
endocytic, exocytic, and recycling pathways as well as crosstalk between
these pathways. Interactions with multiple effectors allow Rabs to
control membrane budding and transport vesicle formation as well as
vesicle movement along the cytoskeleton and membrane fusion in the
target compartments. Rab proteins are valuable regulators of signal
transduction, cell growth, and differentiation. Altered Rab expression
and/or activity have been studied in several diseases including cancer,
neurological disorders and diabetes®.

Rab GTPases were initially discovered in brain tissue but were then found
in all eukaryotic cells. Regulation of membrane trafficking processes by
Rab GTPases depends on interactions with effector proteins such as
coating proteins (COPI, COPII, and clathrin), motor proteins (kinesins and
dyneins), tethering complexes (EEA1, Golgins, the exocyst complex, and
the HOPS complex), and SNAREs. Especially in neurons, these
interactions are required to regulate protein and lipid trafficking for the
maintenance of cellular morphology and synaptic function’?.

Upon activation, LRRK2 phosphorylates its auto-phosphorylation sites
and roughly 14 different Rab GTPases: Rab3A/B/C/D, Rab5A/B/C,
Rab8A/B, Rab10, Rab12, Rab29, Rab35 and Rabh437°.

Rab29 functions differently from other Rab proteins because it interacts
with the ankyrin (ANK) domain of LRRK2. It allows localization of LRRK2
to the trans-Golgi network or to the lysosome and activates its kinase
activity®®. Moreover, LRRK2 pathogenic mutants Y1699C and R1441G/C
that promote GTP binding are more easily recruited to the Golgi and
activated by Rab29 than LRRK2 WT. Mutations that prevent LRRK2 from
interacting with both Rab29 and GTP inhibit phosphorylation of a group
of highly studied biomarker phosphorylation sites (Ser910, Ser935,
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Ser955, and Ser973)73

Rab GTPases regulate vesicle trafficking and recent studies suggesting
that LRRK2 may be a regulator of such vesicle trafficking. Another vesicle
trafficking regulator VPS35 modulates the kinase activity of LRRK2; the
PD-associated pathogenic mutation, VPS35 D620N, increases LRRK2-
mediated phosphorylation of Rab proteins’®, suggesting that Rab29 and
VPS35 perform an upstream regulatory function of LRRK2 while

Rab8/10/12/35 are downstream targets of LRRK2.
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Figure 3: Schematic representation of the domains of LRRK2. Mutations implicated in disease development are

shown at the top while phosphorylation sites are indicated at the bottom®4,

We recently found that LRRK2, particularly the kinase domain, interacts

with Sec8, a subunit of the exocyst complex.

1.4 EXOCYST COMPLEX

The exocyst complex is an evolutionarily conserved multisubunit protein
complex primarily implicated in binding secretory vesicles to the plasma
membrane and it is composed of eight single-copy subunits: Exo70, and

Exo84 and Sec3, Sec5, Sec6, Sec8, Sec10, Sec152.
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Figure 4: The model of the exocyst complex.”¢

Different studies have shown that several members of the exocyst
complex are able to interact with SNARE members or SNARE-interacting
proteins and these interactions are thought to precede vesicle priming, a
process mediated by SNAREs, t-SNAREs on the plasma membrane and v-
SNAREs on the vesicle membrane, to attach vesicles to the target
membrane and ultimately to induce lipid fusion””’.

Because vesicle binding precedes fusion, temporal and spatial control of
exocytosis in cells can be accomplished through exocyst regulation.
Exocyst subunits have been found to be direct targets of a number of
GTPases and kinases, such as Rab, Rho, and Ral”>.

The first reported interaction between the exocyst and small GTPases
was between yeast Secl5 and the exocytic Rab protein Sec4. This
interaction could mediate exocyst recruitment to secretory vesicles as
well as assembly of the complex. In mammalian cells, however, Sec15 has
been shown to interact with Rab11, which is involved in the generation
of vesicles from the trans-Golgi network (TGN) or recycling endosomes
for subsequent delivery to the plasma membrane”.

Although the exocyst complex was first discovered for its primary

function in exocytosis, afterwards it has been involved in many biological
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processes such as cell migration, primary ciliogenesis, cytokinesis, and
autophagy’®.

Riefler et al. identified sec8 as binding partners of postsynaptic density
protein-95 (PSD-95)’8. PSD-95 plays a crucial role in synapse
development, and recent studies suggest that PSD-95 expression
enhances excitatory synapse maturation, postsynaptic clustering, and
glutamate receptor activity’s.

PDZ domains of PSD-95 play a role in the localization of PSD-95 and
binding partners to neuronal synapses. Sec8, contains a C-terminal
consensus sequence for binding to PDZ. Sec8 binds to PDZ1-2 of PSD-95,
and this binding can be competitive with a peptide that binds to PDZ1
and PDZ2 at the peptide binding site’®. Indeed, binding of sec8 may also
compete with the cytosolic PSD-95 interacting protein (Cypin) for binding
to PSD-95, suggesting that cypin may act to decrease PSD-95 localization
by disrupting the sec8/PSD-95 interaction’®.

In addition to their role in anchoring and regulating receptors at
synapses, PDZ proteins are also involved in early events of receptor
protein assembly, processing and delivery”.

The exocyst is thought to direct intracellular membrane vesicles to their
fusion sites with the plasma membrane, and exocyst proteins are often
concentrated at sites of rapid membrane addition, such as the growth
cone of a neuron’.

SAP102, a member of the membrane-associated guanylate kinase
(MAGUK) family of PDZ proteins, has a wider and more abundant
distribution in the cytoplasm than PSD-95. SAP102 may interact with
NMDARs during delivery to synapses and function as the preferred
partner of NMDARs at immature synapses, whereas PSD-95 may be the

preferred partner at mature synapses’®.
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Sec8 is capable of binding directly to the PDZ domain of MAGUK proteins
and forming a complex containing NMDAR (N-methyl -D-aspartate
receptors)’®.

Despite its importance in exocytosis, the molecular mechanisms
elucidating the role of the exocyst in exocytosis are still largely unknown.
Chernyshova et al. demonstrate that exo70 and sec8 subunits of the
exocyst complex associate with the intracellular domain of NCAM140.
Deficiency of NCAM (neural cell adhesion molecule) results in decreased
tyrosine phosphorylation and altered targeting of the exocyst to growth
cone membranes. Compartmentalized exocytosis and neurite outgrowth
are inhibited in NCAM-deficient neurons and in wild-type neurons
transfected with mutant Sec8 deficient for phosphorylation. These
observations indicate a direct exocyst-dependent link between NCAM at
the cell surface and delivery of new plasma membrane at surface in
NCAM-induced neurite outgrowth®.

In addition, loss of function of exo84 and sec-8 causes defects in proximal
dendritic arborization leading to accumulation of RAB-10-positive
intracellular vesicles®".

These results suggest a crucial role for the Rab10 GTPase and the exocyst
complex in controlling vesicle transport from secretory and/or

endosomal compartments that is required for dendritic growth®..

1.5 LRRK2, VESICULAR DYNAMICS AND RECEPTOR
TRAFFICKING

Vesicular trafficking from the presynaptic pool depends on the presence
of LRRK2 as an integral part of the presynaptic protein complex. Piccoli

et al. identified the presynaptic proteins NSF, subunits of the AP-2
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complex, SV2A, synapsin and syntaxin 1, as well as actin, as a protein
complex interacting with LRRK282,
NSF catalyzes the release of the SNARE complex (SNAP-25, synapsin 1,

8382 while the

and Vamp) and enables the first step of the endocytic cycle
clathrin complex constitutes a major pathway for recycling SV from the
membrane to the resting pool (RP)®*.

Control of SV storage and mobilization in the readily releasable pool
(RRP) depends on the glycoproteins of synaptic vesicles SV2A and SV2B,
whereas synapsins are thought to immobilize SV in the (RP) by relegating
the vesicles to the actin cytoskeleton®?. Experiments conducted by Piccoli
et al. using knock-out models suggest that LRRK2 performs its main
function at the presynaptic site and may serve as a molecular
hub/scaffold that coordinates both storage and mobilization of SVs.
Accordingly, analysis of vesicle movement showed that SVs in siLRRK2
neurons were characterized by greater spatial freedom. Thus, while
under basal conditions the lack of LRRK2 might confer vesicles a greater
likelihood of contacting the membrane and fusing, it might also affect the
organization of the presynaptic machinery, thereby compromising the
mobilization of SVs required during high activity®?.

The role of LRRK2 in multiple aspects of vesicle trafficking is described
primarily through its interaction with trafficking proteins such as
endophilin A, Rab7, Rab7L1, and members of the GTPase dynamin
superfamily. Studies in Drosophila have revealed specific LRRK2 roles in
synaptic vesicle recycling, retromer trafficking, and lysosomal
positioning. LRRK2 phosphorylates endophilin A (at S75), a protein
required for endocytosis of synaptic vesicles and it appears that
phosphorylation of endo A mediates its release from newly formed

vesicles and then subsequent dephosphorylation allows further binding
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to the presynaptic membrane and thus any disruption of this tightly
coordinated phosphorylation/dephosphorylation cycle prevents vesicle
recycling®.

Migheli et.al with their studies highlighted an important cellular function
of LRRK2 in the regulation of vesicle trafficking dynamics and dopamine
receptor trafficking. They have in fact demonstrated that in neuronal
cells that the presence of the LRRK2G2019S pathological mutant results
in increased levels of extracellular dopamine. In addition, the LRRK2
mutant affects dopamine D1 receptor levels on the membrane surface in
neuronal cells or animal models. Ultrastructural analysis of PC12-derived
cells expressing the mutant LRRK2-G2019S shows an altered distribution
of intracellular vesicles. These results indicate the key role of LRRK2 in
controlling vesicle trafficking in neuronal cells®®.

Alteration in dopamine receptor distribution or signaling have been
evidenced by other independent groups. For instance, Beccano-Kelly and
others analysing adult LRRK2 overexpressing mice have shown that they
exhibit clear alterations to D2-receptor-mediated short-term synaptic
plasticity, behavioral hypoactivity and impaired recognition memory.
Western blot analysis of striatal lysates evidences a significant increase
in DRD2 levels with a parallel increase in DARP32 and pT34-DARPP32
(activated form of DARPP32) protein level indicating an over-activation
of D2-dependent pathway in LRRK2 over-expressing mice®” . The over-
activation of DRD2 in LRRK2 G2019S transgenic mice inhibiting the
striatal glutamatergic transmission was further confirmed by Tozzi and
others®,

Moreover, LRRK2 regulates dopamine receptor activation in the striatal
projection neurons (SPN). In these neurons, LRRK2-/- mice show a

significant and abnormal phosphorylation in S845 of GIuR1 in response
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to dopamine receptor DRD1 activation likely due to an over-activation of
PKA activity. Notably, LRRK2 R1441C missense mutation expression also
induces excessive PKA activity in the SPNs strongly leading to similar
pathological phenotype®.

All these findings, further supported by the low expression level of LRRK2
in dopaminergic neurons, strongly suggest the hypothesis that LRRK2
pathological mutants may determine a dysregulation at striatal level
(likely by an alteration of dopamine receptor pathways) that in turn
affect the dopaminergic neuron physiology.

Mutant LRRK2 was further shown to delay EGFR receptor degradation.
EGFR degradation is a classical assay to evaluate degradative pathway of
membrane receptors upon internalization due to agonist binding. In this
cellular assay, mutant LRRK2 significantly delays the EGFR degradation
mainly affecting the late endosomes trafficking in a RAB7 dependent

mechanism®°.

1.6 SINAPTIC VESICLE GLYCOPROTEIN 2A (SV2A)

SV2 are integral membrane proteins present on all synaptic vesicles and
consists of a small gene family composed of three isoforms, designated
SV2A, SV2B, and SV2C. SV2A is the most widely distributed isoform, being
almost ubiquitous in the CNS, as well as being present in endocrine cells.
SV2B is brain-specific, with a wide but not ubiquitous distribution, and
SV2C is a minor isoform in the brain®.,

Given their ubiquitous presence in synaptic vesicles, it has been
proposed that SV2s may transport a shared vesicle constituent, such as

calcium or ATP 1,
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It is postulated that SV2 regulates the exocytosis modulating the release
of neurotransmitters and proteins in an action potential-dependent
manner from nerve terminals without altering the morphology or
number of synaptic vesicles®?.

SV2A, in particular, interacts with the presynaptic protein
synaptotagmin, which is considered the main calcium sensor for
regulating calcium-dependent exocytosis of synaptic vesicles and may
influence synaptotagmin function but it is likely possible that SV2A has
multiple functions®.

In vivo studies showed that animals lacking SV2A suffer severe seizures
and die within 3 weeks demonstrating that SV2A is implicated in seizure
control®2,

SV2A is the molecular target in the brain for Levetiracetam (LEV), a drug
commonly used in epilepsy therapy in human. The correlation between
SV2A binding and drug potency suggests that LEV modulates one or more
of the functions of SV2A%.

Furthermore, some studies show that overexpression of SV2A causes
abnormal neurotransmission that can be rescued by treatment with

levetiracetam®3.

1.7 LEVETIRACETAM (LEV)

LEV  ((S)-2-(2-Oxopyrrolidin-1-yl)butanamide) (commercial name
Keppra)) belongs to a group of pyrrolidone compounds derived from
piracetam®.

LEV was studied in models of epilepsy because piracetam had shown
efficacy in treating photoparoxysmal responses and myoclonus®.

LEV is considered a second-generation antiepileptic drug (AED) that is
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approved for clinical use as monotherapy and may also be used for
adjunctive treatment of patients with seizures. LEV has favorable
characteristics, including a low interaction potential, a short elimination
half-life, and has neither active metabolites nor major adverse effects on
cognition®.

The identification of the SV2A protein of synaptic vesicles as the binding
site in the brain for LEV is an important finding not only for the
elucidation of antiepileptic mechanism of action of LEV, but also for
future drug discovery/development of new treatment for both epilepsy
and other neurological disorders®..

Although the exact mechanism of action of the drug is currently debated,
recent studies have proposed that LEV possesses remarkable
neuroprotective properties in non-epileptic and epileptic disorders.
Experimental evidence suggests that LEV may be considered not only an
antiepileptic drug but also neuroprotective and hyperalgesic®.

Hanon et al. reported that LEV induced significant neuroprotection in the
rat models of focal cerebral ischemia®® while Wang et al. observed that
administration of a certain concentration of LEV in clinically relevant
animal models was neuroprotective against traumatic brain injury®’.
Kilicdag et al. found that administration of LEV after hypoxic ischemia
was responsible for a significant decrease in the number of apoptotic
cellsin the hippocampus and cerebral cortex compared with the placebo-
treated group®®.

Marcotulli and colleagues have analyzed the effect of LEV on the level
and distribution of presynaptic proteins in rat cerebral cortex. In this
experimental model, the expression of several vesicle proteins is altered
upon LEV treatment and LRRK2 is part of this protein network. It is

reasonable to hypothesize that SV2A and LRRK2 are both involved in
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modulating vesicle dynamics, although the molecular mechanisms are

still unknown®?.
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2. RESULTS
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2.1

Result 1: Generation of stable cell lines expressing the GFP

reporter under the control of stress inducible promoters.

The first aim of my research was to screen a large number of molecules
with epigenetic activity to evaluate possible neuroprotective properties
in Parkinson's disease.

Parkinson's disease is the second most frequent neurodegenerative
disease after Alzheimer's and to date no drug is able to stop the course
of disease, but the available treatments allow only to control the motor
symptoms.

This project was supported by PON Dottorati Innovativi con
caratterizzazione industriale. Title: “Sviluppo pre-clinico di farmaci
epigenetici per il trattamento della Malattia di Parkinson” Code:
DOT1329971.

The project was performed in collaboration with Epi-C (Epigenetc
Compounds), a biotech company that studies and develops compounds
capable to modulate epigenetic modifications. The Epi-C is interested to
use these compounds in different pathological context ranging from
cancer to neurological diseases. In fact, the proposed project aims to
develop and screen compounds with significant neuroprotective
properties in PD context. The screening of the compounds can be
realized in an automated manner using a robotic platform at the
company Epi-C. For any high throughput screening of specific compounds
is necessary to have an easy "read-out" usable in a robotic platform. An
easy “read-out” are cellular systems that expresses fluorescent probes,
easily detectable by automated platforms, which vary according to the

state of cellular health. For this reason, | generated a cellular model that
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expressed the GFP under the control of the stress-sensitive promoter of
DNA damage-inducible transcript 3, also known as C/EBP homologous
protein (CHOP) gene®. CHOP is a transcriptional factor belonging to
CCAAT/enhancer-binding protein (C/EBP) family. Interestingly, CHOP is
ubiquitously expressed, and its promoter is activated by a variety of
stimuli such as mitochondrial stress, amino acid starvation, neurological
diseases or neoplastic diseases as well as by pathogenic microbial or viral
infections!®. Due to the large variety of upstream regulatory pathways
and the very low expression level under physiological conditions, CHOP
promoter was an ideal candidate to drive the expression of reporter
genes to generate cell systems useful as read-out for high throughput
screening.

The CHOP promoter was cloned upstream of GFP by restriction enzyme

digestion and subsequent ligase (Figure 5).
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Figure 5: Plasmid map with the indication of restriction sites used for cloning
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The obtained plasmid was transfected into SH-SY5Y lines and after
roughly four weeks of selection, individual cell clones were obtained.

Clone screening was performed evaluating the fluorescence emitted,
both by a multi-plate reader (Victor- Multilabel Plate Reader) and by
confocal microscope, following treatment with sodium arsenite at
various concentrations to induce the cellular stress (Figure 6A and C). The

GFP protein was also evaluated by western blot (Figure 6B)

Clone 13 Clone 19

10puM NaArs - 10pM NaArs

Zsgreen

GFP autofluorescence

. L actin
— - g ® w— g B

Clone 19

c - 10uM NaArs

Figure 6: Comparison between clone 13 and clone 19 in GFP expression following treatment with sodium arsenite at
two concentrations. A) Auto-fluorescence quantification of SH-SY5Y-GFP cells (clone 13 and 19) treated or not by
sodium arsenite as indicated measured by multi-plate reader. B) SHSY5Y cells treated as previously described were
lysed and analysed by Western blot using ZsGreen antibody for GFP and 8-actin as control for equal number of cells.

C) Analysis of SHSY5Y-GFP (clone 19) fluorescence by confocal microscope after sodium arsenite treatment.
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Clones that showed the lowest basal level of GFP and the best induction
of GFP after treatment with toxic stimuli were expanded and frozen in
liquid nitrogen.

The clone 19 has shown the best features to be used as read-out.

To characterize SHSY5Y-GFP cells in a Parkinson's disease context, we
used recombinant adenovirus expressing the pathological alpha-
synuclein mutant A53T. Synuclein is the major constituent of Lewy
bodies, and pathological mutations in this gene are responsible of
familial forms of Parkinson's disease. Synuclein A53T expression induced
by viral transduction resulted in a significant increase in GFP expression
assessed both by reading with the Victor-Multilabel Plate Reader (data

not shown) and by confocal microscopy analysis (Figure 7).

Clone 19

a-synuclein

Figure 7: Analysis of GFP fluorescence in SHSY5Y GFP (clone 19) cells by confocal microscope after trasduction by a.-
synuclein A53T.

From the analysis of obtained experimental data, the SH-SY5Y-CHOP-GFP
cells have proven suitable to be able to highlight neurotoxic stress and
represent a valuable "read-out" for the screening of epigenetic

molecules with neuroprotective action.
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The generated line has been sent to Epi-C in Naples for the screening of

molecules with neuroprotective activity.
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Materials and Methods

SHSY5Y stably expressing GFP

Human neuroblastoma SHSY5Y cells were grown in DMEM/F12
(Dulbecco’s Modified Eagle Medium/F-12 Nutrient Mixture, Gibco), 10%
FBS (fetal bovine serum, Gibco) at 37°C and 5% CO?2.

40% confluent cells in 6 cm plates were transfected by pZsGreenl-1-
CHOP promoter plasmid already present in our laboratory.

Trasfections were performed with LTX (Lipofectamine LTX Reagent, Life
Technologies) according to the datasheet. After 4h with transfection
reagent, cells were growth in a normal medium. The selection was
performed in the presence of 400ug/mL of G418 and 200ug/mL of
hygromycin B (Gibco).

Individual clones expressing antibiotic resistance were picked after 15
days of selection, moved in a 96 well plated and maintained in the
selective medium.

When the cells reached confluence, they were screened for GFP

expression upon toxic stimulus.

Stable clones screening by multiplate reader, confocal

microscopy and Western blot

Multi plate reader: Cells were grown in 24 well, after 24h of sodium
arsenite treatment, fluorescence was read at 500-570nm. The results
were compared with the negative control.

Confocal microscopy analysis: Cells were grown in cover glass and
treated by sodium arsenite or trasduced by a-synuclein. After 24h the
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cells were fixed by 4% of paraformaldehyde and permeabilized with 0,2%
Triton X-100/PBS. Cells were incubated for 5 minutes with DAPI and
washed by PBS 1X- tween 0,05% and PBS 1X. Cells were analysed by Leica
TCS SP5 confocal microscope with LAS lite 170 image software.

Western blot analysis: equal amounts of protein extracts resolved by
standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Samples were electroblotted onto nitrocellulose membranes (Thermo
Scientific). Membranes were incubated with 3% skim milk in 1X PBS-
Tween 0.05% with the indicated antibody: anti-ZsGreen (632474 1:1000
Clontech) and anti-beta-actin (A5441 1: 5000 Sigma-Aldrich) for 16 hours
at 4°C. Peroxidase-conjugated goat anti-mouse IgG antibody (1:2500
Millipore Corporation) or peroxidase-conjugated goat anti-rabbit I1gG
antibody (1:5000 Millipore Corporation) were used to detect
immunocomplexes by enhanced chemiluminescence (ECL-start,

Euroclone).

Characterization of SHSY5Y- GFP cells in a Parkinson's disease

context by transduction with A53T-expressing adenovirus

40% of SHSY5Y-GFP cells were seeded in cover glass. 24h later cells were
trasduced by adenoviral particles in DMEM F12 (without serum) for 90
minutes. Finally, 10% of FBS was added and the cells were kept in culture

for other 48 hours.
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2.2.

Result 2: Levetiracetam treatment ameliorates LRRK2

pathological mutant phenotype

As highlighted in the introduction, many experimental evidences suggest
that LRRK2 may be part of and regulate a complex protein network that
modulates vesicle dynamics/traffic. For instance, the main putative
LRRK2 phosphorylation targets are a subset of RAB proteins that play a
prominent role in the control of trafficking of vesicles, of different origin,
inside the cells. Moreover, our research group and others have
demonstrated a significative role of LRRK2 in the control of membrane
receptor dynamics in neuronal experimental models. Based on these
considerations, we were interested in some specific chemical
compounds able to modulate the vesicle trafficking to explore the
possibility to use them to block/impair the LRRK2 pathological effects. In
particular, we focused our attention on Levetiracetam (LEV), a drug
widely used in human therapy for the treatment of epilepsy as
extensively discussed in the Introduction. Interestingly, SV2A protein is
the binding site of LEV into the brain and, as demonstrated by Piccoli et
al (see introduction), LRRK2 and SV2A belong to the same protein
network in neuronal cells.

Binding of LEV to SV2A has been shown to reduce neuronal firing by
modulating vesicle trafficking, although the molecular mechanism has
not yet been defined. Moreover, as discussed in the Introduction, LEV
has a significant neuroprotective activity in different experimental

models.
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To understand the relationship that might exist between LRRK2 and SV2A
and, more important, to evaluate any LEV neuroprotective effect in
LRRK2 toxicity we set up three different experimental models:

a) Primary neurons from WT or LRRK2 G2019S BAC transgenic mice (in
collaboration with prof. Elisa Greggio, University of Padua, Italy).

b) PC12 cells expressing the dox-inducible G2019S LRRK2 mutant.

c) SH-SY5Y stably expressing DRD2 (Dopamine Receptor D2) transduced
by recombinant adenovirus expressing LRRK2 G2019S.

As demonstrated by the following PDF paper we were able to
demonstrate that LEV may partially, but significantly, rescue the LRRK2
pathological effect in terms of neurite outgrowth in primary neurons and
PC12 cells and in terms of DRD2 trafficking in SH-SY5Y cells. In
particularly, | mainly dealt with the analysis by western blot of B-tubulin
expression in the presence or absence of LEV treatment.

Our data support the idea that LEV may represent a valuable
neuroprotective compound for PD treatment, especially for PARK8

patients.
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1 | INTRODUCTION

Abstract

Mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common genetic
cause of Parkinson's disease (PD). The LRRK2 physiological and pathological function
is still debated. However, different experimental evidence based on LRRK2 cellular
localization and LRRK2 protein interactors suggests that LRRK2 may be part and
regulate a protein network modulating vesicle dynamics/trafficking. Interestingly,
the synaptic vesicle protein SV2A is part of this protein complex. Importantly, SV2A
is the binding site of the levetiracetam (LEV), a compound largely used in human ther-
apy for epilepsy treatment. The binding of LEV to SV2A reduces the neuronal firing
by the modulation of vesicle trafficking although by an unclear molecular mechanism.
In this short communication, we have analysed the interaction between the LRRK2
and SV2A pathways by LEV treatment. Interestingly, LEV significantly counteracts
the effect of LRRK2 G2019S pathological mutant expression in three different cel-
lular experimental models. Our data strongly suggest that LEV treatment may have a
neuroprotective effect on LRRK2 pathological mutant toxicity and that LEV reposi-

tioning could be a viable compound for PD treatment.

KEYWORDS
Levetiracetam, LRRK2, Parkinson's disease, SV2A

is far from being understood. Among the functions proposed, cal-
cium-dependent exocytosis, neurotransmitter loading/retention in

Approved by the US Food and Drug Administration in the 1999,
levetiracetam (LEV) is a widely used drug for the treatment of
partial and generalized epilepsy. In contrast to the common an-
tiepileptic compounds, which preferentially bind to voltage-gated
sodium channels in their inactive conformation, LEV binds the
integral transmembrane protein SV2A, localized on both synap-
tic dense-core vesicles and small clear vesicles containing neu-
rotransmitters and almost ubiquitously expressed in the different
areas of central nervous system (CNS).! Up to date, although the

clear involvement in seizure control, the SV2A physiological role

synaptic vesicles, synaptic vesicle priming and transport of vesicle
constituents are the most robust (for review, see Ref.z). A possi-
ble molecular mechanism by which SV2A controls vesicle dynam-
ics is via the interaction with synaptotagmin 1.3 The SV2A role in
the seizure control is further confirmed by the analysis of SV2A
knockout mice. A large proportion of SV2A knockout mice die
immediately after birth and the surviving knockout soon develop
frequent seizures that lead to premature death.* Primary neurons
from SV2A knockout mice present synapses that are ultrastruc-

turally indistinguishable from the wild-type mice.* Interestingly,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2019 The Authors. Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

J Cell Mol Med. 2019;23:8505-8510.

wileyonlinelibrary.com/journal/jcmm | 8505


www.wileyonlinelibrary.com/journal/jcmm
mailto:%ef%bb%bf
https://orcid.org/0000-0003-1619-7146
http://creativecommons.org/licenses/by/4.0/
mailto:ciaccarino@uniss.it

850
5% | wWiLEY

RASSU ET AL.

alteration in vesicle trafficking seems a common feature shared by
different PD causative genes.® Mutations in the leucine-rich re-
peat kinase 2 gene (LRRK2, PARKS) are the most frequent genetic
causes of Parkinson's disease, reaching up to 40% in some ethnic
groups, that is Ashkenazi Jewish and North African Arab Berbers.®
Although LRRK2 physiological and pathological function is largely
debated, different lines of evidence have pointed out an import-
ant role of LRRK2 in the control of vesicle trafficking that in turn
may explain the different cellular dysfunctions ascribed to mutant
LRRK?2 expression.””?

Interestingly, Marcotulli and colleagues have analysed the effect
of LEV on presynaptic proteins level and distribution in the rat cere-
bral cortex.’® In this experimental model, the expression of different
vesicular proteins is modified upon LEV treatment and LRRK2 is part
of this protein network.'® In addition, SV2A was pulled down from
adult mouse brain lysates by the LRRK2 WD40 domain*! suggesting
a their involvement to common cellular pathways.

Based on the previous considerations, it is reasonable to spec-
ulate that SV2A and LRRK?2 are both involved in the modulation of
vesicle dynamics, although the molecular mechanisms are still un-
known. Whether LRRK2 and SV2A have a functional interaction and
more important whether they have an opposite or synergistic bio-
logical effect remain to be explored. To test this hypothesis, we have
evaluated the ability of LEV to affect the LRRK2 cellular effects in

different experimental models.

2 | MATERIAL AND METHODS

2.1 | Primary cortical neurons and neurite
measurement

Experimental procedures involving the use of animals were ap-
proved by the Italian Ministry of Health (licence 318/2013-B and
licence 1041/2016-PR). C57BL/6 LRRK2 wild-type (WT) and LRRK2
G2019S BAC mice were obtained from Jackson Laboratory [Bé.
Cg-Tg(Lrrk2*G2019S)2Yue/J]. Housing and handling of mice were
done in compliance with national guidelines. Primary neurons were
prepared from brain cortex as previously described.” Neurons were
transfected with 1 pg of GFP plasmid at 3 days in vitro (DIV) using
Lipofectamine 2000. Starting from DIV3, neurons were treated with
5 umol/L LEV every 48 hours, fixed in 4% paraformaldehyde at DIV
7 and then processed for immunofluorescence. The mouse anti-tu-
bulin IIl (clone 2G10, 1:500 Sigma) was used as a neuronal marker.
Fluorescent images of GFP-positive neurons were acquired using
the epifluorescent microscope Leica 5000B with a 40x objective.
Exposure settings for the GFP channel were kept constant across
images and experiments. Each microscope field includes one sin-
gle neuron. The images were taken by a blinded operator, and the
total sum of all traced neurites was performed on GFP images using
NeuronJ with a total of = 20 neurons analysed/genotype/condition.
Any type of GFP-transfected cortical neurons was selected for the

analysis.

2.2 | PC12-G2019S differentiation and analysis

PC12 cells stably expressing doxycycline (dox) inducible LRRK2
G2019S mutant'? were grown in DMEM-F12, 10% Fetal Bovine
Serum (FBS) at 37°C. For differentiation experiment, the cells were
plated at low density (5% of confluence) on a cover glass, previously
treated with poly-L-lysine solution for 1 hour. The differentiation was
performed growing the cells in 1% FBS in the presence of 100 ng/
mL of NGF for 6 consecutive days, adding new medium containing
NGF each 48 hours. Doxycycline (0.2 umol/L) and LEV (10 pmol/L)
were added together with NGF and replaced every 48 hours in the
same experimental conditions. At the end of the experimental pro-
cedure, the differentiated cells were fixed with 4% paraformalde-
hyde/PBS and analysed by phase-contrast microscopy. For Western
blot analysis, the cells were plated on 24 multiwell culture plates in
the same experimental conditions. The cells were lysed by Laemmli
buffer, and the protein extracts were normalized by histone 4 (H4)
or beta-actin levels.

2.3 | SH-SY5Y transduction,
immunofluorescence and Western blot

SH-SY5Y cells stably expressing dopamine receptor D2 carrying a
Flag epitope (SH-SY5Y-DRD2)’ were grown in DMEM-F12, 10%
Fetal Bovine Serum (FBS) at 37°C. Cell transduction and immuno-
fluorescence experiments were performed as previously published.”
Briefly, the cells were grown on a cover glass and transduced by
adenoviral particles (10-30 pfu/cell) in DMEM-F12. 48 hours after
transduction, the cells were fixed with 4% paraformaldehyde/PBS
and permeabilized with 0.1% Triton X-100. Cells were incubated
with primary antibodies: anti-LRRK2 (1:500 Mjff2 c41-2 epitomics),
anti-Flag (1:2500 Sigma-Aldrich) and anti-SV2A (HPA0O07863 1:500
Sigma-Aldrich) and then incubated with secondary antibodies: Goat
Secondary Antibody Alexa Fluor® 488 or Alexa Fluor® 647 (Life
Technologies). The cells were analysed by Leica TCS SP5 confocal
microscope with LAS lite 170 image software.

Western blot analysis was performed as previously described.”
Briefly, equal amounts of protein extracts were resolved by stan-
dard sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis. Samples were electroblotted onto Protran nitrocellulose (GE
Healthcare Life Sciences). Membranes were incubated with 3%
low-fat milk in 1X PBS-Tween 0.05% solution with the indicated
antibody: anti-Myc (clone 9E10 1:5000 Sigma-Aldrich), anti-Flag
(F3165 1:2500 Sigma-Aldrich), anti-beta-actin (A5441 1:5000
Sigma-Aldrich), anti-histone H4 (SAB4500313 1:1000 Sigma-
Aldrich), anti-p3-Tubulin (4466 1:1000 Cell Signaling), anti-SV2A
(HPAOO7863 1:1000 Sigma-Aldrich) for 16 hours at 4°C. Goat an-
timouse immunoglobulin G (IgG) peroxidase-conjugated antibody
(1:2500 Millipore Corporation) or goat anti-rabbit 1gG peroxidase-
conjugated antibody (1:5000 Millipore Corporation) were used to
reveal immunocomplexes by enhanced chemiluminescence (Pierce

Biotechnology).
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FIGURE 1 Analysis of LEV effect on A Non-transgenic BAC G2019S BAC G2019S + LEV
neurite branching on primary cortical
neurons or PC12 cells expressing LRRK2
G2019S. A-B, Primary neurons from BAC
G2019S LRRK2 transgenic animals were
transfected at DIV3 with GFP and then
treated with 5 pmol/L LEV from DIV3

to DIV7. At DIV7, the cells were fixed

and the neurite extension was measured
analysing the GFP expression by confocal
microscope (B). C, Quantification of data
obtained in (B). The data represent the
sum of total length of neurites/neuron

in two independent replicates and are
represented as mean + SD. *P < .05;

**P < ,01. One-way ANOVA test and
Bonferroni's post-test were used. D, PC12
cells stably expressing dox-inducible
LRRK2 G2019S were treated for 6 d with
NGF in the presence or absence of dox

or dox + LEV. E, Quantification of data
obtained in (D). The data represent the
numbers of cells clearly showing neurite
extensions in three independent replicates
and are represented as mean + SD.

**P < .01; ***P < .001. One-way ANOVA
test and Bonferroni's post-test were

used. F, PC12-G2019S cells treated as
previously described were lysed and
analysed by Western blot using specific
antibodies for the indicated proteins (anti-
B3-tubulin, anti-Myc antibody for LRRK2).
Histone H4 serves as controls for equal
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. e . one-way ANOVA test and Bonferroni's post-test or Student's
2.4 | Statistical analysis o o ;

t test as indicated. Values significantly different from the rela-
The results are presented as means + SD of at least n = 23 in- tive control are indicated with an asterisk. *P < .05; **P < .01;

dependent cultures. Statistical evaluation was conducted by ***p < .001.
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3 | RESULTS

3.1 | Effect of LEV on the inhibition of neurite
outgrowth due to LRRK2 G2019S expression in
primary neurons and in PC12 cells

Primary neurons from WT or LRRK2 G2019S BAC transgenic mice were
prepared and transfected with GFP to fill the cell and trace the neurite
branching and length. The LEV concentration to be used in the assay was
established by MTS assays. At 5 pmol/L of LEV, no significant toxic effect
was detected (data not shown). At DIV3 and DIV5, the primary neurons
were treated with 5 pmol/L LEV and subsequently analysed at DIV7. As
shown in Figures 1,2A-B-C, the G2019S expression determines a signifi-
cant reduction in neurite length compared with WT primary neurons, as
previously reported.” Of note, LEV treatment significantly ameliorates the

neurite shortening phenotype of G2019S neurons (Figures 1,2A-B-C).
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To confirm the data obtained on primary neurons, we used a
different experimental model: PC12 cells expressing the dox-in-
ducible G2019S LRRK2 mutant.?? The cells were treated with NGF
to induce neuronal differentiation in the presence or absence of
dox. As illustrated in Figure 1D-E, roughly 30% of PC12-G2019S
show significant neurite outgrowth after 6 days of NGF treatment.
The concomitant expression of G2019S mutant, by doxycycline
treatment, determines a strong reduction in neurite outgrowth
(roughly 1%-2% of cells). The LEV addition partially, but signifi-
cantly, increases the neurite outgrowth (roughly 10% of cells)
(Figure 1D-E). No effect of LEV was visible in PC12-G2019S cells
without dox treatment. To further validate the differentiation pro-
cess, we used the p3-tubulin marker. In a preliminary experiment,
we have evaluated the $3-tubulin expression level in PC12-G2019S
cells. The p3-tubulin protein was almost undetectable in our exper-

imental conditions (data not shown). Then, we performed the same

FIGURE 2 Analysis of LEV effect

on DRD2 localization and level in the
presence of LRRK2 G2019S. A, SH-SY5Y
cells stably expressing Flag-tagged DRD2
were transduced by LRRK2 G2019S and
treated or not for 48 h with LEV. The cells
were fixed and incubated with different
primary antibodies (anti-Flag for DRD2
and anti-LRRK2 antibody). The asterisk
indicates the DRD2 in the Golgi areas.
Scale bars = 25 um. B, Quantification of
data obtained in (A). The data represent
the mean £ SD. *P < .05; Student's t test
was used. C, Cells treated as previously
described were lysed and analysed by
Western blot using specific antibodies for
the indicated proteins (anti-Flag for DRD2
and anti-Myc antibody for LRRK2). p-

actin serves as controls for equal loading
of samples. D, Quantification of data

obtained in (C). The data represent the
mean + SD; **P < .01. One-way ANOVA
test and Bonferroni's post-test were used
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differentiation protocol, and at the end of the procedure, the cells
were lysed and normalized to histone H4 level as indicator of the
same number of cells. As indicated in Figure 1F, the PC12-G2019S
cells express a significant level of $3-tubulin upon NGF treatment
(with or without LEV) that is almost undetectable in the same cells
treated with doxycycline. The simultaneous LEV administration in
the doxycycline-treated cells partially rescues the 3-tubulin ex-

pression (Figure 1F).

3.2 | Effect of LEV on DRD2 accumulation in
Golgi areas due to LRRK2 G2019S expression

We have recently demonstrated that LRRK2 is implicated in the reg-
ulation of dopamine receptor trafficking. In particular, the expres-
sion of LRRK2 pathological mutant affects the dopamine receptor
D2 (DRD2) localization,” determining a significant receptor accumu-
lation into the Golgi areas. Taking advantage of this experimental
model, we have evaluated the LEV effect on the DRD2 localization
in the presence of LRRK2 G2019S mutant. In a preliminary experi-
ment, we have evaluated the LEV effect on DRD2 protein level
and localization. No effect of 48 hours of LEV treatment was vis-
ible in SH-SY5Y stably expressing DRD2 (SH-SY5Y-DRD2) (data not
shown). Then, the SH-SY5Y-DRD2 was transduced by recombinant
adenovirus expressing G2019S, treated or not with LEV and ana-
lysed 48 hours later. As previously reported,” the cells expressing
the G2019S show an important accumulation of DRD2 into the
Golgi areas and this phenotype is significantly rescued by LEV treat-
ment (Figure 2A-B). The result is further confirmed by the analysis
of DRD2 protein accumulation (Figure 2C-D) as in Ref’. To further
validate these results, we have analysed possible SV2A alteration by
LEV treatment both at protein level (Western blot) and localization
(immunofluorescence) without detecting any significant difference

(data not shown).

4 | DISCUSSION

The binding to SV2A protein is responsible for the antiepileptic ac-
tion of LEV, a compound largely used in human therapy. Whether
LEV binding is reducing or enhancing SV2A physiological function
is largely unknown. Of note, the absence of SV2A protein in knock-
out animals results in the development of frequent seizures, sug-
gesting an agonistic rather than an antagonistic effect of LEV on
SV2A. Different lines of evidence indicate that both LRRK2 and
SV2A are involved in common protein network'®! that modulate
the vesicle trafficking/dynamics. Moreover, alteration in vesicle traf-
ficking seems a common feature shared by different PD causative
genes.’ Here, we show using three different experimental models
(primary neurons, PC12 cells and SH-SY5Y) that LEV is able to sig-
nificantly revert the LRRK2 G2019S-associated pathological ef-
fects. Interestingly, LEV attenuates rotenone-induced toxicity in
a rat model of PD,*® and in human, LEV treatment leads to an im-
provement in memory performance in patient with amnestic mild

WILEY--%%

cognitive impairment (aMCI).} In the past, LEV has been tested in
the control of levodopa-induced dyskinesia (LID) and, based on the
conflicting results, for the International Parkinson and Movement
Disorder Society the efficacy conclusion is ‘insufficient evidence’
although there are no safety concerns.’® Importantly, different side
effects have been associated with LEV treatment or discontinuation.
Among them, drowsiness, weakness, infection, loss of appetite and
changes in behaviour and mood, including increased risk of suicide,
are the most frequent. Some of these adverse effects were partially
reduced by brivaracetam a new SV2A ligand with higher affinity
compared with LEV. Although our research is far from the clinical
application, our data support the idea that LEV repositioning may
represent a valuable neuroprotective compound for PD, especially

for PARKS patients, that deserves future investigations.
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2.3

Result 3: LRRK2 modulates the exocyst complex assembly by

interacting with Sec8

To understand how LRRK2 may participate in the modulation of vesicular
trafficking, we focused our attention on another prominent actor in the
vesicle trafficking pathway: Sec8. The starting point of this research
project was the identification of Sec8 as specific interactor of LRRK2 by a
GST-pull down approach (see attached PDF). Sec8 is a member of exocyst
complex composed of eight different proteins (see Introduction). The
exocyst complex is an evolutionarily conserved multisubunit protein
complex primarily implicated in binding secretory vesicles to the plasma
membrane. Although the exocyst complex was first discovered for its
primary function in exocytosis, afterwards it has been involved in many
biological processes such as cell migration, primary ciliogenesis,
cytokinesis, and autophagy.

Interestingly, exocyst and Rabs, including Rab8 and Rab10, which are two
targets of LRRK2 phosphorylation, are part of the same protein complex
that couples the generation of secretory vesicles in donor compartments
to their docking and fusion.

In the following PDF article, we subcloned three different LRRK2 domains
(LRR, kinase, or WD40 domain) in frame with GST to generate GST-LRR,
GST-Kinase, or GST-WD40 constructs. These proteins (GST-LRR, GST-
WD40, or GST-Kinase) were used in GST pulldown experiments with
mouse brain protein extracts. The LRRK2 binding protein were separated
by SDS-PAGE and identified by mass spectrometry. Interestingly, the
GST-Kinase domain specifically associated with a protein of

approximately 110 kD. Mass spectrometry analysis identified this protein
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as Sec8. The specificity of LRRK2/Sec8 interaction was confirmed in
different experimental models and confirmed in mouse brain extracts at
physiological protein expression levels. Interestingly, the LRRK2 over-
expression determines an increase in exocyst complex formation and this
increase is ablated by the treatment with a specific LRRK2 kinase
inhibitor.

Finally, it was interesting to note that the overexpression of Sec8 can
significantly rescue the inhibition in differentiation due to the expression

of LRRK2 G2019S.
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Abstract: Mutations in LRRK2 play a critical role in both familial and sporadic Parkinson’s disease
(PD). Up to date, the role of LRRK2 in PD onset and progression remains largely unknown. However,
experimental evidence highlights a critical role of LRRK2 in the control of vesicle trafficking, likely
by Rab phosphorylation, that in turn may regulate different aspects of neuronal physiology. Here
we show that LRRK2 interacts with Sec8, one of eight subunits of the exocyst complex. The exocyst
complex is an evolutionarily conserved multisubunit protein complex mainly involved in tethering
secretory vesicles to the plasma membrane and implicated in the regulation of multiple biological
processes modulated by vesicle trafficking. Interestingly, Rabs and exocyst complex belong to the
same protein network. Our experimental evidence indicates that LRRK2 kinase activity or the
presence of the LRRK2 kinase domain regulate the assembly of exocyst subunits and that the over-
expression of Sec8 significantly rescues the LRRK2 G2019S mutant pathological effect. Our findings
strongly suggest an interesting molecular mechanism by which LRRK2 could modulate vesicle
trafficking and may have important implications to decode the complex role that LRRK2 plays in
neuronal physiology.

Keywords: LRRK2; Sec8; exocyst complex; Parkinson’s disease

1. Introduction

Mutations in the leucine-rich repeat kinase 2 gene (LRRK2, PARKS) are the most
frequent genetic causes of Parkinson’s disease, reaching up to 40% in some ethnic groups
such as Ashkenazi Jewish and North African Arab Berbers [1]. These LRRK2 pathological
mutations are autosomal dominant and PD patients carrying the LRRK2 mutations are
clinically and neuropathologically indistinguishable from idiopathic patients [2,3]. LRRK2
belongs to the Roco superfamily of proteins, which constitutes a novel multi-domain family
of Ras-like G-proteins. LRRK2 is a large multidomain protein consisting of armadillo
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repeats (ARM), ankyrin repeats (ANK), leucine-rich repeats (LRR), Ras of complex (Roc),
C-terminal of Roc (COR), kinase, and WD40 domains [4]. LRRK2 mutations are high
frequent around the central catalytic core of the protein, two mutations are found in the Roc
domain, one in the COR domain and two in the kinase domain. In addition, two variants
that act as risk factors for sporadic PD have been identified, one in the COR domain and
one in the WDA40 repeats [4].

Despite the apparent clinical association between LRRK2 mutations and PD, it re-
mains enigmatic how LRRK2 pathological mutations may contribute to disease onset and
progression. Different experimental evidence suggests that LRRK?2 has a functional role in
the vesicle trafficking control, and alteration in synaptic vesicle trafficking seems a common
pathological mechanism in PD [5,6]. In fact, many LRRK2 protein interactors belong to
protein families involved in the regulation of vesicle trafficking (among them Rab5 [7],
Rab7 [8], Rab7L [9,10], Sec16A [11], a subset of Rabs [12], endoA [13]) or of cytoskeleton
dynamics that in turn may modulate vesicle trafficking [14-17]. Since one of the first deep
analyses by Piccoli et al. in 2011 where LRRK2 controls synaptic vesicle storage and mobi-
lization within the recycling pool [18], hundreds of different publications have underlined
the role of LRRK2 vesicle trafficking. Mutant LRRK2s alter endocytosis by the phosphory-
lation of DNAJC6 (auxilin) [19], synaptojaninl [19], endoA [13], or Rab5b [7] and modulate
vesicle dynamics via aberrant phosphorylation of NSF [20] or different Rab family proteins.
Recently, a significant reduction in synaptic vesicle number and a greater abundance of
clathrin-coated vesicles were observed in a mouse line expressing tetracycline-inducible
LRRK2 G2019S in catecholaminergic neurons, [21]. We have previously demonstrated that
LRRK2 modulates dopamine receptor trafficking [22,23]. LRRK2 mutations dramatically
modify the excitatory synaptic activity with a fourfold increase in sEPSC frequency in the
dorsal striatal spiny projection neurons altering the shape of postsynaptic structures into
striatum [24]. Moreover, in G2019S LRRK2 KI mice, elevated glutamate, and dopamine
transmission and aberrant D2-receptor responses are detected independent of any change
in the number of synapses or spine-like structures [25]. Glutamate terminals within the
striatum are subject to active neuromodulation by other neurotransmitters released in the
local area, including dopamine. Moreover, growing evidence underlines overlapping genes
involved in both SV dynamics and autophagy, suggesting that vesicle trafficking has also
an important function in the regulation of autophagic processes (for review see [26]).

In this context, the exocyst complex is an evolutionarily conserved multisubunit pro-
tein complex mainly implicated in tethering secretory vesicles to the plasma membrane.
The exocyst complex is highly conserved in eukaryotic systems and is composed of eight
single-copy subunits: Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 [27]. Genetic
and biochemical studies in yeast indicate that the exocyst functions upstream of SNARESs.
Different members of the exocyst complex interact with SNARE members or SNARE inter-
acting proteins. In particular, yeast Sec6 can interact with the t-SNARE protein Sec9 (the
SNAP-25 homolog) and with the Secl/Muncl18 family protein Secl [28]. These interactions
are thought to precede vesicle priming, a process mediated by SNAREs (t-SNAREs on plas-
matic membrane and v-SNARE on vesicle membrane) to dock the vesicles to the receiving
membrane and finally to induce lipid fusion [29]. Importantly, mutations in the exocyst
component Sec5 mainly alter the cell growth and membrane protein insertion without
significant alteration in neurotransmitter release [30]. Axon and dendrite outgrowth relies
on continuous membrane expansion and cytoskeletal remodeling and, in fact, neurite
outgrowth is impaired in the absence of functional exocyst subunits in various biological
systems such as primary neurons, PC12 cells, or multicellular model organisms [31-33]
highlighting the prominent role played by the exocyst in the determination of neuronal
cell polarity. Interestingly exocyst and Rabs (including Rab8 and Rab10, two LRRK2 phos-
phorylation targets) are part of the same protein complex that couples the generation of
secretory vesicles at donor compartments to their docking and fusion [34].

The gene encoding for Sec8 is a 110-kDa multidomain protein containing 974 amino
acids. Sec8 is expressed throughout the brain, and there is no significant regional variation
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in the different brain areas. Knockout of the Sec8 gene in mice is early embryonic lethal;
mutant embryos initiate gastrulation but are unable to progress beyond the primitive streak
stage [35]. Interestingly, Sec8 binds to postsynaptic density protein 95 (PSD95) by the
C-terminal region, which contains a PDZ binding domain. PSD95 is a synaptic scaffolding
protein that plays a pivotal role in synaptic plasticity [36]. Moreover, Sec8 is essential for
appropriate targeting to the cell membrane of the x-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor (AMPAR) and the N-methyl-D-aspartate receptor (NMDAR) [37].
This last effect is mediated by the interaction of the Sec8 PDZ binding domain with
the Synapse-associated protein (SAP) 102 [37]. Finally, exo70 and Sec8 subunits of the
exocyst complex directly associate with the intracellular domain of NCAM140 [38]. NCAM
promotes FGF receptor-mediated phosphorylation of two tyrosine residues in the Sec8
protein and is required for efficient recruitment of the exocyst complex to growth cones [38].
Sec8 is associated with various biological processes, such as cell migration, invadopodia
formation, cytokinesis, glucose uptake, and neural development. It plays a crucial role in
targeting intracellular vesicles to their sites of fusion with plasma membrane both during
neurite outgrowth and synaptogenesis as well as in mature synapses [39]. In neurons, this
process is crucial since both the regulated protein localization on the plasma membrane of
axon or dendrites (e.g., neurotransmitter or neurotrophic factor receptors) and the correct
release of proteins (e.g., neurotransmitters or neurotrophic factors) mediate neuronal
communication and underlie virtually all functions of the nervous system.

In the present study, we show that LRRK2 associates Sec8 and modulates the exocyst
complex assembly. Importantly, the LRRK?2 effect is mediated by its kinase domain since
it is significantly impaired by LRRK2 kinase inhibitor treatment or by the absence of the
LRRK2 kinase domain itself. Finally, the over-expression of Sec8 can significantly rescue
the LRRK2 G2019S pathological mutant phenotype in neuronal cellular systems.

2. Materials and Methods
2.1. Reagents and Solutions

Tween® 20 (Polyethylene glycol sorbitan monolaurate), protease inhibitor cocktails,
IGEPAL® CA-630 (Octylphenoxy poly(ethyleneoxy)ethanol), LRRK2 inhibitors: CZC-25146
from Merck (Darmstadt, Germany) The phosphate-buffered saline (PBS) solution was made
using NaCl (137 mM), KCl (2.7 mM), Na2HPO4 (8.1 mM), KH2PO4 (1.47 mM) from Merck
(Darmstadt, Germany) and then adjusted to pH 7.4. Dulbecco’s modified Eagle’s medium
(DMEM)-F12, Fetal Bovine Serum (FBS), Streptomycin/Penicillin, Geneticin-G418 were
purchased from ThermoFisher Scientific (Waltham, MA, USA).

2.2. Plasmid Constructions

Plasmids coding WT or mutants LRRK2 were previously described in [22]. LRR, Kinase,
and WD40 domains were cloned in frame with GST into pGEX plasmid after PCR amplifica-
tion using the following forward and reverse oligos: LRR (aggatccgtgttcatttggagcatc and ag-
gatccccaaaggaagatcccata), Kinase (aggatcctggetgacctgectagaa and aggatectgegtctcgtcagacaga),
WD40 (aggatccacagcaggaatgcaagca and aggatccgcacttcatgtggaagat). After PCR amplification
both pGEX plasmid and PCR products were cut by BamHI and ligated.

Rat Sec8 cDNA was a generous gift from Dr. Lienhard [40]. Human Sec8 was PCR am-
plified and cloned in frame with Flag-tag in the N-terminal position into pcDNA3 plasmid.
Sec8 deletion mutants were generated by PCR following the QuikChange II Site-Directed
Mutagenesis Kit using the following forward and reverse oligonucleotides (Sec8-Al: ggca-
gaagcagcttacatcaaatcgact and acatcaaatcgactcaagatgttctaca; Sec8-A2: acatcaaatcgactcaagat-
gttctaca and tgtagaacatcttgagtcgatttgatgt; Sec8-A3: ccaagatgttcatectctcctacagag and ctetg-
taggagaggtagaacatcttgg; Sec8-A4: ctctcctacagagcetgcettgettgtctt and aagacaagcaagceagctctg-
taggagag; Sec8-Ab: cttgcttgtcttaaagaagataactac and gtagttatcttctttaagacaagaag.
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2.3. Cell Lines

Human neuroblastoma SH-SY5Y cells (ATCC number CRL-2266) were grown in
DMEM-F12 (ThermoFisher Scientific, Waltham, MA, USA), 10% fetal calf serum (FCS)
(ThermoFisher Scientific, Waltham, MA, USA) at 37 °C. The PC12-TET-ON (Takara Bio
Inc, Shiga, Japan) and PC12-TET-ON-G2019S cell lines were cultivated in DMEM-F12
supplemented with 10% Tetracycline-free FCS (Lonza, Milano, Italy) at 37 °C. HEK 293T
(ATCC number CRL-3216) were grown in DMEM-F12 (Thermo Fisher Scientific), 10% fetal
calf serum (FCS, Thermo Fisher Scientific) at 37 °C.

2.4. GST Pull-Down Assay

GST-pull down was previously described [41]. Briefly, GST-LRR, Kinase, or WD40
fusion domains were expressed in E. coli BL21. After induction with 0.5 mM IPTG for 3 h
at 30 °C, bacteria were collected, washed twice in PBS1X and lysed by sonication (5" at
100 W for 3 times) in lysis buffer (50 mM Tris HCl pH 8.0, 1 mM EDTA, 150 mM NaCl,
1% Triton X100, 1 mM PMSEF, protease inhibitor cocktail 1X, 200 ug/mL lysozyme). GST-
fused proteins were purified on glutathione-Sepharose 4 fast flow resin (GE Healthcare,
Buckinghamshire, UK). Aliquots (500 ng) of the three GST-LRRK2 domains or GST alone
were used for GST-pull down experiments. 5 mg of mouse brain protein extracts, obtained
by homogenization in lysis buffer (50 mM Tris—-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 1 mM
PMSF, protease inhibitor cocktail 1X) were incubated with GST-LRRK2 domains at 4° O/N.
After five washes in lysis buffer, the beads were boiled in Laemmli Buffer 1X and loaded
on SDS/PAGE acrylamide gel. Finally, the gels were stained with Mass Compatible Super
Blue Stain Kit (Nurex Srl, Sassari, Italy).

2.5. In-Gel Digestion and Matrix-Assisted Laser Desorption/lonization (MALDI) Mass
Spectrometry (MS) Analysis

The mass spectrometry analysis was performed as described [41]. Briefly, the pro-
tein of interest was excised with a sterile scalpel and destained with 100 uL of 5 mM
NH4HCO;3/50% acetonitrile. Gel pieces were treated with 10 uL of 5 mM NH4HCOs3
containing 10 ng/pL trypsin for 40 min on ice. Subsequently, excess digestion buffer was
removed and substituted with an equal volume of 5 mM NH4HCO;3. Tryptic digestion
was conducted overnight at 37 °C. The MS spectra acquired were submitted to MASCOT
(Matrix Science, London, UK).

2.6. Subcellular Fractionation of HEK293 Cells

Subcellular fractionation was performed as previously described in [42]. Briefly, the
cells were homogenized in ice-cold homogenization-buffer (320 mM sucrose, 4 mM HEPES,
pH 7.4, protease inhibitor cocktail (Sigma). An aliquot of cell lysate was used as a total
fraction in the western blot. The homogenates were centrifuged at 1000x ¢ for 10 min
to produce a pellet containing nuclei and large debris fraction that was discarded. The
supernatant was further fractionated into a pellet (containing the membrane fraction) and
supernatant by centrifugation at 10,000x g for 20 min. The membrane fraction was further
washed by ice-cold homogenization-buffer to eliminate any cytoplasmic protein. The
supernatant was ultra-centrifuged at 60,000 x g for 60 min to obtain the pellet (containing
the vesicle fraction) and the supernatant containing the cytoplasmic fraction. The vesicle
fraction was further washed by ice-cold homogenization-buffer to obtain pure vesicles.
Protein content was determined using the Bradford protein assay. An equal amount of
protein extracts was loaded into the SDS-PAGE.

2.7. Immunoprecipitation

HEK?293 cells were transfected with the indicated plasmids in 6 cm cell culture plates.
The LRRK2 inhibitor CZC25146 (Merck, Darmstadt, Germany) was added 3 h before cell
lysis at a final concentration of 1 uM. After 48 h the cells were washed twice in PBS 1X
and lysed by 1 mL of NP40 lysis buffer (150 mM NaCl, 1% NP40, 20 mM Tris-HCl pH 7.5,
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protease inhibitor cocktail). Cellular debris were removed by centrifugation at 13,000x g
and cell lysates were pre-cleared by incubation with protein A-agarose beads for 1 h at
4 °C. Then the samples were incubated by the indicated antibodies (anti-Flag, F3165, 1:2000
Merck, Darmstadt, Germany) or anti-Myc, M4439, 1:2000, Merck, Darmstadt, Germany))
overnight at 4 °C. After incubation with protein A-agarose for 1 h at 4 °C, the beads were
washed 4 times by lysis buffer. Samples were then resolved by SDS-PAGE.

2.8. Western Blot Analysis

Western blot analysis was performed as previously described [22]. Briefly, protein
extracts were prepared by direct lysis in Laemmli buffer or NP40 1% buffer when pro-
tein content was determined using the Bradford protein assay. Equal amounts of pro-
tein extracts were resolved by standard sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and subsequently electroblotted into nitrocellulose membrane (Thermo Fisher
Scientific). Membranes were incubated with 3% low-fat milk in 1X PBS-Tween 0.05%
solution with the indicated antibody: anti-LRRK2 (1:5000 MJFF2 c41-2 ABCAM, Cam-
bridge, UK), anti-Myc (1:5000 M4439 Sigma-Aldrich), anti-Flag (1:2500 F3165 Sigma-
Aldrich), anti-beta-actin (A5441 1:5000 Sigma-Aldrich), anti-Sec8 (1:1000 610659 BD Bio-
sciences, San Jose, CA, USA), anti-Ex070 (1:1000 HPA022840 Sigma-Aldrich), anti-Sec6
(1:1000 SAB2100729 Sigma-Aldrich) for 16 h at 4 °C. Goat anti-mouse immunoglobulin
G (IgG) peroxidase-conjugated antibody (1:2500 Merck, Darmstadt, Germany) or goat
anti-rabbit IgG peroxidase-conjugated antibody (1:5000 Millipore Corporation) were used
to identify immunocomplexes by enhanced chemiluminescence (ECL start, Euroclone SpA,
Milano, Italy).

2.9. Immunofluorescence

The cells were grown on a cover-glass, washed twice with PBS 1X, and then fixed
with 4% paraformaldehyde/PBS for 10 min. Cells were permeabilized with 0.1% Triton
X-100 diluted in PBS. Non-specific binding was blocked with 5% bovine serum albumin,
0.05% Tween-20 diluted in PBS for 1 h at room temperature. Cells were incubated with
primary antibodies: anti-LRRK2 (1:500 Mjff2 c41-2 Epitomics), anti-Flag (F3165 1:2000
Sigma-Aldrich), anti-Myc (M4439 1:2000, Sigma-Aldrich) diluted in blocking solution,
overnight at 4 °C. Cells were then washed with PBS, 0.05% Tween-20 diluted in PBS and
incubated with secondary antibodies: Goat anti-Mouse IgG Secondary Antibody Alexa
Fluor® 488 (ThermoFisher Scientific, Waltham, MA, USA) and Goat anti-Mouse IgG Sec-
ondary Antibody Alexa Fluor® 647 (Life Technologies) diluted 1:1000 in blocking solution
for 1 h at room temperature. Before analysis, cells were mounted using Mowiol mounting
medium, and fluorescence was revealed with a Leica TCS SP5 confocal microscope with
LAS lite 170 image software.

2.10. Disuccinimidyl Suberate (DSS) Cross-Linking

The experiment was performed following the manufactory’s instructions (21555 Ther-
moFisher Scientific, Waltham, MA, USA). Briefly, ~2.5 x 10° cells in 6 cm plates were
washed by PBS1X, collected in PBS1X using a scraper, and resuspended in 100 microliters
of PBS1X. DSS solution to a final concentration of 2 mM was added and incubated for
30 min at room temperature. Finally, the cells were lysed by 1 mL of NP40 lysis buffer
(150 mM NaCl, 1% NP40, 20 mM Tris-HCl pH 7.5, protease inhibitor cocktail (Roche, Basel,
Switzerland)), and protein extracts were used for immunoprecipitation experiments as
previously described.

2.11. Statistical Analysis

The results are presented as means £ SEM. of independent experiments as indicated.
Statistical evaluation was conducted by One-way ANOVA and Bonferroni’s multiple com-
parison post-test. Values significantly different from the relative control are indicated with
one, two, or three asterisks when p < 0.05, p < 0.005, and p < 0.001, respectively.
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3. Results
3.1. LRRK?2 Interacts with Sec8

To identify LRRK2 protein interactors we decided to realize a GST-pull down approach.
We subcloned three different LRRK2 domains (LRR, kinase, or WD40 domain) in frame with
GST to generate GST-LRR, GST-Kinase, or GST-WD40 constructs. All recombinant proteins
were expressed in the BL21 strain of E. coli and purified by affinity chromatography.
The purified proteins (GST-LRR, GST-WD40, or GST-Kinase) were used in GST pull-
down experiments with 5 mg of mouse brain protein extracts. The mouse brain proteins
interacting with the different GST-fused LRRK2 domains were separated by SDS-PAGE
and identified by Mass Spectrometry. Interestingly we found that the GST-Kinase domain
(but not the GST-LRR or GST-WD40) associates specifically with a protein of roughly
110 kD (Figure 1A). Mass spectrometry analysis permitted to identify this protein as Sec8,

a member of the exocyst complex.
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Figure 1. Analysis of LRRK2 and Sec8 physical interaction and colocalization. (A) 5 mg of mouse brain protein extracts
were used for a GST pull-down experiment using three different LRRK2 domains: LRR, Kinase, and WD40. The protein
complexes were separated by reducing SDS-PAGE and subjected to sensitive colloidal Coomassie Brilliant Blue staining.
(B) HEK293 cells were transfected by ratSec8-Flag or co-transfected by Flag-ratSec8/Myc-LRRK2 WT for 48 h. The cells
were lysed and the protein extracts were subjected to a co-immunoprecipitation experiment using an anti-Myc antibody:.
Total and immunoprecipitated proteins were visualized by western blot using an anti-Flag antibody to visualize ratSec8.
Then the membrane was incubated by an anti-Myc to evaluate the immunoprecipitation efficacy. (C) Mouse brain protein
extracts from WT or LRRK2 knock-out mice were subjected to a co-immunoprecipitation experiment using an anti-Sec8 or
anti-IgG antibody and the immunocomplex were revealed by an anti-LRRK2 antibody. Anti-Sec8 and anti-LRRK2 were
also used on the input fraction as the control for equal protein amount. * indicates a nonspecific band. (D) HEK293 cells
were transfected or not by Myc-LRRK2 WT for 48 h. The cells were treated by DSS and protein extracts were subjected to a
co-immunoprecipitation experiment using an anti-Myc antibody. Immunoprecipitated proteins were visualized by western
blot using an anti-sec8 antibody to visualise endogenous Sec8. Then the membrane was incubated by an anti-Myc to evaluate
the immunoprecipitation efficacy. The protein levels of endogenous Sec8 and endogenous or transfected LRRK2-Myc were
visualized by anti-Sec8 and anti LRRK2 respectively.
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The interaction between LRRK2 and Sec8 was validated through two different co
—immunoprecipitation experiments. HEK293 cells were transfected by a plasmid construct
coding Flag-ratSec8 or co-transfected by LRRK2-Myc and Flag-ratSec8. Using protein
extracts prepared 48 h after transfection, we performed a co-immunoprecipitation exper-
iment using an anti-Myc antibody for immunoprecipitation and anti-Flag antibody for
the subsequent western blot analysis of the complexes. As illustrated in Figure 1B the
immunoprecipitation by anti-Myc pulls down specifically Flag-ratSec8 (Figure 1B upper).
Note that ratSec8 appears as a doublet band in a typical SDS-PAGE analysis [40]. The
filter was then probed by an anti-Myc antibody to control the LRRK?2 expression level and
immunoprecipitation efficacy (Figure 1B lower).

To ensure that our results in HEK293 cells were physiologically relevant at protein
endogenous levels, we performed a second co-immunoprecipitation experiment using
striatal brain tissues using commercially available antibodies against LRRK2 or Sec8.
The Sec8 immunoprecipitation pulls down LRRK2 in WT (+/+) but not in the LRRK2
knock-out (—/—) mouse brain (Figure 1C). To further confirm the LRRK2/Sec8 interaction
we performed a cross-linking experiment using the membrane-permeable compound
disuccinimidyl suberate (DSS). HEK293 cells were transfected by LRRK2-Myc for 48 h.
Before lysis, the cells were treated with DSS, and then the protein extracts were used for a
co-IP experiment using an anti-Myc antibody. As shown in Figure 1D endogenous Sec8
appears as a protein smear of molecular weight higher than 250 kD. All these findings
clearly indicate the spatial proximity of LRRK2 and Sec8 strongly suggesting that they are
part of a common protein complex.

Human Sec8 is a protein of roughly 110 kD (974aa) with not well-defined functional
domains. To identify the Sec8 protein region interacting with LRKK2 we decided to create
five different Flag-hSec8 deletion mutants. Each mutant is devoid of roughly 200 amino
acids (Figure 2A). All Sec8 deletion mutants are stable when expressed in HEK293 cells
(Figure 2B) with no gross alteration in the cytoplasmic localization (Figure 2C).

Then we performed a co-immunoprecipitation experiment co-transfecting HEK293
cells by Myc-LRRK2 with one of the different Sec8 deletion mutants. As shown in Figure 2D
the lack of the C-terminal part of Sec8 protein (A5) leads to the loss of LRRK2 protein
interaction. We repeated a similar experiment using LRRK2 deletion mutants [43]. The
absence of the kinase domain of LRRK2 strongly reduces the Sec8 binding (Figure 2E
and Figure S1A) although this interaction still slightly occurs suggesting a more intricate
LRRK2/Sec8 interaction involving other LRRK2 protein domains.

Once validated the LRRK2/Sec8 protein interaction, we have analyzed the potential
role of LRRK?2 in modulating Sec8 phosphorylation. Sec8 has been identified as an in-
teractor using the kinase domain of LRRK2, therefore it was reasonable to suppose that
Sec8 could be a direct substrate of LRRK2 kinase activity. Although we used different
experimental approaches including a phosphorylation site identification by a Mass Spec-
trometry covering roughly 75% of the Sec8 protein, we were not able to highlight any
significant change in Sec8 phosphorylation level due to the presence of LRRK2 WT or
G2019S pathological mutant (data not shown).

3.2. LRRK2 Modulates the Exocyst Complex Assembly

To explore the consequence of LRRK2 expression on Sec8 function, we have evaluated
the LRRK2 effect on Sec8 sub-cellular localization, using a biochemical approach. Sec8 is a
cytoplasmic protein distributed in the cytosol or associated with cytoplasmic membrane or
vesicles [44]. To investigate any possible alteration in Sec8 subcellular distribution mediate
by LRRK2, we transfected HEK293 cells with Sec8-Flag alone or in combination with
LRRK2WT o G2019S mutant. 48 h after transfection the cells were lysed and four different
cellular fractions were purified: total, cytosolic, membrane, or vesicle. As illustrated in
Figure 3A neither the expression of LRRK2 WT nor G2019S could significantly alter the
Sec8 subcellular distribution compared to the cells expressing Sec8 alone. Some apparent
differences in Sec8 subcellular distribution are only due to differences in transfection
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efficacy as pointed out by the analysis of total fractions and by the statistical analysis

(Figure S1B).
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Figure 2. Identification of Sec8 protein region interacting with LRRK2. (A) Schematic representation of the Sec8 five deletion
mutants generated. (B) HEK 293 cells were transfected by the different Sec8 deletion mutants. 48 h after transfection, the
protein extracts were analyzed by western blot using an antibody against Flag epitope to detect Sec8. (C) HEK293 cells were
transfected with the five different Flag-Sec8 deletion mutants for 48 h. After fixation, the cells were incubated with anti-Flag
primary antibody and with Alexa488-conjugated secondary antibody (green). (D) HEK293 cells were co-transfected by
Flag-Sec8 WT or the Sec8 deletion mutants and Myc-LRRK2 WT for 48 h. The cells were lysed and the protein extracts were
subjected to a co-immunoprecipitation experiment using an anti-Flag antibody. Total and immunoprecipitated proteins
were visualized by western blot using an anti-Myc antibody to visualize LRRK2. Then the membrane was incubated by
an anti-Flag to evaluate the immunoprecipitation efficacy. (E) HEK293 cells were transfected with Myc-LRRK2 WT or
co-transfected with Myc-LRRK2 WT or LRR (ALRR) or Kinase (AKin) or WD40 (AWDA40) deletion mutants and Flag-Sec8
for 48 h. The cells were lysed and the protein extracts were subjected to a co-immunoprecipitation experiment using an
anti-Flag antibody. The co-immunoprecipitated proteins were visualized by western blot using an anti-Myc antibody to
visualize LRRK2. Then the membrane was incubated by an anti-Flag to evaluate the immunoprecipitation efficacy. The
input fraction was incubated by anti-Myc as the control for equal transfection efficacy of the different samples.
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Figure 3. Evaluation of LRRK2 effect on Sec8 sub-cellular localization and exocyst assembly. (A) HEK 293 cells were
transfected or co-transfected by the indicated plasmids. 48 h after transfection, different subcellular fractions (total,
cytoplasm, membranes, and vesicles) were separated by differential centrifugation and analyzed by western blot using
an antibody against Flag epitope to detect Sec8. Anti-B-actin and clathrin antibodies were used as loading control
while anti-Myc was used to detect transfected LRRK2. (B) HEK293 cells were transfected or co-transfected for 48 h with
Flag-Sec8 WT or Myc-LRRK2 G2019S as indicated. The cells were lysed and the protein extracts were subjected to a
co-immunoprecipitation experiment using an anti-Flag antibody to isolate Sec8. The co-immunoprecipitated proteins were
visualized by western blot using anti-Exo70 or Sec6 antibodies. Then the membrane was incubated by an anti-Flag to evaluate
the Sec8 immunoprecipitation efficacy. The input fraction was incubated by anti-Ex070, Sec6 as a loading control, and
anti-Flag or Myc as control of transfection efficacy. * indicates a nonspecific band (C) Co-immunoprecipitation experiment
as in (A). The LRRK2 kinase inhibitor (CZC 25146) was added 3 h before cell lysis. (D) Relative band densitometry for
Ex070 of data obtained in (C) normalized to cells transfected by Sec8 alone. The data represent the mean + SEM of three
independent experiments. ** p < 0.01. One-way ANOVA and Bonferroni post-test were used. (E) Co-immunoprecipitation
experiment as in (A) in the presence of two different LRRK2 deletion mutants: Kinase (AKin) or WD40 (AWDA40) domains.
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Then we have analyzed the association of exocyst complex in the presence of LRRK2.
Sec8 associates in co-immunoprecipitation experiments with both Exo70 [45] and Sec6 [46],
the other two members of the exocyst complex. In a preliminary experiment, we transfected
HEK293 cells by Sec8-Flag alone or in the presence of LRRK2 G2019S. 48 h later, Sec8 was
immunoprecipitated from protein extracts and the immuno-complexes were analyzed for
the presence of Exo70 or Sec6. As shown in Figure 3B, in the presence of LRRK2 G2019S
there is a significant increase in Sec8 association with Exo70 and to a less extent with Secé6.
Then we repeated a similar experiment to evaluate any difference in Sec8-Ex070 association
between LRRK2 WT or G2019S or in the presence of LRRK2 kinase inhibitor (CZC-25146).
We confirmed that the presence of LRRK2 leads to an increase in Sec8/Ex070 interaction,
with no significant differences between LRRK2 WT and G2019S mutant, and importantly
this association is strongly reduced upon LRRK2 kinase inhibitor treatment (Figure 3C,D).
Finally, to further explore the importance of the LRRK2 kinase domain in the exocyst complex
assembly, we performed the same co-immunoprecipitation experiment using two different
LRRK2 deletion mutants: delta-kinase and delta-WD40 domain. The lack of LRRK2 kinase
domain significantly impairs the LRRK?2 effect on SEC8/Ex070 association while no effect
was detectable by the LRRK2 WD40 deletion mutant (Figure 3E and Figure S1C).

Taken together, our results underline a prominent role of LRRK2 in the modulation of
exocyst complex association mainly mediated by LRRK?2 kinase domain or activity.

3.3. Functional Role of LRRK2/Sec8 Interaction

We reasoned that Sec8, when overexpressed, could strongly interact with LRRK2,
likely blocking the LRRK2 physio-pathological effect on endogenous Sec8 or, in the al-
ternative, Sec8 overexpression could overcome the LRRK?2 effect on endogenous exocyst
complex. The most common and easily detectable phenotype of LRRK2 pathological
mutant expression is the impairment in neurite outgrowth in neuronal cells in different
experimental models [17,47,48]. Therefore, we decided to analyze the effect of Sec8 over-
expression on PC12 differentiation in the presence of LRRK2 G2019S pathological mutant.
As previously published, PC12-ON cells stably expressing a doxycycline-inducible form of
LRRK2 G2019S showed a significant impairment in neurite outgrowth due to Nerve Growth
Factor (NGF) treatment [48]. After transfection with Sec8-Flag, we started the differentia-
tion by NGF treatment for 6 days in the presence or absence of doxycycline to induce the
LRRK2 G2019S expression. The differentiated cells were analyzed by immunofluorescence
using antibodies against LRRK2 and Flag (for Sec8). The results confirmed that PC12-ON
expressing LRRK2 G2019S (treated by doxycycline) show the typical round cellular pheno-
type of PC12 cells (Figure 4A upper panel), whereas those cells co-expressing Sec8 showed
a significant change in cell body morphology with elongated /branched cytoplasm shape, a
typical differentiation sign (Figure 4A lower panel). The PC12 cells expressing only Sec8
appeared well elongated (Figure 4A intermediate panel) without any significant difference
with PC12-ON untransfected cells (data not shown). The data presented in Figure 4 were
quantified in the bar graph of Figure 4B by analyzing a high number of cells.

The percentage of differentiated cells in the presence of LRRK2 G2019S (treated by
doxycycline) was lower than 11% while the Sec8 over-expression led to a significant rescue
(roughly 50% compared to 75% of cells expressing only Sec8). Similar results were obtained
in another experimental system, the neuroblastoma SH-SY5Y cells differentiated by retinoic
acid treatment (data not shown). The results strongly suggest that the over-expression of
Sec8 may interfere with the LRRK2 G2019S pathological phenotype. To further highlight the
change in PC12 cell morphology we acquired some images by phase-contrast microscopy
(Figure S1D).
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Figure 4. Analysis of Sec8 over-expression on neurite branching in PC12 or SH-SY5Y cells expressing LRRK2 G2019S.
(A) PC12 cells stably expressing dox-inducible LRRK2 G2019S were transfected by Flag-Sec8 for 48 h and then treated for
6 days by NGF in the presence or absence of dox. (B) Quantification of data obtained in (A). The data represent the numbers

of cells showing evident elongated cytoplasm in three independent experiments and are represented as mean 3+ SEM. At
least 20 cells have been analyzed for each biological replicate. ** p < 0.01; *** p < 0.001. One-way ANOVA and Bonferroni

post-test were used.

4. Discussion

Dominant variants of LRRK2 are considered the main genetic cause of hereditary
parkinsonism, ranging from 1-6% of cases including many sporadic cases [4]. Different
experimental results suggest an important role of LRRK2 in the control of vesicle trafficking,
and alteration in synaptic vesicle trafficking seems a common pathogenetic mechanism
in PD [6]. Interestingly, we describe a specific protein interaction between LRRK2 and
Sec8, a member of the exocyst complex. LRRK2 and Sec8 protein complex was analyzed in
transfected cell cultures and, most importantly, in the mouse brain at physiological protein
levels (Figure 1C). Moreover, a cross-linking experiment further supports the LRRK2-
Sec8 protein proximity (Figure 1D). The exocyst complex plays a crucial role in vesicle
dynamics involved in a wide range of cellular functions. This octameric complex has been
mainly implicated in the vesicular transport and recruitment to regions of rapid membrane
growth, a process followed by SNARE-mediated vesicle fusion. In neurons, members
of the exocyst are engaged in neurite outgrowth, and in cooperation with multidomain
scaffolding proteins controls receptor transport to the synapse [39,45,49].

As mentioned in the introduction, exocyst and Rabs (including Rab8 and Rab10,
two LRRK?2 phosphorylation targets) are part of the same protein complex [34]. In their
GTP-bound form, Rab proteins interact with downstream effectors, including exocyst
members, controlling various steps of vesicle trafficking. For instance, Rab10 colocalizes
and interacts with exocyst proteins, in particular Sec8, at the base of nascent cilia in renal
epithelial cells [50]; Sec8 loss of function mutations cause proximal dendritic arborization
defects and lead to the accumulation of intracellular Rab10 vesicles [51]; furthermore, Sec15,
another member of the exocyst complex, interacts with Rab11 and affects Rab11 localization
in vivo [52]. Therefore, we favor the hypothesis that the interaction between LRRK2 and
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Sec8 may explain different physio-pathological effects ascribed to LRRK2s including the
cellular outcomes due to the LRRK2 modulation of Rab activity. We have identified the
C-terminal region of Sec8 as the putative interaction region with LRRK2. Unfortunately,
we could not use the Sec8 A5 deletion mutant for further experiments, since this mutant,
although does not manifest gross alterations in the cellular localization (Figure 2C) shows a
significant impairment in basal exocytosis (data not shown). This result is not surprising
since Sec8 sequence analysis has shown that the Sec8 C-terminal region contains a type-1
PDZ-binding domain (TXV) that plays an important role in protein-protein interaction.
For instance, this region regulates the interaction with two specific neuronal proteins:
PSD-95 [36] and SAP102 [37], both concentrated at the post-synaptic density (PSD) of
excitatory synapses and acting to assemble synaptic-signaling complexes.

Preliminary studies, mainly in yeast, had suggested that the exocyst complex can
exist in two different sub-complexes: one contains Sec3, Sec5, Sec6, and Sec8 on vesicles,
and the other contains Sec10, Sec15, Exo70, and Exo84 on the cell membrane [27]. The
Sec3 and Ex070 localization at the plasma membrane seems dependent on the interaction
with a phosphatidylinositol (4,5)-bisphosphate (PIP2) [53-55]. However, accumulating
evidence questioned the existence of these two sub-complexes prior to the formation of
the full complex since, for instance, the endogenous Sec3 protein shows a similar cellular
distribution of the other exocyst subunits [56]. Furthermore, no sub-complexes could
be isolated from S. cerevisiae, by more advanced biochemical studies [57]. In fact, Sec8
can interact with both Exo70 [45] and Sec6 [46] in co-immunoprecipitation experiments.
Moreover, the Exo70 and Sec8 subunits are both associated with the intracellular domain of
the neural cell adhesion molecule (NCAM) [38]. Based on these specific Sec8 interactions we
decided to evaluate whether LRRK2 may affect the Sec8 association with Exo70 and Sec6.
Interestingly, our experimental approach shows an increase in Sec8/Ex070 association
in the presence of LRRK2. Furthermore, the LRRK?2 effect is mediated by the LRRK2
kinase domain since it is significantly reduced either in the presence of LRRK2 kinase
deletion mutant or by LRRK2 kinase inhibitor treatment. The effect of LRRK2 on Sec8/Sec
6 interaction in the co-immunoprecipitation experiment is less evident. The Sec6 co-IP is
producing a very faint band although the antibody is well working in immunoblotting
experiments. The result may be easily explained by the presence of Flag epitope or by the
binding of the anti-Flag antibody both in the N-terminal position of Sec8. This Sec8 region
is very relevant for Sec6 interaction since the deletion of the N-terminal domain of the
Sec8 protein decreases its interaction with Secé while only slightly reduces its interaction
with Exo70 [45]. The particular relevance of the LRRK2 kinase domain in modulating the
Sec8/Ex070 interaction pushed us to evaluate any change in the phosphorylation level
of Sec8 in the presence or absence of LRRK2 G2019S. Unfortunately, we were not able
to identify any change in Sec8 phosphorylation either by in vitro kinase assay or by the
analysis of Sec8 phospo-sites by Mass Spectrometry approach (data not shown).

Finally, we have explored the idea that Sec8, when over-expressed, could inter-
act/sequester LRRK2 and eventually impair the LRRK2 G2019S pathological effect. Inter-
estingly, Sec8 over-expression can significantly rescue the inhibition in differentiation due
to LRRK2 G2019S expression (Figure 4). Future experiments are required to fully identify
the molecular mechanism by which the LRRK2 kinase domain regulates exocyst complex
assembly and function. However, our results agree with the suggested role of LRRK2 in
the regulation of vesicle trafficking. Pharmaceutical compounds able to modulate vesicle
trafficking may be a possible therapeutic option for PD treatment as recently suggested
by the ability of Levetiracetam to rescue the LRRK2 G2019S pathological effect [48]. Leve-
tiracetam acts by binding the SV2A protein located on synaptic vesicles and modulating
the vesicle trafficking although by an unclear molecular mechanism. Recently, a new
small molecule able to interfere with the exocyst complex has been identified: Endosidin2
(ES2) [58]. ES2 binds specifically to the Exo70 resulting in inhibition of exocytosis and
endosomal recycling in both plant and human cells [58]. Could be worth designing specific
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experiments exploring the possible use of subliminal doses of ES2 compound in reducing
the LRRK2 mediated toxicity in cellular and animal models.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-440
9/10/2/203/s1.
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Result 4: Parkinson’s disease-related genes and lipide

alteration

Finally, during my PhD | focused my attention on lipid alteration in
relation to Parkinson's disease. We wrote a review article analysing the
specific lipid alterations described both in PD patients and PD
experimental models.

Changes in membrane lipids have been observed in both affected and
unaffected regions of the brain of patients with PD, and in several
experimental models expressing genes causative or risk factors for PD,
indicating that altered lipid metabolism may precede disease
development.

Both localization and aggregation of a-synuclein depend on the specific
composition of membrane lipids, and LRRK2 may regulate lipid
metabolism directly or, more likely, indirectly through control of vesicle
trafficking by phosphorylation of RABs.

In addition, the synthesis and delivery of endogenous lipids is of
particular relevance in neurons because some circulating plasma lipids
cannot reach these cells due to the presence of the blood-brain barrier.
Different PD causative genes are directly or indirectly involved in the
control of lipid metabolism and trafficking. For instance, SYNJ1 and
PLA2G6 are directly involved in the control of lipid metabolism; they are
both localized on neuronal mitochondria, endosomal and lysosomal
membranes, and the plasma membrane and could play an essential role
in the remodelling of membrane phospholipids in cell organelles or axons

and synapses. GBA is clearly and directly implicated in lipid metabolism.
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Pathological GBA mutations result in reduced glucocerebrosidase activity

and a significant alteration in lipid composition.
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Abstract: Parkinson’s disease (PD) is a complex and progressive neurodegenerative disorder with a
prevalence of approximately 0.5-1% among those aged 65-70 years. Although most of its clinical
manifestations are due to a loss of dopaminergic neurons, the PD etiology is largely unknown. PD
is caused by a combination of genetic and environmental factors, and the exact interplay between
genes and the environment is still debated. Several biological processes have been implicated
in PD, including mitochondrial or lysosomal dysfunctions, alteration in protein clearance, and
neuroinflammation, but a common molecular mechanism connecting the different cellular alterations
remains incompletely understood. Accumulating evidence underlines a significant role of lipids in
the pathological pathways leading to PD. Beside the well-described lipid alteration in idiopathic PD,
this review summarizes the several lipid alterations observed in experimental models expressing
PD-related genes and suggests a possible scenario in relationship to the molecular mechanisms
of neuronal toxicity. PD could be considered a lipid-induced proteinopathy, where alteration in
lipid composition or metabolism could induce protein alteration—for instance, alpha-synuclein
accumulation—and finally neuronal death.

Keywords: Parkinson’s disease; lipid metabolism; alpha-synuclein; GBA; LRRK2

1. Introduction

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder
characterized mainly by the progressive loss of dopaminergic neurons of the substantia
nigra pars compacta and other monoaminergic cell groups in the brainstem [1]. The de-
pletion of the neurotransmitter dopamine in the nigrostriatal system leads to the hallmark
motor symptoms of PD, such as bradykinesia, rigidity, resting tremor, and postural and gait
impairment. More than 6 million people worldwide are living with PD and this number is
estimated to double by the year 2040. Importantly, PD symptoms appear when more than
50-70% of nigrostriatal dopaminergic neurons have been lost; thus, the human population
of undiagnosed asymptomatic patients is probably large. Up to now, no treatment can slow
the dopaminergic neuronal death and PD progression of PD; the main pharmacological
treatments (levodopa and dopamine agonists) only relieve motor symptoms. Neuropatho-
logically, PD is characterized by the presence of proteinaceous inclusions termed Lewy
bodies (LBs), primary composed of alpha-synuclein («-syn) aggregates. The etiology of PD
is unknown, although older age and neurotoxins are established risk factors, and smoking
appears to be protective [1]. Although the pathogenesis of PD remains incompletely under-
stood, both genetic susceptibility and environmental factors appear to be involved [2]. The
identification of rare familial forms of parkinsonism and the subsequent cloning of causal
genetic mutations has had a significant impact on our understanding of the molecular
mechanisms underlying idiopathic PD. Genes whose mutations have been associated with
parkinsonism include autosomal dominantly («-synuclein, LRRK2, VPS35, EIF4G1) as

Int. ]. Mol. Sci. 2021, 22, 7630. https:/ /doi.org/10.3390/1jms22147630

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-4901-4521
https://orcid.org/0000-0001-5379-9387
https://orcid.org/0000-0003-2452-1145
https://orcid.org/0000-0003-1619-7146
https://doi.org/10.3390/ijms22147630
https://doi.org/10.3390/ijms22147630
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22147630
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22147630?type=check_update&version=1

Int. J. Mol. Sci. 2021, 22, 7630

20f13

well as recessively (PARK2, PINK1, DJ-1, SYN]J1, and PLA2G6) inherited mutations [3,4].
Moreover, heterozygous mutations in the gene encoding (3-glucocerebrosidase (GBA) are
considered the greatest genetic risk factor for developing PD [5].

The similarities in the pathological and clinical phenotypes between sporadic and
familiar PD forms in humans suggest that different causes may lead to a common neu-
ropathological cascade of events. In this context, lipids are implicated in many aspects of
PD pathology, ranging from specific cytotoxic interactions with PD-causative genes, lipid
pathways or metabolism alterations in PD patients or experimental models to mutations
in enzymes involved in lipid metabolism that significantly enhance PD risk. Different
reviews exploring lipid alteration in idiopathic PD have already been published [6,7],
while an extensive analysis of significant alteration on either lipid pathways or metabolism
in familial PD patients or in experimental models expressing different PD-causative or
-susceptibility genes is largely lacking.

2. Lipid Alteration in the Different PD-Related Genes
2.1. Alpha-Synuclein (PARK1-4)

Different lines of evidence underline an important role of lipids in «-syn physiology
and pathology. Likewise, x-syn possibly regulates lipid metabolism. Alpha-syn has a disor-
dered conformation in solution, while it can assume an «-helical structure upon membrane
lipid binding [8]. The lipid composition strongly affects x-syn binding to membranes as
well as «-syn aggregation and propagation. Initially, Davidson and colleagues showed
that a-syn preferentially binds to vesicles containing acidic phospholipids [8], then the
results were confirmed by other independent groups [9,10]. Moreover, either lipid compo-
sition, for instance the presence of 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine
(C16:0 PAF) [11] or arachidonoyl and docosahexaenoyl polyunsaturated fatty acids [12] or
changes in chemical properties of the lipids [13] are likely to be key factors in regulating the
balance between functional and deleterious interactions of x-syn with membranes. Docosa-
hexaenoic acid (DHA), an abundant fatty acid of neuronal membranes, readily promotes
a-syn aggregation and the morphology of aggregates is dependent on the ratio between
the protein content and DHA [14]. Physiologically, o-syn was first shown to co-localize
with synaptic vesicles [15] and afterwards, it was identified around different membrane
structures [16] and brain lipids [17]. For instance, «-syn is associated to phospholipid
monolayers, mainly containing high levels of triacylglycerols (TAGs), around lipid droplets
(LD), and, interestingly, the pathological synuclein mutant seems to affect the TAGs hy-
drolysis compared with WT a-syn [18]. Moreover, x-syn is associated to mitochondria and
this interaction requires cardiolipin, a mitochondria-specific lipid, and the anionic charge
of the diphosphatidyl glycerol headgroup in particular [10]. Cole at al. demonstrated that
cytosolic acidification rapidly induces a-syn translocation to mitochondrial surface, likely
by low pH-induced exposure of cardiolipin on the mitochondrial membrane [19].

An interesting recent study, mostly based on correlative light and electron microscopy,
postulated that LBs are largely composed of lipids, membrane fragments, and mem-
branous organelles, such as vesicles [20]. This would be consistent with the idea that
a-syn-membrane interaction could be the nucleation event in the aggregation of the x-syn
protein [21]. Importantly, the prospect that at least some LBs may be largely composed of
vesicle clusters, lipid droplets, membranes, and mitochondria rather than solely fibrillar
a-syn offers a potential important change in the way we conceptualize PD pathogenesis.

As mentioned above, a-syn also plays an important role in lipid metabolism and home-
ostasis. Alpha-syn expression regulates the acyl-CoA synthetase activity, likely modulating
the acyl-CoA synthetase localization to endoplasmic reticulum leading to an alteration in
arachidonate (20:4n-6) turnover in brain phospholipids in o-syn KO mice [22]. Likewise,
activation of Acyl-CoA synthetase leading to an increase in TAG content was obtained
by A53T a-syn overexpression in N27 dopaminergic neuronal cells [23]. Controversial
results have been accumulated related to alpha-synuclein inhibition of phospholipase
D activity. Although initial studies have identified alpha and beta-synucleins as potent
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and specific inhibitors of phospholipase D2 activity [24], subsequent studies, using either
purified proteins in cell-free assays or different cell line experimental models, have not
confirmed a significant inhibitory effect of x-syn on the PLD activity [25]. However, many
experimental results strongly suggest a functional interaction between «-syn and phospho-
lipase D. For instance, pld2 overexpression in rat Substantia Nigra pars compacta causes
the loss of dopaminergic neurons due to excess of lipase activity, and, interestingly, a-syn
co-expression suppressed the PLD2 toxicity [26]. Moreover, phospholipase D1 regulates the
autophagic flux and clearance of alpha-synuclein aggregates [27], while the overexpression
of wild-type «-syn in human neuroblastoma cells inhibits the PLD1 expression [28].

The analysis of brain phospholipids in alpha-syn knockout mice has shown different
alteration in lipid metabolism with an increase in docosahexaenoic acid incorporation
and turnover [29] or an increase in cholesteryl esters and cholesterol mass [30,31] and a
reduction in both cardiolipin and its precursor phosphatidylglycerol concentration [32].

2.2. Glucocerebrosidase (GBA)

Heterozygous mutations in the gba gene, encoding lysosomal enzyme glucocerebrosi-
dase (GCase), represent the most common genetic risk factor for PD. GBA deficiency, first
discovered in patients suffering from Gaucher Disease (GD), results in the accumulation of
glycolipids in macrophages residing in liver, lung and spleen and importantly, type 2 and
type 3 GD also exhibit deficits involving the central nervous system [33]. GBA mutations
occur in 7-15% of PD cases [5,34], and the PD risk increase is between 3-fold for carriers of
mild GBA mutation (N370S) and 15-fold for carriers of more severe GBA mutation (L444P
or 84GG) [35]. Between the different genes related to PD, GBA is clearly and directly impli-
cated in lipid metabolism. Up to now, different heterozygous GBA mutations associated
with PD have been identified: N370S, L444P, and E326K. Pathological GBA mutations
result in reducted glucocerebrosidase activity [36], and, importantly, PD patients without
GBA mutations also exhibit lower levels of GCase activity in the central nervous system,
further confirming the contribution of the gba gene to the disease pathogenesis [37,38].

The exact mechanism of GBA mutation toxicity is still debated; both loss- and gain-
of-function hypotheses are supported by experimental evidence, and these hypotheses
are not mutually exclusive. Generation of GBA animal models has permitted a more
extensive analysis of GBA-related molecular mechanisms leading to cell toxicity. In mice,
the presence of pathological point mutations in homozygotes leads to strong decrease in
GCase activity in liver, lung, and spleen, with a residual activity between 2% and 25%
compared with WT [39], while heterozygous mice bearing the L444P mutation show a
40% reduction in GCase activity [40]. In the serum of PD patients carrying pathologi-
cal GBA mutations, a significant modification in lipid composition has been described:
monohexosylceramide, ceramide, and sphingomyelin were elevated, while phosphatidic
acid, phosphatidylethanolamine, plasmalogen phosphatidylethanolamine, and acyl phos-
phatidylglycerol were decreased [41]. The exact mechanism by which GCase dysfunction
increases the risk of PD remains elusive, although a number of different pathological
mechanisms have been proposed. Different experimental evidence suggests that the loss of
the GCase function in patient neurons, as well as in cellular or animal GBA models, com-
promises lysosomal protein degradation that in turn leads to an x-syn accumulation (for
review, see [42]). In addition to their primary consequence—the lysosomal dysfunction—
GBA1 mutations and abnormal GCase activity have also been linked to mitochondrial
dysfunction [43,44]. Recently, a dysregulation of mitochondria-lysosome contacts in PD
patient-derived dopaminergic neurons in the presence of reduced lysosomal GCase enzy-
matic activity was found, resulting in misregulated axonal distribution of mitochondria
and decreased ATP levels [45]. Another suggested hypothesis is that GBA activity could
modulate the cell-to-cell transmission/propagation of x-syn aggregates [46]. In this context,
it is also noteworthy that GBA overexpression in vitro results in a significant decrease in
exosome secretion of synuclein, while either the virus-mediated expression of mutant GBA
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in the mouse striatum or chronic inhibition of GCase activity in vivo result in an increase
in exosome-associated synuclein oligomers [47].

Recently, another genetic link between aberrant lipid metabolism and PD has been
identified. Mutations in the smpdl gene, which encodes the lysosomal enzyme acid
sphingomyelinase (ASMase), have been associated with an increased risk of PD [48-51].
Interestingly, ASMases with the L302P or fsP330 mutations compared with WT or A487V
variant failed to reach the lysosomal compartment and were retained in the ER in trans-
fected HeLa cells [51]. Moreover, in silico analysis suggests that mutations in SMPD1
disrupt either enzymatic domain fold or lipid-binding site [51]. Regardless of the SMPD1
molecular mechanism of toxicity, a reduction in ASMase activity by RNA interference
approach or CRISPR/Cas9-mediated knockout both in HeLa cells and in the BE(2)-M17
dopaminergic cell line leads to an increase in «-syn levels likely due to an impairment in
a-syn degradation by the lysosomal compartment [51].

2.3. Leucine-Rich Repeat Kinase 2 (LRRK2/PARKS)

Lrrk2 gene is the most frequently mutated gene in both sporadic and familial Parkin-
son’s disease (PD) cases, reaching up to 40% in some ethnic groups, Ashkenazi Jewish and
North African Arab Berbers [52,53]. LRRK2 consists of four protein—protein interaction
domains (armadillo repeats, ankyrin repeats, leucine-rich repeats and WD40 domain) and
two catalytic domains (Ras of complex (Roc) domain associated with C-terminal of Roc
(COR) domain and the kinase domain) [53]. Pathological LRRK2 mutations are autosomal
dominant and are all distributed in the two catalytic domains including the most common
mutation associated with LRRK2 (G2019S). Increased LRRK2 kinase activity has been
proposed to strongly contribute to pathogenesis, suggesting the potential therapeutic use
of LRRK2 kinase inhibitors in the treatment of PD [54]. However, LRRK2 pathological
mechanisms of toxicity are still debated. The most prominent hypothesis is a direct LRRK2
involvement in the control of vesicle trafficking, strongly supported by LRRK?2 association
with intracellular membranes of different compartments, such as the Golgi complex, late
endosomes, lysosomes, and synaptic vesicles and by the fact that many putative LRRK2
interactors belong to protein families involved in the regulation of vesicle trafficking or in
cytoskeleton dynamics that in turn may modulate vesicle trafficking [53]. In neurons, the
vesicle trafficking controls fundamental physiological functions, such as neurotransmitter
or protein release and uptake, localization of membrane receptors, organelle biogenesis,
and also changes in lipid membrane composition. Although an extensive analysis of
lipidome profile in LRRK2 cellular or animal models is still missing, different lines of
evidence suggest a potential role of LRRK2 in lipid metabolism and/or lipid signaling
pathway(s). For instance, LRRK2 knockout mice show increased number and density of
lipid droplets in both hepatocytes and stellate cells, compared with WT animals [55], and
distinct lipid profile alterations [56]. In the same animal model, higher level of cholesterol
was observed [55]. LRRK2 involvement in lipid metabolism was further confirmed in
HepG2 cells, where the overexpression of LRRK2 promotes the 3-oxidation by positively
regulating carnitine palmitoyltransferase 1A, whereas LRRK2 knockdown inhibited (3-
oxidation [57]. Using a targeted lipidomic approach, Ferrazza and colleagues reported an
altered sphingolipid composition in LRRK2 KO mice. In particular, ceramide content is
significantly higher in KO compared with WT mice, suggesting that the absence of LRRK2
has an impact on ceramide metabolism [58]. Interestingly, ceramide is a component of all
major sphingolipid species, and several studies have provided evidence that sphingolipid
levels are often altered in neurodegenerative diseases, including PD [59,60].

LRRK2 may also play a role in the phosphoinositide metabolism. LRRK2 and synap-
tojaninl (SYN]1) loss of function share a similar pathogenic pathway in deregulating SV
endocytosis in the dopaminergic neurons [58]. In particular, the SV endocytosis impair-
ment seems to be mediated by direct LRRK2-mediated phosphorylation of SYN]J1, at least
in vitro [61]. Interestingly, the results were further confirmed in drosophila models, where
LRRK2 R1441C expression induces an enhanced phosphorylation of different SV pro-
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teins, including SYN]J1, in the brain [62]. SYN]1 is a phosphoinositide phosphatase highly
expressed in nerve terminals and able to dephosphorylate phosphatidylinositol bis- or
trisphosphates, localized on plasma membranes. Inositol lipids are essential components of
eukaryotic membranes and important intracellular second messengers activating different
downstream pathways.

Numerous experimental results link LRRK2 and its phosphorylation substrates Rabs
to lipids. Phosphoinositides and Rab GTPases regulate each other’s localization, and,
importantly, membrane trafficking relies on dynamic changes in membrane identities that
are determined by the regulation of distinct RAB GTPases and phosphoinositides. In
fact, phosphoinositides mediate the recruitment of different Rab GTPases regulators, and
Rab GTPases affect the recruitment of phosphoinositide regulators (for extensive review,
see [63]). In some cases, the Rab binding to the membrane, in addition to prenylation,
is dependent on a specific protein—protein interaction or on the presence of particular
phoshoinosites [64]. For instance, the plasma membrane localization of Rab35 involves di-
rect binding to the negatively charged phosphoinositides PtdIns(4,5)P2 and PtdIns(3,4,5)P3.
Moreover, the molecular mechanism by which Rab35, a specific LRRK2 substrate [65],
regulates different cellular functions, including endosomal trafficking, phagocytosis, cell
migration and neurite outgrowth, probably involves regulation of phosphoinositides and
F-actin, both on endosomes and at the plasma membrane [66]. Rab35 also controls the lipid
turnover by myotubularins to repress mTORC1 activity and to control myelin growth [67].
Interestingly, the Rab proteins (including specific LRRK?2 substrates) are also involved in
lipid droplet (LD) formation and mobilization [68], and in fact, mutant LRRK2 Y1699C,
by Rab8a phosphorylation on serine residue 72, regulates the fusion and enlargement
of lipid droplets [69]. LDs consist of an organic core comprising neutral lipids (mainly
triacylglycerols and sterol esters) bounded by a monolayer of phospholipids. Neutral lipids
in LDs are mobilized by lipases to provide metabolic energy (through the oxidation of fatty
acids) and lipids for membrane synthesis. Rab5 is associated to LD and modulates LD
formation [64]. Rab10 is involved in the selective targeting of LDs to autophagic machinery
by a Rab10/Dynamin-2 complex formation [70]. As previously mentioned, phosphoryla-
tion of Rab8A by LRRk2 promotes the formation of large lipid droplets [69] and Rab8A is
required for muscle lipid uptake and storage [71]. Finally, Rab18 (although not specifically
investigated as a LRRK2 substrate but showing a phosphorylation sequence similar to the
other Rab members [54]) is a key regulator of LD formation and mobilization [72]. Interest-
ingly, increasing evidence indicates that LDs dynamically interact with different cellular
organelles, including mitochondria, endosomes, peroxisomes, and the plasma membrane
and that this association might facilitate the exchange of lipids, either for anabolic growth
of LDs or for their catabolic breakdown.

2.4. PTEN-Induced Kinase 1 (PINK-1/PARK6) and PARKIN (PARK2)

Although PINK-1 and PARKIN are considered key factors in mitochondrial quality
control by promoting the removal of damaged mitochondria [73], different lines of evi-
dence have implicated these two genes in the control of lipid and lipoprotein metabolism.
Interestingly, lipid biology and mitochondrial homeostasis are tightly connected. Mito-
chondrial membrane lipids are essential for mitochondrial function. The biogenesis and
the mitochondrial architecture, activity of respiratory protein, and transport of proteins
into mitochondria are largely dependent on the mitochondrial lipid composition [74,75].
Valadas and colleagues, using both hypothalamic neurons differentiated from patient
induced pluripotent stem cells (iPSCs) and fruit fly models lacking the parkin or pink-1
gene, found an excess of endoplasmic reticulum-mitochondria contacts [76]. These exces-
sive contact sites cause abnormal lipid trafficking that depletes phosphatidylserine from
the endoplasmic reticulum (ER) and disrupts the production of neuropeptide-containing
vesicles without major defects in the mitochondria of mutant neuropeptidergic neurons.
Importantly feeding mutant flies with phosphatidylserine rescues neuropeptidergic vesi-
cle production and acutely restores normal sleep patterns [76]. Moreover, independent
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research groups have observed specific lipidomic alterations in mitochondria of aged
PARKIN knock-out mice. For instance, Gaudioso et al. observed an enrichment in less
unsaturated forms of CL, lower phosphatidylglycerol and phosphatidylinositol levels, and
higher levels of some forms of hydroxylated ceramides [77]. Finally, a genome-wide RNAi
screen performed in a PD cellular model to identify genes involved in PARKIN-mediated
mitophagy identified the sterol regulatory element binding transcription factor 1 (SREBF1),
a master regulator of lipid synthesis [78]. In SREBF1 knockdown, both Parkin transloca-
tion and mitophagy are altered [78]. Besides, the toxicity induced by PINK1 deficiency
in different animal and cellular models was significantly reduced by the partial genetic
or pharmacological inhibition of fatty acid synthase (FASN) [79]. Lower FASN activity
in PINK1 mutants decreases palmitate levels and increases the levels of cardiolipin, a
mitochondrial inner membrane-specific lipid. Furthermore, cardiolipin supplementation
to isolated mitochondria rescues the PINK1-induced complex I defects and the inefficient
electron transfer between complex I and ubiquinone [79]. The role of CL in mitochondrial
physiology is of particular relevance because CL exposure to the outer membrane not
only regulates mitophagy and the electron transport, but, relevantly for PD, also affects
the a-synuclein aggregation [80]. Interestingly, in rotenone-treated rats, a reduction of
polyunsaturated fatty acid (PUFA) cardiolipin and accumulation of mono-oxygenated car-
diolipin species in the substantia nigra was observed, with an increase in PUFA-containing
cardiolipins in the plasma [81].

Recently a new and specific role of parkin in fat intake and lipid metabolism has been
described [82]. Parkin KO mice resisted weight gain, steatohepatitis, and insulin resistance
when exposed to high-fat and -cholesterol diet [83]. The molecular mechanism of PARKIN
effect seems to be the mono-ubiquitination of the class B scavenger receptor CD36 (also
known as FA translocase, FAT), a transmembrane protein that binds with high affinity to a
number of lipid ligands, including long chain FAs, anionic phospholipids, and native or
modified lipoproteins [83].

2.5. Synaptojaninl (SYN]1/PARK20)

Synjl has been recently identified independently by two research groups as the gene
responsible of autosomal recessive, early-onset atypical parkinsonism (PARK20) [84,85].
Two main SYN]J1 isoforms, generated by alternative splicing, have been discovered of,
respectively, 145 kDa (short isoform) and 170 kDa (long isoform). The short isoform was the
first to be identified and it is highly expressed in the brain with a significant localization in
the presynaptic nerve terminals [86]. SYNJ1 is a polyphosphoinositide phosphatase acting
on various phosphoinositides, including phosphatidylinositol 4-phosphate, phosphatidyli-
nositol (4,5)-bisphosphate (PI(4,5)P2), and phosphatidylinositol (3,4,5)-trisphosphate. Phos-
phoinositides are key regulators of cell physiology. In particular, PI(4,5)P2 plays a major
regulatory role at the cell surface, both as a precursor of important signaling molecules,
as well as via interactions with cytosolic and membrane proteins. The SYNJ1 protein
contains two different phosphatase domains (N-terminal Sacl-like inositol domain and a
central 5'-phosphatase domain) followed by a C-terminal proline-rich domain. The long
isoform contains an additional proline-rich domain. Interestingly, most of the pathological
SYNJ1 mutations are located in one of the two phosphatase domains, although recently, a
new pathological SYN]J1 mutation was reported in the C-terminal domain of the longer
isoform in a Tunisian family with juvenile Parkinson’s disease associated with epilepsy [87].
Up to now, by regulating phospholipid signaling, SYN]J1 seems to be mainly involved
in the regulation of vesicle trafficking. For instance, synapses of knock-in mice carrying
the homozygous R258Q mutation display endocytic defects and a striking accumulation
of clathrin-coated intermediates [88]. Moreover, the pathological SYNJ1 mutation in the
C-terminal domain, reported in the Tunisian family, is located in the clathrin adaptor
protein 2 (AP2) binding domain, further supporting the SYN]J1 role the regulation of en-
docytic vesicle recycling in neurons [87]. Interestingly, as previously mentioned, LRRK2
directly phosphorylates synaptojaninl in vitro, resulting in the disruption of endophilin-
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synaptojaninl interaction required for SV endocytosis. Moreover, midbrain neurons from
mice carrying both LRRK2 G2019S and SYNJ1+/ — show a significant impairment in the
exocytosis processes, strongly suggesting that LRRK2 and SYN]1 control vesicle trafficking
via a common pathological pathway [61]. The LRRK2-SYN]J1 physiological interaction was
further confirmed in drosophila models, where the pathological LRRK2 R1441C mutant
expression induces an enhanced phosphorylation of SYN]J1, both in vivo and in vitro [62].

2.6. Phospholipase A2 Group VI (PLA2G6/PARK14)

Mutations in PLA2G6 were first associated to neurodegenerative disease in the 2006.
In particular, mutations in PLA2G6 were identified in a locus for infantile neuroaxonal
dystrophy (INAD) and neurodegeneration with brain iron accumulation (NBIA) [89].
Independently, the genetic association was validated by Khateeb et al. in two consan-
guineous Israeli Bedouin kindreds with INAD [90]. They identified a 3 bp deletion in the
homozygous PLA2G6 gene, leading to a valine deletion in position 691. Neurodegenerative
disorders with high brain iron include Parkinson disease, Alzheimer disease, and several
childhood genetic disorders categorized as neuroaxonal dystrophies. PLA2G6 was first
associated to PD in 2009 by mutational analysis in three individuals from two unrelated
families with adult-onset dystonia-parkinsonism (PARK14), and, surprisingly, none of
the affected patients showed brain iron accumulation [91]. To date, different types of
pathological mutations have been identified, including nonsense and missense mutations,
small exons deletions, splicing sites. Patients with homozygous mutations in PLA2G6 show
young onset, progressive cognitive decline, and dopa-responsive dystonia-parkinsonism.

The phospholipase A2 (PLA2) superfamily consists of many different groups of
enzymes that catalyze the hydrolysis of the sn-2 ester bond in a variety of different phos-
pholipids, leading to the release of arachidonic acid and other fatty acids [92]. PLA2 plays
a key role in both phospholipid remodeling and signal transduction as the PLA2 products
are important second messengers that play relevant roles in different signal transduction
pathways. PLA2G6 encodes a calcium-independent group VI phospholipase A2, which
localizes to the neuronal mitochondria and endosomal and lysosomal membranes. In the
nervous system, PLA2G6 could be essential for the remodeling of membrane phospholipids
in axons and synapses; however, the exact molecular mechanism by which PLA2G6 con-
tributes to neurodegeneration has not yet been fully elucidated. For instance, in contrast to
INAD mutations, it remains debated whether PD-associated mutations in PLA2G6 protein
affect its catalytic activity [93].

Different PLA2G6 knock-out mice have been generated [94,95]. Malik et al. show
age-dependent accumulation of distinctive spheroids in distal axons that contain mem-
branes accumulated due to an impairment in axonal membrane homeostasis and in protein
degradation pathways [96]. In old PLA2G6 knock-out mice, a significant neuroaxonal
dystrophy was visible, likely due to insufficient remodeling and degeneration of mito-
chondrial inner membranes and presynaptic membranes [97]. The insufficient membrane
remodeling was further confirmed by imaging mass spectrometry showing a significant
increase in docosahexaenoic acid-containing phosphatidylcholine in the gray matter of the
spinal cord of PLA2G6 KO mice, especially in the posterior horn [97]. Moreover, PLA2G6
KO mice showed decreased rates of incorporation of unesterified docosahexaenoic acid
(DHA) from plasma into brain phospholipids, reduced concentrations of several fatty
acids (including DHA) esterified in ethanolamine- and serine-glycerophospholipids, and
increased lysophospholipid fatty acid concentrations [98].

In drosophila, PLA2G6 loss results in acyl-chain shortening in phospholipids, which
affects ER homeostasis and neurotransmission and promotes a-synuclein aggregation.
Interestingly, administration of linoleic acid or the overexpression of C190rf12, another
NBIA-causative gene, rescues the acyl-chain shortening due to PLA2G6 loss [99].
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3. Conclusions

There is a growing body of evidence linking dysfunctional lipid metabolism to PD
pathogenesis. Changes in membrane lipids have been observed in both affected and unaf-
fected regions of brains from PD patients, and in different experimental models expressing
PD-causative or -risk genes, indicating that alteration in lipid metabolism/pathways may
precede PD development. In Figure 1, some molecular pathways altered by PD-related gene
expression leading to alteration in lipid metabolism, composition, or signal transduction
are schematized.
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Figure 1. Cell biological processes impacted by PD-related genes leading to lipid alteration. As
described in the main text, different PD-causative or -risk genes (GBA, SMPD1, SYN]J1, and PLA2G6)
directly control lipid metabolism in neuronal cells. PD-causative genes (LRRK2, PINK-1, and
PARKIN) may indirectly control lipid metabolism, localization or signaling by controlling vesicle
trafficking and/or lipid exchange between various organelles inside the cells. Finally, c-synuclein
physiology is tightly related to lipid: a-synuclein controls lipid metabolism, x-synuclein localization
and aggregation are strongly dependent on a specific membrane lipid composition, and, lastly, LBs are
largely composed of x-synuclein tightly associated to lipids and membrane fragments. Aggregated
a-synuclein is represented as green stars.

Both a-synuclein localization and aggregation are dependent on specific membrane
lipid composition. Moreover, lipid metabolism alteration in lysosomes for instance by
GBA or SMPD1 mutants may affect the a-synuclein clearance. LRRK2 may regulate lipid
metabolism either directly or, more likely, indirectly through the control of vesicle traffick-
ing by the phosphorylation of different RAB family proteins. Eukaryotic cells rely on a
complex and regulated network of vesicular transport to ensure efficient delivery of lipids
to target organelles. Moreover, the endogenous lipid synthesis and delivery is of particular
relevance in neurons because some circulating plasma lipids (e.g., cholesterol) cannot reach
these cells due to the inability of different lipoproteins to traverse the blood-brain barrier.
SYNJ1 is a polyphosphoinositide phosphatase acting on various phosphoinositides, and
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PLA2G6 is a calcium-independent group VI phospholipase A2; therefore. both are directly
involved in the control of lipid metabolism. SYNJ1 and PLA2G6 are both localized on
neuronal mitochondria, endosomal and lysosomal membranes, and plasma membrane and
could play an essential role in remodeling membrane phospholipids either in cellular or-
ganelles or in axons and synapses. Importantly, the biogenesis and architecture of different
cell structures (mitochondria, lysosomes, vesicles or lipid droplets, cell membranes) are
largely dependent on the lipid composition. Furthermore, products generated by SYN]J1
or PLA2G6 are important second messengers that play relevant roles in different signal
transduction pathways in neurons. Recent evidence has highlighted specific alteration in
mitochondria due to abnormal lipid trafficking from the endoplasmic reticulum in both
human hypothalamic neurons and fruit fly models lacking parkin or pink-1 genes. These
data are further corroborated by specific alterations in lipid metabolism/composition in
different PARKIN or PINK1 experimental models. Finally, experimental results indicating
that LBs are largely composed of lipids, membrane fragments, and membranous organelles,
such as vesicles, further confirm the importance of lipid composition in PD pathology.
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Parkinson's disease (PD) is an age-dependent neurodegenerative
disorder that presents with disabling motor symptoms, and to date no
drug treatment is able to act on the cause of the disease but only on
motor symptoms.

The causes leading to the disease onset are related to both
environmental and genetic factors. In recent years genetic studies have
discovered different pathways that are involved in both genetic and
sporadic forms of PD leading to oxidative stress, abnormal protein
homeostasis, mitochondrial dysfunction and lysosomal defects.

Much emphasis has been placed on the involvement of certain genes, in
particular a-synuclein and LRRK2, likely implicated in intracellular vesicle
trafficking and their functional consequences. In neurons, vesicle
trafficking underlies almost every functions of the nervous system, in fact
it mediates the release and uptake of neurotransmitters or the release
and uptake of proteins, the localization of membrane receptors, changes
in the composition of the plasma membrane at the cell surface and, not
least, the biogenesis of organelles.

Vesicular trafficking is tightly regulated and its dysregulation has been
extensively implicated in PD and other neurological disorders®.

During the years of my PhD thesis | was mainly involved in deciphering
the molecular mechanisms involved in the toxicity LRRK2 pathological
mutant expression.

Considerable experimental evidence obtained by the analysis of LRRK2
cellular localization and LRRK2-interacting proteins suggests a significant
involvement in the pathways regulating vesicle trafficking. LRRK2 is likely
a scaffold protein keeping together and modulating a protein complex
involved in vesicle dynamics. Interestingly SV2A, an integral

transmembrane protein localized on neuronal vesicles, is part of this
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complex. SV2A is the molecular target of a widely used drug for the
treatment of epilepsy, the Levetiracetam (LEV)®*. Experimental evidence
suggests that LEV may be considered not only an antiepileptic drug but
also neuroprotective and analgesic compound®. The absence of SV2A
protein in knockout animals results in the development of frequent
seizures, suggesting an agonistic rather than antagonistic effect of LEV on
SV2A% although the mechanism of action if far to be elucidated.

We demonstrated using different experimental models that LEV is able
to reverse the pathological effects associated with LRRK2 G2019S
expression.

In primary neurons from WT or LRRK2 G2019S BAC transgenic mice,
G2019S expression results in a significant reduction in neurite outgrowth
compared with primary WT neurons. LEV treatment significantly
improves the shortening phenotype of G2019S neurons.

The same treatment was performed on PC12 cells expressing the dox-
inducible LRRK2 G2019S mutant. After 6 days of NGF treatment, the
expression of mutant G2019S, induced by doxycycline treatment, results
in a strong reduction in neurite outgrowth. Addition of LEV significantly
increased neurite outgrowth. Moreover, LEV treatment rescues the
LRRK2 effect on DRD2 intracellular trafficking.

Our data strongly suggest that LEV treatment may represent a valuable
neuroprotective compound for PD.

To further investigate the involvement of LRRK2 in vesicle trafficking, we
developed a GST-pulldown approach to identify possible LRRK2 protein
interactors. We identified the protein Sec8 as a specific LRRK2 interactor.
The LRRK2 and Sec8 protein interaction was confirmed in transfected cell
cultures and, most importantly, in mouse brain at physiological protein

levels.
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Sec8 is a member of the exocyst complex, an evolutionarily conserved
multisubunit protein, primarily implicated in binding secretory vesicles to
the plasma membrane. The exocyst complex is composed of eight single-
copy subunits: Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84.
Several members of the exocyst complex interact with SNARE members.
These interactions are thought to precede vesicle priming, a process
mediated by SNAREs to dock vesicles to the membrane and ultimately to
induce lipid fusion.

We have shown that LRRK2 not only associates with Sec8, but,
importantly, modulates the association of Sec8 with Exo70 and Sec6, two
other members of the exocyst complex, strongly suggesting that LRRK2
may mediate the complex assembly. Interestingly, the LRRK2 effect is
mediated by the kinase domain since it is significantly reduced either in
the presence of LRRK2 kinase deletion mutant or by treatment with an
LRRK2 kinase inhibitor.

Finally, we evidenced that overexpression of Sec8 can significantly impair
the inhibition of SH-SY5Y differentiation due to LRRK2 G2019S
expression.

Our data strongly support the role of LRRK2 in the control of vesicle
trafficking. Since one of the first analysis by Piccoli et al. in 2011
demonstrating that LRRK2 may control the storage and mobilization of
synaptic vesicles within the recycling pool, hundreds of different
publications have highlight the role of LRRK2 in vesicle trafficking: LRRK2
mutants alter endocytosis through phosphorylation of DNAJC6 (auxilin),
synaptojaninl, endoA, or Rab5b and modulate vesicle dynamics through
aberrant phosphorylation of NSF or several Rab family proteins (see

Introduction).
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Alteration in vesicle trafficking may determine not only changes in the
release and uptake of neurotransmitters, or the release and uptake of
proteins, or the localization of membrane receptors, but also changes in
the lipid composition of plasma membrane and organelles.

Indeed, changes in membrane lipids have been observed in both affected
and unaffected regions of the brain of patients with PD, and in several
experimental models expressing genes causative of or at risk for PD,
indicating that altered lipid metabolism may precede disease
development.

We extensively analyzed the changes in lipid composition in both PD
patients and PD experimental models published in literature and we

wrote a review article on this research topic.

During my doctoral years, | also partially contributed to two other

research papers.

55



S International Journal of
Molecular Sciences

Review

Cyanobacteria, Cyanotoxins, and Neurodegenerative Diseases:
Dangerous Liaisons

Paola Sini 10, Thi Bang Chau Dang 12, Milena Fais 1{, Manuela Galioto !, Bachisio Mario Padedda 37,

Antonella Luglié 3%, Ciro Iaccarino

check for

updates
Citation: Sini, P,; Dang, T.B.C,;
Fais, M.; Galioto, M.; Padedda, B.M.;
Luglie, A.; Iaccarino, C.; Crosio, C.
Cyanobacteria, Cyanotoxins, and
Neurodegenerative Diseases:
Dangerous Liaisons. Int. ]. Mol. Sci.
2021, 22, 8726. https://doi.org/
10.3390/1jms22168726

Academic Editors: Masaru Tanaka

and Laszl6 Vécsei

Received: 12 July 2021
Accepted: 5 August 2021
Published: 13 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1® and Claudia Crosio '*

Department of Biomedical Sciences, University of Sassari, 07100 Sassari, Italy;
sinipaoladrop@gmail.com (P.S.); bangchauykt@gmail.com (T.B.C.D.); faismilena@gmail.com (M.E);
galioto@uniss.it (M.G.); ciaccarino@uniss.it (C.1.)

Department of Biochemistry, Hue University, Hue City 7474, Vietham

Laboratory of Aquatic Ecology, Department of Architecture, Design and Urban Planning, University of
Sassari, 07100 Sassari, Italy; bmpadedda@uniss.it (B.M.P.); luglie@uniss.it (A.L.)

*  Correspondence: ccrosio@uniss.it; Tel.: +39-079228653

Abstract: The prevalence of neurodegenerative disease (ND) is increasing, partly owing to extensions
in lifespan, with a larger percentage of members living to an older age, but the ND aetiology and
pathogenesis are not fully understood, and effective treatments are still lacking. Neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis are
generally thought to progress as a consequence of genetic susceptibility and environmental influences.
Up to now, several environmental triggers have been associated with NDs, and recent studies
suggest that some cyanotoxins, produced by cyanobacteria and acting through a variety of molecular
mechanisms, are highly neurotoxic, although their roles in neuropathy and particularly in NDs are
still controversial. In this review, we summarize the most relevant and recent evidence that points at
cyanotoxins as environmental triggers in NDs development.

Keywords: cyanobacteria; cyanotoxins; neurodegenerative diseases; ALS; Amyotrophic Lateral
Sclerosis; PD; Parkinson’s Disease; AD; Alzheimer Disease; L-BMAA

1. Introduction

The aetiology and pathogenesis of neurodegenerative diseases (NDs) such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) are not fully
understood. All these neurodegenerative disorders have a significant genetic contribution,
although mendelian forms of NDs, attributed to rare gene mutations, may account only
for up to 5-10% of the cases, and the remaining 90-95% are due to idiopathic mechanisms.
Recent high-throughput genomic technologies have demonstrated that the NDs share
common genetic factors, and microarrays and next-generation RNA-sequencing point to
shared gene expression signatures, such as neuroinflammation genes [1], with further
overlaps identified in genes related to RNA splicing and protein turnover between ALS
and PD and mitochondrial dysfunction genes as a common theme between PD and AD.
Moreover, a recent meta-analysis study on -omic data obtained at all gene expression levels
reveals significant overlaps between the different diseases [2].

Patients affected by NDs share common genetic patterns, although a consistent per-
centage of sporadic cases may have causes other than or in addition to human hereditary
factors. The non-genetic factors may include the involvement of a variety of environmental
factors, such as toxins, produced naturally by microorganisms. Table 1 summarizes some
of the most representative epidemiological data, verified by meta-analysis, linking NDs to
environmental factors.
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Table 1. Environmental factors in neurodegenerative diseases.
Environmental Factors Effects Diseases Reference
Lead (crosses the blood-brain barrier and accumulates 1
: : ALS [3,4]
in neuronal and glial cells)
Heavy metals Aluminium AD? [5,6]
Manganese PD?3 [6,7]
Pentachlorobenzene ALS [8]
Pesticide Rotenone and paraquat ALS, PD [9,10]
Organophosphate pesticides ALS, PD, AD [11]
Electromagnetic fields Contradictory results ALS, AD [12-14]
Smoking Protective PD [15,16]
Risk factor AD, ALS [17,18]
Physical activity Protective PD [19]
Body mass index and nutritional state Lower nutritional parameters AD [20]
Akkermansia muciniphila reduces symptoms; ALS [21,22]

Microbiota structure

and dysfunction of the gut-brain axis

Ruminococcus torques and Parabacteroides distasonis

Suppression of Prevotellaceae and anti-inflammatory
genera; blooming of pro-inflammatory Proteobacteria, PD [23-25]
Enterococcaceae, and Enterobacteriaceae

Suppression of anti-inflammatory taxa such as
Eubacterium rectale and a profusion of AD [24,26]
pro-inflammatory taxa such as Escherichia and Shigella

Cyanobacteria and cyanotoxins Risk factors ALS, PD, AD [27,28]

1T ALS, Amyotrophic Lateral Sclerosis, 2 AD, Alzheimer’s Disease, 3 PD, Parkinson’s Disease.

Cyanobacteria and microalgae synthesize significant quantities of toxins that can
act via multiple molecular mechanisms [29,30]. Recent studies showing the presence of
the neurotoxin (3-N-methylamino-L-alanine (L-BMAA), produced by cyanobacteria and
algal species, in the brain and cerebro-spinal fluid samples from patients with AD and
ALS suggest that exposure to cyanotoxins may contribute to the development of human
neurodegenerative diseases [27,31,32]. However, understanding the neurotoxic effects of
L-BMAA and other microalgal neurotoxins and identification of pharmacological strategies
to attenuate these harmful effects is needed.

Harmful algal blooms (HABs) represent a natural phenomenon caused by the growth
of single or more species of phytoplankton at the same time. The harmful algal species
(HAS) may belong to two different kingdoms of life, prokaryotic cyanobacteria and eukary-
otic microalgae in waterbodies. In the last decades, HABs have had an evident increase in
connection to human impacts such as eutrophication, aquaculture, hydrodynamic mod-
ifications in coastal systems, and global climate change [33]. Part of this observed HAB
expansion reflects a better assessment of the current and past scale of the phenomenon,
long obscured by scarce monitoring [34].

Over recent decades, it has been demonstrated that increasing anthropogenic activities,
such as intensive agriculture and farming, industrialization, and urbanization, have led to
the widespread eutrophication of inland and coastal ecosystems, resulting in a range of en-
vironmental, social, and economic issues due to the degradation of water resources [35,36].
Eutrophication causes shifts in the aquatic ecosystem’s state, leading to a loss of ecosystem
goods and services [37]. In fact, the quantity and quality of nutrient inputs to a water
body can have profound effects upon its ecosystem processes and structure, e.g., acting on
its biogeochemistry and biodiversity and altering the water quality. Eutrophication has
many negative effects, among which one of the most worrying is the increased growth of
microalgae [38] and cyanobacteria [39,40] that interfere with the use of waters [41]. Their
blooms contribute to a range of problems, including fish kills, foul odors, unpalatability of
drinking water, and hazards for human health [40].
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The nutrient supplies to water bodies originate from different sources, such as external
inputs, including catchment drainage, groundwater, and the atmosphere, and internal in-
puts, such as release from sediments. Strong relationships have been demonstrated between
total phosphorus inputs and phytoplankton production in freshwaters [42-44], where Nj-
fixing cyanobacteria often dominate, compensating for any deficit in nitrogen [45,46], as
well for the intake of total nitrogen in estuarine [47] and marine waters [48,49], on a world-
wide scale. Changes in nutrient supply ratios, particularly for mineral (N:P or N:5i) and
organic forms (DOC:DON), are responsible for the rearrangement of phytoplankton assem-
blages in favor of dominant species, which can lead to the formation of blooms [50-52].
Despite progress in our knowledge of the mechanisms by which nutrients are supplied
to ecosystems and the pathways by which different species absorb them, the connections
between nutrient supply and bloom growth, as well as their potential toxicity or dam-
age, remain poorly understood [53]. The increase in the abundance of algal prey is also
responsible for the widespread heterotrophic and mixotrophic species among HAB [54,55].
The ecological success of a microalgae or cyanobacteria species is influenced by biological
factors, such as the presence and abundance of other species, grazers [56], and abiotic
factors, such as the flushing rate or water residence time, weather conditions, water mixing,
and stratification. The overall impact of nutrient overabundance on hazardous algal species
is strongly species-specific. Control and reductions of nutrients have been demonstrated as
the only effective and structural solution to preventing phytoplankton biomass or HAB
incidence [57].

The HAS, mainly represented by dinoflagellates, diatoms, and cyanobacteria, produce
significant environmental impacts due to high biomass and/or toxin production (Figure 1).

Figure 1. Evidence of intense cyano-HABs in Mediterranean artificial lakes (Sardinia; Lake Bidighinzu, on the left; Lake
Posada, on the right). Cyanobacterial cell accumulation along shorelines, especially due to winds action, provokes blue-green

colored waters.

Collectively, cyanotoxins and algal toxins have been implicated in an array of human
diseases. In particular, the consumption of food contaminated by algal toxins results in var-
ious pathological conditions including seafood poisoning syndromes (diarrhetic shellfish
poisoning—DSP, paralytic shellfish poisoning—PSP, neurotoxic shellfish poisoning—NSP,
ciguatera fish poisoning—CFP, due to dinoflagellates; amnesic shellfish poisoning—ASP,
due to diatoms). Human contact with aerosol or waterborne toxins can also have other
minor deleterious impacts, such as dermatological or respiratory irritation [58]. Moreover,
there is increasing epidemiological evidence of relationships between environmental toxins
and neurodegenerative diseases, including ALS, AD, and PD [27,59,60].

Most of these pathological conditions are caused by neurotoxins, which show highly
specific effects on the nervous system of animals, including humans, by interfering with
nerve impulse transmission. Neurotoxins are a varied group of compounds, both chem-
ically and pharmacologically. They vary in both chemical structure and mechanism of
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action and produce very distinct biological effects, which provide a potential application of
these toxins in pharmacology and toxicology.

Whereas dinoflagellates and diatoms are found primarily in marine environments,
cyanobacteria are usually considered the major HAS in freshwater ecosystems. Actu-
ally, their impacts on transitional aquatic ecosystems may increase due to global climatic
change [61]. Cyanobacteria produce an impressive range of toxic secondary metabolites,
the cyanotoxins, whose presence and concentration in the waters is both a relevant threat to
human health and the environment and a substantial economic cost [62,63]. Cyanobacteria
are ancient, cosmopolitan inhabitants of terrestrial environments and fresh, transitional,
and marine ecosystems; they are photosynthetic and prokaryotic organisms, classified in
150 genera, over 40 of which include species that produce cyanotoxins [64]. Cyanobacteria
are fundamental components of phytoplankton, and their competitiveness, which depends
on both biological traits and environmental conditions, allows them to dominate the phyto-
plankton of eutrophic and hypereutrophic water bodies. Interestingly, cyanobacteria have
been globally growing due to the increase of the geographical distribution, including in the
Mediterranean region, frequency, and extent of their harmful blooms (cyano-HABs), which
are expected to further increase due to climate change [65,66]. Exposure to cyanotoxins,
responsible for acute or (sub)chronic poisonings of wild /domestic animals and humans,
can follow multiple routes: i) orally, via drinking water or via consumption of health food
tablets or other organisms that have accumulated the cyanotoxins along the food chains; ii)
in labour or recreational water environments dermally; or iii) by inhalation exposure [67].

Cyanotoxins are grouped, according to the physiological systems, organs, tissues, or
cells that are primarily affected, in neurotoxins, hepatotoxins, cytotoxins, irritants, and
gastrointestinal toxins. Many cyanotoxins are also tumor promoters, with carcinogenic
activity, and are the causative agents of serious health threats for humans [68].

The purpose of this review is to summarize the scientific information on the relation-
ship between neurodegenerative disorders and cyanobacterial /dinoflagellates neurotoxins,
classified according to [69], focusing on the experimental models used to test CTX toxicity.

2. Cyanobacterial and Dinoflagellates Neurotoxins

According to [28,70], cyanobacterial and dinoflagellates neurotoxins can be divided in
four main classes, based on their mode of action:

saxitoxins (carbamate compounds, N-sulfocarbonyl compunds, decarbamyl compunds);

ciguatoxins;

anatoxins (anatoxin-a, homoanatoxin-a, guanitoxin);

3-N-methylamino-L-alanine (L-BMAA) and its isomers (2,4-diaminobutyric acid,
2,4-DAB and aminoethylglycine, AEG);

3. Saxitoxins and the Paralytic Shellfish Poisoning

Saxitoxin (STX) and its 57 analogues, collectively indicated as paralytic shellfish
toxins (PSTs), are a family of molecules consisting of a tetrahydropurine group and two
guanidinium moieties, produced by both cyanobacteria and dinoflagellates [70,71].

The most well-known and researched source of the PSTs is marine dinoflagellates
(e.g., Alexandrium), which are filtered by invertebrates such as shellfish, crustaceans, and
molluscs without being affected by the toxins. The toxins become concentrated in the
invertebrates and are then ingested by human consumers, causing paralytic shellfish
poisoning (PSP). There are strict safety guidelines for commercially produced seafood that
establish a shellfish harvesting prohibition if toxin levels exceed a maximum of 800 ug STX
eqv /1000 g edible tissue [72].

STX is one of the strongest natural neurotoxins, and it is also the most studied among
PSTs [71]. STX is a reversible voltage-gated sodium channel blocker (Figure 2A) [73].
It crosses the blood-brain barrier and acts by blocking sodium channels in the central
nervous system (CNS), therefore leading to paralytic effects [74]. A critical issue related to
low-dose extended exposure of coastal communities who rely heavily on a seafood diet
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is the study of the molecular mechanisms underlying STX toxicity. Exposure to STXs of
cultured primary murine motoneurons as well neuronal cell lines (PC12 and SH-SY5Y
cell lines) induces a reduction in axonal growth that is dependent on the presence of
voltage-gated sodium channel isoform Nav1.9 [66,75]. Interestingly, the pharmacological
activation to increase the opening probability of NaV1.9 could be a way to stimulate axon
regeneration and maintenance in human neurodegenerative pathology such as spinal
muscular atrophy (SMA), in which a defect in synapse maintenance appears as a central
pathophysiological mechanism.
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Figure 2. (A)Voltage-gated
binding induces a block in
nicotinic acetylcholine rece

ligand, acetylcholine (Ach),

neuromuscular junction.

organophosphate

nicotinic acetylcholine receptor agonist irreversible inhibitor of acetylcholinesterase

sodium channel (NaV) is the target of both saxitoxins (5TXs) and ciguatoxins (CTXs). STX
Na* conduction, while CTX binding slows down NaV inactivation. (B) Anatoxins act on the
ptor (nAchR): anatoxin-a is a nAChR receptor agonist, mimicking the binding of its natural
while guanatoxin inhibits acetylcoline esterase (AChE), inducing ACh accumulation at the

A low dose of STXs induces an altered redox status that results in oxidative stress in
different experimental paradigms, as reported in Table 2.

Recently, a proteomic study on murine neuroblastoma N2A cells identified differ-
ent proteins altered upon low-dose saxitoxin exposure. The identified proteins are key
regulators of cell apoptotic pathways, cell skeleton maintenance, membrane potentials,
and mitochondrial functions [31]. Notably low doses of saxitoxins induce a decrease
in voltage-dependent anion-selective channel 1 (VDAC1). VDAC1 is a multifunctional
protein, expressed in the mitochondria and other cell compartments, that regulates the
main metabolic and energetic functions of the cell (Ca2+ homeostasis, oxidative stress,
and mitochondria-mediated apoptosis) [32]. Notably, VDAC1 represents the main mito-
chondrial docking site of many misfolded proteins, such as amyloid 3 and Tau in AD,
a-synuclein in PD and several SOD1 mutants in ALS [33]. In AD post-mortem brains as
well as in APP1 transgenic mouse models, VDAC1 was found to be over expressed in
patients, and the possibility of decreasing it by using low doses of STX can be a fascinating
therapeutic option [33].
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Table 2. Saxitoxins treatment in different experimental models.
Experimental Saxitoxins Exposure Protocol Effects Reference
Model
primary neuron culture from 0.3-3.0 me L-1 24h oxidative stress, neurotoxicity, [76]
tropical freshwater fish oToUmE genotoxicity and apoptosis
murine neuroblastoma N2A 0-256 nM 24-48 h .hlgh levels. of ROS gene.ratlon [77]
mild cytotoxic or apoptotic effects
rainbow tlig_}l (t;flzs}l cell line 0-256 nM 2448 h mild cytotoxic or apoptotic effects [77]
human primary astrocytes high levels of ROS generation reduced [78]

cell survival

zebrafish embryos

adverse effect on development of
0.05-0.1 uM zebrafish embryos, oxidative [79]
stress-induced apoptosis

mouse neonate brain

single intraperitoneal 7.5 ug kg~™!  increased proliferation of OPCs, but not

body weight in pregnant mice maturation process of these cells (801

4. Ciguatoxins

Ciguatoxins (CTXs) are polyether marine toxins known to activate voltage-gated
sodium channels (NaV) and to cause one of the most widespread forms of nonbacterial food
poisoning, named ciguatera. They are produced by dinoflagellates (i.e., Gambierdiscus)
and reach humans via the food chain, with the consumption of fish that graze on reef
macroalgae, including dinoflagellates that produce CTXs.

CTX-caused food poisoning was endemic only in tropical and subtropical areas, but
it is spreading in Europe and Australia. Despite the high number of cases, estimated
at around 50,000-500,000 cases per year, the prognosis is usually benign. In humans,
more than 170 non-specific symptoms have been reported, although the most characteristic
manifestations of ciguatera fish poisoning, found in all patients, are neurological symptoms,
including paraesthesia and headache [81].

At present, more than 29 different CTX analogues have been identified, and they have
been classified into three main groups that differ slightly in chemical structure according to the
origin of the toxin: P for Pacific, C for the Caribbean, and I for Indian ciguatoxins [82] (Table 3).

Several lines of evidence suggest that chronic exposure to P-CTX-1 is associated with
severe neurological manifestations in the peripheral nervous system (PNS) of some pa-
tients, suggesting that P-CTX-1 neurotoxicity, similar to other peripheral neuropathologies,
primarily affects the PNS. In line with this hypothesis, it has been demonstrated, in mouse
models, that the persistence of P-CTX-1 in peripheral nerves reduces the intrinsic growth
capacity of peripheral neurons, resulting in delayed functional recovery after injury [83].
Moreover, P-CTX-1 has been shown to be a relatively non-selective activator of human
NaVs subtypes (Figure 2A, displaying different functional effects on the different NaV
subtypes, differentially expressed in peripheral sensory neurons [84]. It has been recently
demonstrated that local application of 1 nM P-CTX-1 into the skin of human subjects
induces a long-lasting, painful axon reflex flare and that CTXs are particularly effective
in releasing calcitonin-gene related peptide (CGRP) from nerve terminals [85]. Significant
alteration in CGRP expression has been also observed in the anterior horn of the spinal cord
of familial ALS patients as well as in the transgenic mice expressing mutated human SOD1,
one of the most-used ALS mice models [86]. In this ALS mouse model, the genetic deletion
of CGRP accelerates muscle denervation and reduces cytotoxic neuroinflammation [87].
Interestingly, in the spinal cord of wobbler mice, a well-established model of motor neuron
loss, an increase in mRNA of CGRP and its receptor, has been observed [88].

Additionally, CNS neuron physiology is altered upon CTXs exposure since synthetic
ciguatoxin P-CTX-3C has been shown to have a profound effect on neuronal transmission
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in mice primary cortical neurons [89]. The transcriptomic analysis of cortical neurons
exposed for different time points to P-CTX-3C led to the identification of different signaling
pathways activated downstream to the activating NaVs [90].

P-CTX-3C induces cytotoxicity in SHSY5Y human neuronal cells, only in the presence
of the Na™ channel activator (veratridine) and of the inhibitor of the Na*/K* ATPase
(ouabain), mimicking a realistic human in vivo situation [91].

Interesting results were obtained using a tetracyclic analogue of ciguatoxin-like toxin,
gambierol, in cellular and animal models for AD. In fact, although gambierol exhibits
a potent acute lethal toxicity in mice (minimal lethal dose: 50 pg/kg, ip), its tetracyclic
truncated analogue in a mouse model for AD induces a decrease of amyloid 3142 level, a
reduction of tau phosphorylation, and a reduction in the N2A subunit of the N-methyl-D-
aspartate (NMDA) receptor level [92].

Table 3. Ciguatoxins treatment in different experimental models.

Experimental

Ciguatoxins Exposure

Model Protocol Molecular Target effects Reference
25 pM-100 nM P-CTX-3C cytotoxic effect, alterations of
SH-SY5Y short-(4-24 h) and long-term the mitochondrial metabolism, [91]
exposure (10 days) cell morphology, and [Ca2*]i
. . oL gene expression alteration
primary cortical 5nM CTX3C 6-24 mediated by voltage-gated [90]
neurons 72h .
sodium channel
Nav 1.8 and TTXs Nav
C57BL/6 shallow intraplantar (i.pl.) subtypes are effectors spontaneous pain [93]
mice injection of P-CTX-1 (1-10nM)  of ciguatoxin-induced P P
cold allodynia
release of calcitonin-gene
L 0.01-31 nM P-CTX-1 (>95% :
transgeni(;tmlce and purity) isolated from moray eel NaV1.9 related peptrl:;lfv(eCGRP) from [85]
(Gymnothorax javanicus) liver .
terminals
irreversible motor deficit in
(0.26 ng /g body weight) 4—monjch pre-c?xposed mice
. 2 following peripheral nerve
C57BL/6 intraperitoneally on day 0 iniur
. followed by second exposure o ury . [94]
mice astrogliosis and excitotoxic

on day 3 P-CTX-1 (isolated and
purified from moray eels)

neuronal cell death via the
activation of caspase 3 in
motor cortex

5. Anatoxins

Anatoxins are water-soluble cyanotoxins (produced by different cyanobacterial genera,
e.g., Anabaena, Dolichospermum, Aphanizomenon; Figure 3), lethal neurotoxins that can be
classified into three main categories: anatoxin-a, its structural homologue homoanatoxin-a,
and the unrelated guanitoxin, previously named anatoxin-a(s) [95].

Anatoxin-containing blooms have been found all over the world. As represented
in Figure 2B, they have different physiological targets: (i) anatoxin-a is an alkaloid and
an agonist of nicotine acetylcholine receptors (nAChRs), which are located both in the
CNS as well as in the postsynaptic terminals of motor neurons, [96]; (ii) guanitoxin is
an organophosphate that acts as an irreversible inhibitor of acetylcholinesterase (AChE,
EC3.1.1.7) [28]. Notably, neuronal nAChRs are considered potential targets for the devel-
opment of new therapeutic agents for the treatment of diverse disorders such as PD and
AD [97,98], while AChE inhibitors have been demonstrated to be effective in slowing the
clinical progression in AD patients [99].
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Anatoxin-a was shown, at least in vitro, to induce inflammation and apoptosis in
immune and brain cells [100], and it has been implicated in numerous animal poisonings
worldwide. Up to date, there is no evidence of its toxic effects on the brain, and more
detailed experiments are needed to find a link, if any, between anatoxin exposure and
neurodegeneration.

Figure 3. Cyanobacteria genera, potentially toxins producers in Mediterranean artificial lakes: (a,b):
different species of Dolichospermum from Lake Bidighinzu; (c,d): different species of Microcystis
from Lake Liscia and Lake Monte Lerno; (e f): different species of Aphanizomenon, in single tricome
from Lake Temo and in fascicle of tricomes from Lake Liscia. A: heterocyst, B: akinete; C: vegetative
cells; bar 50 um.

6. Role of L-BMAA in Neurodegenerative Diseases

L-BMAA was isolated for the first time from the seeds of Cycas circinalis L. [54]. L-
BMAA is a non-protein neurotoxic amino acid produced almost from all known groups of
cyanobacteria including cyanobacterial symbionts (e.g., Nostoc) and free-living cyanobac-
teria (e.g., Anabaena, Microcystis; Figure 3), marine diatoms (e.g., Navicula, Skeletonema),
and dinoflagellates (e.g., Gymnodinium) in the most various ecosystems worldwide [101].
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Despite some contradictory opinions [102], an increasingly large body of experimental
outcomes provides significant evidence that L-BMAA plays an important role in slow-
developing neurodegenerative diseases, including ALS/Parkinsonism Dementia Complex
(ALS/PDC) found on Guam islands, ALS, AD, and PD (review [32,59]).

ALS/PDC, specific to Guam and certain other Marianas islands of the Western Pacific,
with symptoms of all three diseases, came to the attention of the scientific community
during and after World War II. In the 1950s, for Chamorro residents of Guam and Rota,
ALS, ALS-like conditions, and their death rates were estimated to be 50-100 times higher
than in the United States and in other developed countries. From the late 1960s to the early
1980s, the incidence of both disorders had decreased. The main causes responsible for the
decreasing incidence appeared to be ethnographic, social, and ecological changes, brought
about by the rapid westernization of Guam. This change suggests that the cause of the
ALS/PDC was not genetic but rather environmental [103].

Since the indigenous Chamorro people consumed cycad seed flour in food and in tra-
ditional medicine, Spencer et al. [104] first proposed the connection between the etiopatho-
genesis of ALS/PDC and the neurotoxin L-BMAA produced by the cyanobacteria of the
genus Nostoc, which are symbiont of coralloid roots cycads. In a preliminary study, Spencer
et al. showed that repeated oral administration of L-BMAA (0-81 mmol/kg daily) to
Macaca fascicularis monkeys was able to induce a degenerative motor-system disease with
features of ALS and parkinsonism. Pyramidal dysfunction, limb weakness, atrophy, upper-
extremity tremors and wrist drop, bradykinesia, behavioral changes, and degeneration of
lower motor neurons were observed [104].

A significant finding in the primate study of Spencer et al. was that, while early signs
of motor-neuron dysfunction were observed in animal models fed with high doses of
L-BMAA, extrapyramidal damage developed slowly with lower doses of L-BMAA. This
led the authors to propose that chronic toxicity might be separate from acute toxicity [60].
Interestingly, L-BMAA is then biomagnified up the food chain from symbiotic cyanobacteria
to cycads to flying fox of the genus Pteropus mariannus. Cox et al. [105] observed a 10,000-fold
biomagnification of free L-BMAA and 50-fold biomagnification in total L-BMAA. These
data suggested a mechanism that could produce sufficiently high doses of toxins to induce
neurological disease in humans [106-108].

Biomagnification of L-BMAA may not be unique to Guam; indeed, Cox and col-
leagues [109] detected L-BMAA not only in the brain tissue of Chamorros who died from
ALS-PDC but also in Alzheimer’s patients from Canada due to the capability of the neu-
rotoxin to cross the blood—brain barrier through an active transport mechanism [110,111].
This finding suggests various ecological pathways for the bioaccumulation of L-BMAA in
aquatic or terrestrial ecosystems.

L-BMAA is neurotoxic, and although different and multiple mechanisms of toxicity
have been proposed (Figure 4), its involvement in neurotoxicity and neurodegeneration
remains largely unidentified [112,113]. The neurotoxin is a non-lipophilic, non-essential
amino acid that is present both in free and protein-bound forms. Weiss and Choi discovered
that L-BMAA had activity in vitro only when a physiological concentration (10 mM and
higher) of bicarbonate ions (HCO3") was co-present in the cell culture media. L-BMAA's car-
bamate adduct, named f3-carbamate, presents structural similarities to glutamate that may
lead to neuronal degeneration via a mechanism regulated by the activation of excitatory
amino acid (EAA) receptors and/or glutamate transporters through a three-fold mech-
anism [114,115]. At a glutamatergic synapse, 3-carbamate binds to ionotropic (NMDA
and AMPA /kainate receptors) receptors (iGluR) and metabotropic receptors (mGluR).
Their activation induces a significant increase in intracellular CaZ, directly via iGluR and
indirectly via mGluR (via phospholipase C signaling) [116], promoting mitochondrial
reactive oxygen species (ROS) generation and endoplasmic reticulum (ER) stress [113].
This excitotoxicity of postsynaptic neurons typically leads to neuronal death. Besides being
part of the pathogenic mechanism leading to ALS, excitotoxicity could be responsible for
the selective vulnerability of motoneurons during the progression of the disease [117,118].
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Figure 4. Multiple mechanisms of L-BMAA cellular toxicity. L-BMAA in the presence of bicarbonate
ions (HCO3-) forms L-BMAA'’s carbamate adduct, named f-carbamate, and binds to ionotropic
(iGluR) and metabotropic (mGluR) receptors. The activation of iGluR and mGluR leads to a significant
increase in intracellular Ca,*, directly via iGluR and indirectly via mGluR (PLC signaling). This
Cay™ increase promotes mitochondrial reactive oxygen species (ROS) generation and endoplasmic
reticulum (ER) stress. L-BMAA inhibits the cystine/glutamate antiporter (system Xc-)-mediated
cystine uptake, which leads to glutathione depletion and increased oxidative stress. Once in the
cytoplasm, the toxin is likely to be inserted into the neosynthesized cellular proteins and to prompt
protein misfolding that often leads to the formation of insoluble aggregates, containing among
other proteins TDP-43. iGluR: ionotropic glu receptors; mGluR: metabotropic glu receptors; PLC:
phospholipase C; TDP-43: TAR DNA-binding protein 43.

Liu etal. in 2009 found that L-BMAA inhibits the cystine/glutamate antiporter (system
Xc—-mediated cystine uptake, which leads to glutathione depletion and increased oxidative
stress. In a cyclical system, L-BMAA seems to drive the release of glutamate through the
Xc-system, which induces toxicity through the activation of the mGIuR5 receptor. This
transport may be the cause of L-BMAA accumulation in cells [118].

Once in the cytoplasm, the neurotoxin may probably be misincorporated in place of
serine or alanine in neosynthesized cellular proteins. L-BMAA might also be associated
with proteins through non-covalent bonds. The insertion of L-BMAA and other non-
protein amino acids into proteins may generate protein disfunction, misfolding, and/or
aggregation. Although further research is required concerning L-BMAA incorporation
into proteins, L-BMAA is incorporated into proteins in place of L-serine [119], and a large
portion of L-BMAA is protein-bound (60- to 130-fold greater amount) compared to L-BMAA
detected in the free [119,120].

This incorporated L-BMAA in brain tissues may function as an endogenous neurotoxic
reservoir that can slowly release free L-BMAA, causing neurological damage over years
or even decades, which may explicate the observed long-latency period for neurological
disease onset among the Chamorro people [32].

Protein misfolding often leads to the formation of insoluble aggregates, and anomalous
accumulation of aggregates in the affected tissues is one of the main pathological changes
observed in neurodegenerative diseases. In ALS, this phenomenon involves biological
markers including TDP-43 (TAR DNA-binding protein 43), a protein encoded by the
TARDBP gene, located in the cell nucleus of most tissues. In physiological conditions, TDP-
43 shuttles between the nucleus and cytoplasm, and it is involved in various steps of RNA
biogenesis and processing such as alternative splicing [121,122]. In pathological conditions,
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TDP-43 is hyperphosphorylated, ubiquitinated, and cleaved to generate C-terminal fragments,
and it was identified as the main component of ubiquitinated inclusions in post-mortem tissues
of ALS patients and patients with frontotemporal dementia [122,123].

Triggers with L-BMAA result in TDP-43 overexpression and aggregation in several
in vitro and in vivo models: SH-SY5Y cell lines [124] and primary neurons (rats [124,125],
mice [126,127], and zebrafish [128]). These specific forms of TDP-43 are present in patients
with neurodegenerative diseases such as ALS and FTD.

The protein misincorporation of L-BMAA could affect protein-folding and successive
accumulation of misfolded proteins into lysosomes [119]. This anomalous protein-synthesis
is also supposed to lead to cell stress at the endoplasmic reticulum, independent of L-
BMAA high concentration effects such as excitotoxicity and oxidative stress, deregulation
of the reduction/oxidation systems, and an activation of some pro-apoptotic caspases like
caspase-12 [129]. The resulting dysregulated protein homeostasis with low non-excitotoxic
concentrations could be a contributing factor in the scenario of chronic L-BMAA exposure
that may lead to late onset and slow progression of neurodegenerative diseases [129].

Moreover, L-BMAA leads to the activation of transcription factors known to be in-
volved in the regulation of oxidative stress and cellular senescence such as X-box binding
protein 1 and nuclear factor 2 erythroid like 2 [130]. Interestingly, the same high levels of
these transcriptional regulators have been detected in the brains of patients with ALS, PD,
AD, and front temporal dementia [131,132].

Numerous investigators used in vitro approaches to assess the potential role of L-
BMAA on mammalian CNS models. It should be noted that most in vitro investigations
needed high L-BMAA concentrations (>100 uM) to produce cellular damage and toxicity
(Table 4). These concentrations are not physiologically appropriate, and consequently
the results are extremely difficult to interpret compared to in vivo responses. Therefore,
numerous studies identified a possible mechanism of toxicity at a cellular level but are
incomplete in relating the effects to L-BMAA environmental exposures.

Chiu and colleagues [114] reported NMDA receptor-mediated increases in intracellu-
lar calcium ions, ROS production, DNA damage, and neuronal death in primary human
neuronal cells prepared from foetuses following exposure to L-BMAA, with the lowest toxic
concentration in the presence of bicarbonate reported to be 400 uM [133]. The neuron-like
cell lines are frequently chosen for their characteristics. SH-SY5Y, from human metastatic
neuroblastoma, has dopaminergic, cholinergic, glutamatergic, and adenosinergic features;
clonal rat pheochromocytoma cell line PC12, differentiated with nerve growth factor, is
a recurrent model to study receptor-mediated excitotoxicity [134]. In order to investigate
independent excitotoxic mechanisms, non-neuronal cells have also been used, but immor-
talized cells are significantly different from physiological characteristics in neurons; thus,
numerous studies were made on primary neuronal cultures (Table 4).

Table 4. L-BMAA treatment in different experimental models.

Experimental L-BMAA
Model Exposure Protocol Molecular Target Reference
3 mM plus antagonist for low neurotoxicity of BMAA and weak action at [135]
kainate/ AMPA receptors 5 days glutamatergic receptors :
Low non-excitotoxic BMAA concentrations induce
SH-SY5Y 0.1 mM 48h effects on the ubiquitin/proteasome [129]

system not ROS-related

decrease cell viability in a dose-response manner and

3-10 mM 48h evoke alterations in GSK3 and TDP-43

[136]
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Table 4. Cont.
Experimental L-BMAA

Model Exposure Protocol Molecular Target Reference
0.5 mM 24h-48h-72h Increased caspase-3 activity and cathepsins, ER stress [137]
0.05-0.25-1 mM 24 h alterations in alanine, aspe.artate, and glutamate [138]

metabolism
0.1-1mM 24-48 h autophagy [139]
3 mM 48h disrupts mitochondrial metabolism [140]
PC12 2mM6-12h apoptosis and mGluR1 increase [141]
0.4-1 mM 48h promoted cell death and axon-like outgrowth [142]
exposure to BMAA causes protein misfolding, ER stress,
NSC-34 0.1-1mM 72 h induction of the UPR, disruption of the mitochondrial [130,141]
function
L-BMAA causes arrest of cell cycle progression at the
NIH/3T3 1-3 mM 48-96 h G1/S. No evidence of cell membrane damage, apoptosis, [143]
or ROS overproduction
rimary cortical neurons 3mM1h L-BMAA activity is dependent on HCO3, resulting in a [115]
P y 20 mM HCO3" destruction of cortical neuronal population. [144]
primary cerebellar L-BMAA induced both necrotic- and apoptotic-like cell

granule cells colture, rat up to 3 mM 24-48h death [145]

Es?g)ljrz;gigii)iZZla;i 3-10 mM 3-24h enhancement death of cortical neurons damaged by other [146-148]

Y 0.1 mM 48h insults; oxidative stress, Wallerian-Like Degeneration
cultures, fetal mouse

neural stem cells 50 WM=3 mM 24h apoptosis, cellular differentiation, neurite outgrowth, [133]

and DNA methylation

The production of L-BMAA is not limited to cycad seeds, and the risk to exposure
to this neurotoxin is not confined to Guam. In some locations, cyanobacteria are directly
consumed by people. In the mountains of Peru, Cyanobacteria Nostoc commune Vaucher ex
Bornet and Flahault (with a L-BMAA concentration of 10 ug/g) are collected in the highland
lakes by the indigenous people, who call them llullucha [149]. Indigenous people eat them
directly, sell them in markets, and add them to salads, soups, or meat dishes. Direct dietary
intake is not the only possible mode of exposure to cyanobacterial neurotoxins. Inhalation
as a systemic delivery route has been demonstrated for microcystins in nasal swabs and
blood samples from people at risk of swallowing water or inhaling spray while swimming,
water skiing, jet skiing, or boating during algal blooms [150]. In 2009, a causative link
was hypothesized between the inhalation of L-BMAA, present in soil crusts dominated by
cyanobacteria and detected in desert dust, and the higher incidence of ALS observed in the
Gulf war veterans younger than 45 years old [151], but experiments in rat models observed
significant biochemical responses to L-BMAA only at extremely high (non-physiological)
concentrations [152].

Notably, L-BMAA misincorporation into neuroproteins produces protein misfold-
ing and is inhibited by L-serine [108,139] that was proposed as a potential therapeutic
option for ALS ([153] phase 2 ClinicalTrials.gov Identifier: NCT03580616), AD (Phase 2
ClinicalTrials.gov identifier: NCT03062449) and hereditary sensory autonomic neuropathy
type I (HSAN1) [154]. The molecular mechanism underlying L-serine neuroprotection is
not fully elucidated and can be independent of L-BMAA-mediated neurotoxicity [139].

7. Conclusion

An increasing cyanobacteria abundance is expected due to climate change and eu-
trophication, worsening the cyanotoxins issue and urging quick prevention and mitigation
actions. Cyanobacteria detection in natural water samples with cyanotoxins (CTXs)-level
determination should become a priority to prevent uncontrolled human exposure. Al-
though pathophysiological mechanisms underlying ND is far from being completely un-
derstood, the link between CTX exposure and neurodegeneration is now widely accepted
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by the scientific community. Apart from the well-described via of CTXs exposure (inges-
tion, dermal contact, biomagnification), it could be critical also to evaluate the presence of
cyanobacteria in gut microbiota. In this respect, in the last 10 years, a growing recognition
within the scientific and medical communities points at the “microbiota—gut-brain axis”
as a key element in neurodegenerative process (Table 1 and [155] for a comprehensive
review). Different lines of investigation have suggested that some species of cyanobacteria
are present in small numbers in the gastrointestinal tract, and through the production of
specific CTX, they could be considered potentially responsible for inducing neurodegenera-
tion [155-157]. At present, only in PD patients, a specific decrease in cyanobacteria (Family
Aphanizomenonaceae, Genus Dolichospermum) has been reported [158]. The lack of data
for other neurodegenerative disorders can be linked to the low abundance of Cyanobacte-
ria in biological samples tested. Nevertheless, human beings can be, via dietary sources,
chronically exposed to cyanotoxins and/or other algal toxins, single or in combinations,
which can alter different cellular processes and activate specific immune responses, chronic
mild gut inflammation, and ultimately neurodegenerative processes [59].

The present review aims to emphasize the relationship between the increasing number
of HABs and eutrophication with the molecular evidence linking CTXs to neurodegenera-
tion. A multidisciplinary approach is required to mitigate the human health risks and to fill
different scientific gaps. It is of particular interest to test the hypotheses whether CTXs in
water samples are linked to their trophic state, to cyanobacteria abundance and/or species
composition living there, and finally at the molecular level, to definitively establish the
contribution of CTX chronic exposure to neurodegeneration.
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HDACT inhibition ameliorates TDP-43-induced cell

death in vitro and in vivo

Simona Sanna', Sonia Esposito’, Alessandra Masala', Paola Sini', Gabriele Nieddu', Manuela Galioto', Milena Fais',
Ciro laccarino', Gianluca Cestra® and Claudia Crosio

ABSTRACT

TDP-43 pathology is a disease hallmark that characterizes both amyotrophic lateral sclerosis (ALS) and frontotemporal
lobar degeneration (FTLD-TDP). TDP-43 undergoes several posttranslational modifications that can change its
biological activities and its aggregative propensity, which is a common hallmark of different neurodegenerative
conditions. New evidence is provided by the current study pointing at TDP-43 acetylation in ALS cellular models. Using
both in vitro and in vivo approaches, we demonstrate that TDP-43 interacts with histone deacetylase 1 (HDAC1) via
RRM1 and RRM2 domains, that are known to contain the two major TDP-43 acetylation sites, K142 and K192. Moreover,
we show that TDP-43 is a direct transcriptional activator of CHOP promoter and this activity is regulated by acetylation.
Finally and most importantly, we observe both in cell culture and in Drosophila that a HDCA1 reduced level (genomic
inactivation or siRNA) or treatment with pan-HDAC inhibitors exert a protective role against WT or pathological mutant
TDP-43 toxicity, suggesting TDP-43 acetylation as a new potential therapeutic target. HDAC inhibition efficacy in
neurodegeneration has long been debated, but future investigations are warranted in this area. Selection of more

specific HDAC inhibitors is still a promising option for neuronal protection especially as HDACT appears as a
downstream target of both TDP- 43 and FUS, another ALS-related gene.

Introduction

TDP-43 or TARDBP (TAR-DNA binding protein-43) is
a 43 kDa ribonucleoprotein, originally identified as tran-
scriptional repressor of HIV1 TAR-DNA, associated
during the past decades with a spectrum of neurological
diseases, namely TDP-43 proteinopathy'. TDP-43 is a
predominantly nuclear RNA/DNA-binding protein
essential for the development of the central nervous sys-
tem (CNS) from the earliest stages of embryonic life to
adulthood®. In the nucleus, TDP-43 is involved in tran-
scriptional regulation, splicing and miRNA biogenesis, but
upon stressing conditions it is partially relocated in the
cytoplasm, becoming involved in mRNA stability control,
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translation, and nucleocytoplasmic transport by forming
stress granules®. TDP-43 undergoes several posttransla-
tional modifications that can change its structure, locali-
zation, overall functions, its aggregative propensity and,
importantly, TDP-43-positive aggregates are a common
hallmark of different neurodegenerative conditions®.
Ubiquitinated, phosphorylated, and acetylated-TDP-43
aggregates were, in fact, identified in 95-97% of patients
affected by amyotrophic lateral sclerosis (ALS) and in
about 50% of Frontotemporal Lobar Degeneration
(FTLD)"*°. Moreover, the direct role of TDP-43 in dis-
ease pathogenesis is underscored by the identification of
more than 40 ALS-associated dominant missense muta-
tions in the TDP-43 gene (TARDBP) in both familial and
sporadic patients’. Several different pathological mutants
display a propensity to form both nuclear and cytoplasmic
aggregates indicating that loss of TDP-43 homeostasis
and aggregation play a critical role in pathogenesis. In
particular it has been demonstrated that acetylation
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modifies both TDP-43 function and localization, by
decreasing its ability to interact with nucleic acids™®.
According to Choen et al.” TDP-43 can be acetylated
mainly on K154 and K192 by the HAT (histone acetyl
transferase) activity of CBP (CREB binding-protein). Once
acetylated, TDP-43 can be relocated in the cytoplasm
where it can be deacetylated by the histone deacetylase 6
(HDAC6)”™°. Given this experimental evidence, it is
plausible that modulating TDP-43 acetylation might be a
good strategy to prevent TDP-43 aggregation and cell
damage.

HDACs are a complex family of proteins involved in
many different cellular functions in CNS, including
chromatin shaping to adjust transcriptional profiles dur-
ing neuronal development and neuronal response to
injury'!. HDAC substrates, which are implicated in neu-
ronal development and survival, are not restricted to
histones. As demonstrated, several different physiological
functions are regulated by deacteylation'?~**, Among the
different HDACs functionally associated with ALS onset
and progression we focused our attention on HDACI.
HDACI1 is a Zn+-dependent deacetylase of 482 amino
acids, that can be found in large transcriptional repression
complexes consisting of SIN3A, NuRD, and Co-REST"?,
which inactivate the expression of neuronal genes in
nonnervous tissues'®. The role of HDACI in regulating
neuronal viability is quite controversial ranging from
neuronal protection from death to an increase in neuro-
degeneration and axonal death'’. The involvement of
class I HDACs in the onset of ALS was first shown by
Janssen et al.'”. Different studies also suggest that some of
these HDACs regulate vitality and mortality of nerve cells;
first, HDAC1 assumes neurotoxic or neuroprotective
function as it interacts with HDAC3 or HDAC9'®. In fact,
the role of HDAC1 in regulating neuronal vitality is quite
controversial, since some studies show that such deace-
tylase is able to protect neurons from death, while other
studies demonstrate that HDAC1 induces neurodegen-
eration and axonal death'®'®. Moreover, recent studies
indicate that in degenerative neurons, HDAC1 moves to
cytoplasm where it becomes implicated in axonal altera-
tion and degeneration of the cell'®.

Most relevant to ALS, HDACI1 interacts with FUS,
another ALS-causative gene, on DNA double strand
breaks and this interaction seems to be important for
chromatin integrity; as a matter of fact, many FUS
pathological mutations impair this interaction and lead to
impaired DNA break repair’>*'. Notably, ALS patients
show increased levels of ROS but also of 8-hydroxy-2
‘-deoxyguanosine (OH 8dG), a marker of DNA damage.
In this context, the interaction between FUS (but also
TDP-43) and HDACI could have an important role in
preserving DNA stability and cell survival, and the
alteration of this interaction in ALS patients could lead to

Official journal of the Cell Death Differentiation Association

Page 2 of 14

an imbalance in the delicate equilibrium between cell
survival and cell death. Recently also TDP-43 has been
shown to play a key role in DNA damage response (DDR),
since its loss of function results in a faulty repair of DNA
damage associated with a stopping in transcription and an
inhibition of recruitment of critical components of the
NHEJ repair system®>*?,

The striking functional and structural similarities
between TDP-43 and FUS®*, as well as the observation
that acetylation appears to promote aggregation and
diminish TDP-43 functionality'®, prompted us to inves-
tigate a possible interaction between HDAC1 and TDP-
43. Since epigenetic drugs are at present one of the most
promising strategies for ALS treatment, information on
the physical, and functional interaction between TDP-43
and HDAC1 will provide the rationale for using the
HDAC inhibitor (HDACi) in ALS therapy”.

Results
TDP-43 interacts with HDAC1 in vitro and in vivo, via RNA
binding domains

To assess the interaction between TDP-43 and HDAC1
a co-immunoprecipitation assay from mice neuronal tis-
sues was performed, using an anti-TDP-43 antibody. As
illustrated in Fig. 1a, a strong interaction between the two
proteins in different neuronal tissues was observed,
especially in the spinal cord. By transfection and co-
immunoprecipitation this interaction was dissected and it
was observed that TDP-43 binds to HDACI1 indepen-
dently from the presence of the pathogenic point muta-
tions M337V or A382T (Fig. 1b). Furthermore, this
interaction was compared with the interaction between
FUS and HDACI described elsewhere*® showing a more
prominent binding of HDACI1 to TDP-43 compared with
FUS. Since HDAC1 and HDAC2 exhibit redundancies in
various systems, a co-immunoprecipitation experiment
was performed demonstrating no interaction between
HDAC2 and TDP-43 (Fig. S1b).

To characterize TDP-43 domain(s) responsible for the
interaction with HDACI a series of Myc-tagged TDP-43
fragments was generated, lacking the various putative
functional domains of the protein (N-terminal, RRM1,
RRM2, and G-rich domain). Since the N-terminal deletion
causes the complete cytoplasmic re-localization of TDP-
43 (Fig. S1), while HDACI is mainly nuclear, this mutant
was  excluded from  further  analysis.  Co-
immunoprecipitation experiments, performed on cell
lysates from transfect cells, demonstrated that TDP-43
interacts with HDAC1 via both RRM1 and RRM2
domains, and that only in the double deletion mutant the
interaction is abolished (Fig. 1c). Interestingly, RMM1 and
RRM?2 domains have been shown to be crucial in TDP-43
physiopathology”?. Two of the three TDP-43 patholo-
gical mutants that do not target the G-rich domain,
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(see figure on previous page)

Fig. 1 TDP-43 interacts in vivo and in vitro via RRM1 and RRM2 domains, with HDAC1 that can module its acetylation. a Spinal cord,
cerebellum, or striatum of BALB31c mice were used for co-immunoprecipitation experiments. After dissection tissues were lysed and protein extracts
were immunoprecipitated, with specific antibodies. Proteins retained were separated on SDS-PAGE and visualized by western blot using specific
antibodies (b, €) HEK 293T cells were transiently transfected with FLAG-tagged HDCA1 and Myc-tagged WT or mutant TDP-43. We tested
pathological mutants M337V, A382T, D169G, K263E, acetylation null KK-AA or mimicking KK-QQ mutants, and the deletion mutants ARRM1, ARRM2,
AG-rich, ARRM1/RRM2. Forty-eight hours after transfection, cells were lysed, protein extracts were immunoprecipitated and analysed as in (a). d Bar
graph shows the relative binding of HDAC1 to mutant TDP-43, normalized to TDP-43 WT. The data were obtained from four independent
experiments; *p > 0.05 and **p > 0.01 versus WT binding, analysed by using one-way ANOVA with Bonferroni's Multiple comparison post-hoc test.
e Representative 2-DE maps showing the change in TDP-43 acetylation status, upon HDAC1 or HDAC6 expression. SH-SY5Y were transfected by
TDP-43 WT or deletion mutant ARRM1-2 and FLAG-tagged HDCA1 or HDACS. Forty-eight hours after transduction, TDP-43 was immunoprecipitated

and a visualized by western blot using an anti-acetyl lysine antibody.

ALS-linked mutation D169G*’, and FTLD-TDP linked
mutation K263E*® map in this region, as well as the two
major TDP-43 acetylation sites, K145 and K192°. Thus,
constructs coding for these pathogenic (D169G, K263E)
or acetylation-mimic (KK-QQ) or acetylation-null (KK-
AA) mutations were generated to assess whether they can
affect the interaction with HDACI1. They were transiently
expressed in SH-SY5Y cells and their localization was
analysed by immunofluorescence (Fig. S1) demonstrating
that all these variants are exclusively nuclear with the
exception of TDP-43 D169G, which partially localizes in
the cytoplasm. Moreover, according to previous published
results, ARRM1-2 deletion mutant appeared more clus-
tered in nuclear bodies, which were larger and more
numerous compared with TDP-43 WT.

Interestingly, in the co-immunoprecipitation experi-
ments performed the acetylation-mimic mutant (KK-
QQ) displays a significant decrease in HDAC1 binding
(Fig. 1c, d).

HDCA1 modulates TDP-43 acetylation

To study the interaction between TDP-43 and HDAC]I,
first their subcellular localization in SH-SY5Y cells was
analysed. By immunofluorescence staining it was
demonstrated that cellular stress induced by the over-
expression of different TDP-43 mutants does not sig-
nificantly affect HDACI localization (Fig. S2).

Up to now, acetylated-TDP-43 has been demonstrated
to be only an HDAC6 substrate’. In order to investigate if
HDACI1 alters TDP-43 acetylation, we performed a 2D
gel-analysis of immunoprecipitated TDP-43 from SH-
SY5Y cells transfected with TDP-43 alone or in combi-
nation with HDACI. After immunoprecipitation TDP-43
was separated by isoelectrofocusing and SDS/PAGE. The
level of TDP-43 acetylation was evaluated using anti-
acetyl lysine antibody (Fig. le). The co-transfection with
HDCAL1, as well as the one with HDACS, shifts the iso-
electric point (pI) of immunoprecipitated TDP-43. This
effect is partially prevented by deletion of RRM1-RRM2
domains, confirming that K145 and K192 are prominent
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but nor exclusive acetylation sites” and suggesting that
also HDAC1 can modify TDP-43 pl, most likely by
removing acetyl groups.

TDP-43 activates CHOP transcription and it is regulated by
acetylation

TDP-43 was originally described as transcription factor
for TAR DNA of HIV1?, but at present the only direct
other target is the testis specific mouse acrvl (SP10)
promoter®>*!, TDP-43 has been also shown to induce a
transcriptional upregulation of C/EBP-homologous pro-
tein (CHOP) promoter and CHOP gene disruption
markedly attenuates TDP-43-induced cell death™.
Moreover, TDP-43-induced upregulation of CHOP
expression is mediated by both reduction of CHOP
degradation and by the increase of CHOP mRNA level.
Thus, we decided to use CHOP promoter (from —954 to
+91) to drive the expression of luciferase reporter and to
test the ability of TDP-43 in regulating it. As shown in Fig.
2a, TDP-43 acts as a robust activator of CHOP promoter
and the transcriptional activation on this promoter is
slightly increased by the overexpression of the patholo-
gical mutation A382T, although it does not reach a sta-
tistical significance; notably, the transcriptional activation
is abolished by RRM1-RRM2 deletion and particularly by
the acetylation-mimic point mutations (KK-QQ).

This experimental evidence indicates a direct interac-
tion between TDP-43 and CHOP promoter, which was
confirmed by the ChIP approach. In a first attempt, the
CHOP promoter activation was tested in response to
sodium arsenite using the dual modification of histone
H3, which is phosphorylated at serine 10 and acetylated at
lysine 14 (H3-PS10/AcK14), as a marker of transcriptional
activation. Accordingly, we observed that sodium arsenite
treatment induces CHOP transcriptional activation
demonstrated by histone H3 phosho-acetylation detection
(Fig. 2b). Subsequently, chromatin was extracted and
immunoprecipitated using anti-TDP-43 antibodies from
SH-SY5Y cells transduced with adenoviral particles
expressing 5xMyc-TDP-43%, As shown in Fig. 2c, d, we
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Fig. 2 TDP-43 transcriptional activity on CHOP promoter. a CHOP-luciferase plasmid was co-transfected with WT or mutant TDP-43 in SH-SY5Y
cells and luciferase activity was measured, in a multiplate reader using the Dual-GlowTM Luciferase Assay System (Promega, USA). Firefly luciferase
activity was then normalized to the Renilla luciferase activity to control the transfection efficiency. Data were then normalized to luciferase activity in
cells transfected with empty vector, which was given a value of 100%. The data were obtained from four independent experiments; **p > 0.01 and
**¥*p>0.001, analysed by using one-way ANOVA with Bonferroni's Multiple comparison post-hoc test. b ChIP assay by anti-H3-PS10- AcK14H3 on
CHOP promoter upon treatment with sodium arsenite (10 uM) for 1, 3, or 6 h, using EZ-Magna ChIP™ (Millipore), according to the manufacturer's
protocol. € SHSY5Y cells were transduced with TDP-43 and 24 h postinfection cells were fixed, lysed and used for ChIP analysis. d quantification of

ChIP experiment by using the Fold Enrichment Method. The data were obtained from four independent experiments; **p > 0.015 for the fold
enrichment, analysed by using one-way ANOVA with Bonferroni's Multiple comparison post-hoc test.

demonstrate that TDP-43 binds directly to the CHOP
promoter, in a region comprised between —300 and —30.

Acetylation affects TDP-43 re-localization under stressful
conditions

TDP-43 acetylation status is suggested to be critical for
TDP-43 toxicity, since the TDP-43 acetylation-mimic
mutant K145Q induces TDP-43 pathology in muscle
cells™®. Starting from this observation the effects of double
acetylatyion mimic or acetylation-null mutations on TDP-
43 toxicity were assessed by measuring TDP-43 nuclear
loss and cell death of SH-SY5Y cells*. In particular, SH-
SY5Y transduced with TDP-43 WT or bearing different
mutations, were exposed to sodium arsenite, a classical
agent used to induce stress granules formation, or UV-C
to induce DDR>>%°, Although both treatments induce the
re-localization of WT or acetylation-null mutations in the
cytoplasm (Fig. 3), only the acetylation-mimicking KK-
QQ mutant is completely unaffected and retained in the
nucleus of treated and untreated cells.
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TDP-43 and HDAC1 have a synergistic effect in decreasing
cell vitality

The overexpression of either WT or pathological
mutants of TDP-43 induces a reduction in cell survival, in
different cellular, and animal systems®’, including SH-
SY5Y cells®®. Thus, the effect of HDAC1 on TDP-43-
induced cell toxicity was evaluated. Firstly, adenoviral
particles expressing WT or mutant TDP-43 variants were
generated and their effects on cell viability were mea-
sured. As shown in Fig. S4a, at MOI of 10 pfu/cell, the
expression of WT or pathological mutant TDP-43 indu-
ces a decrease in cell viability. Notably, at the same MOI
the expression of the KK-QQ mutant is less toxic, while
the KK-AA mutant displays an intermediate effect. In this
condition the ratio between endogenous and exogenous
TDP-43 (corresponding to Myc-tagged TDP-43), mea-
sured by relative quantification of protein bands, is about
1:5 (Fig. S4b). To better characterize the molecular
mechanisms underlying the reduction in cell viability that
we observed by MTS assay upon TDP-43 overexpression
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Fig. 3 Effect of NaArs or UV-C exposure on TDP-43 localization in SH-SY5Y cells. a Immunofluorescence on SH-SY5Y cells transduced with the
indicated adenoviral particles encoding for TDP-43 WT, KK-AA, or KK-QQ (MOI 10 pfu/cell), and exposed to NaArs 50 uM for 16 h or UV-C 5 J. The TDP-
43 signal was revealed by primary anti-TDP-43 antibodies and anti-mouse ALEXA 488 secondary, HDAC1 was detected by anti-HDACT antigen and
secondary anti-rabbit ALEXA 647. The slides were analysed by Leica SP5 confocal microscope. b Graph summarizing TDP-43 localization (N nucleus or
N/C nucleus-cytoplasm) in 200 cells in a total of three different experiments, in the indicated experimental conditions; ***p > 0.001 analysed by using

two-way ANOVA with Bonferroni's Multiple comparison post-hoc test.

we evaluated the expression of apoptotic (caspase-3,
PARP) or autophagic (LC3) markers, in SH-SY5Y and SH-
SY5Y cells stably expressing CFP-DEVD-YFP reporter®®,
As summarized in Fig. S4c, d, the reduction on cell via-
bility likely does not involve the activation of apoptotic or
autophagic pathways.

HDAC inhibition has been shown to be protective in a
wide range of pathological conditions®**, including ALS.
HDAC:s such as sodium butyrate (NaB), 4-phenylbutyrate
(SPB), trichostatin A (TSA), and fatty acid derivatives,
which inhibit most class I and II HDACs, have been used
in SOD1-G93A mouse model. In fact, SPB treatment
extends survival and motor performance in SOD1-G93A
mice models and it has been demonstrated to be safe and
well tolerated*"** in a phase 2 clinical trial. TSA induces a
modest improvement in motor function and survival as
well as protection against motor neuron death®. Fur-
thermore, butyrate and valproic acid are also known to
readily cross the BBB**. Finally, the therapeutic potential
of NaB has been also demonstrated in other neurode-
generative diseases such as Alzheimer disease, Parkinson’s
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and Huntington disease*’. Thus, the effects of these four
HDACis on TDP-43-mediated cell death were assessed.

First, cellular toxicity of the different HDACis was
evaluated by testing their dose-response effect on cell
viability (Fig. S5) and two different nontoxic con-
centrations for each inhibitor to be used were defined.
Afterwards, SH-SY5Y cells were transduced with
recombinant adenovirus coding for WT or different
mutants of TDP-43 (M337V, A382T, K145A-K192A, or
K145Q-K192Q) and treated by HDACis. These experi-
ments demonstrate an HDACIi dose dependent increase
in cell survival (Fig. 4). The positive effect of HDAC
inhibition on TDP-43-induced cell toxicity was also
confirmed in immunofluorescence experiments (Fig.
4g). HDCAi-treated cells display a diffuse staining of
TDP-43 in the nuclei, which appear more spherical in
respect to the ones of untreated cells. The expression of
KK-AA and KK-QQ TDP-43 mutants is less toxic
respect to WT TDP-43 and the treatment with HDACis
induces a slight increase in cell viability, which does not
reach statistical significance.
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particles encoding for TDP-43 WT, M337V, A382T, KK-AA, or KK-QQ (MOI 10 pfu/cell), and treated whit different HDACI. Forty-eight hours after
transduction and concomitant HDACI treatment cell viability was assessed by a colorimetric assay. At the end of the assay the cell extracts of the four
replicates for each time point were pooled and analysed by western blot using anti-TDP-43 antibody. anti-Bactin was used as loading control. NaB
0.04 and 0.2 mM (@, b); TSA 10 nM and 25 nM (c, d); SPB 0,1 mM and 0,5 mM (e, f). The data were obtained from four independent experiments; **p >
0.01 and ***p > 0.001 analysed by using one-way ANOVA with Bonferroni's Multiple comparison post-hoc test (g) Immunofluorescence on SH-SY5Y
transduced with different myc-tagged-TDP-43 isoforms treated for 48 h with NaB 0.2 mM, TSA 25 nM, and SPB 0.5 mM. Cells were labeled with an
anti-Myc antibody and detected with a secondary conjugate to Alexa 488 anti-mouse fluorophore as a secondary antibody. The slides were analysed
by Leica confocal microscope. Scale bars = 10 um.

TDP-43 M337V TDP-43 A382T

.

Then HDAC1 expression level was manipulated to
assess its effect on TDP-43 toxicity. The CRISPR/Cas9
genome editing technique was used in SH-SY5Y cells to
generate stable cell lines in which the expression of
HDAC1 was ablated. SH-SY5Y were transfected with a

Official journal of the Cell Death Differentiation Association

plasmid coding for the humanized Cas9 and different
gRNA targeting the second exon of HDACI gene. After
puromycin selection, single stable clones were isolated
and analysed for HDAC1 expression leading to the
identification of two lines in which HDACI1 protein
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expression was absent as demonstrated by immuno-
fluorescence experiment (Fig. 5a) and sequencing (data
not shown).

These HDAC1-KO lines were used in cellular vitality
tests, after being transduced with TDP-43 expressing
adenoviruses. Interestingly, the ablation of HDACI1
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expression significantly ameliorates TDP-43-mediated
cell death (Fig. 5b).

To confirm the evidence coming from HDCA1 genetic
ablation, a commercial HDAC1 small interfering RNA
(siRNA) to downregulate HDAC1 was used. Thus, we
observed that the reduction of HDACI protein level by
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70%, which causes a statistically significant decrease of
TDP-43-induced cell toxicity, compared with the random
sequence control (Fig. 5c).

Conversely, TDP-43 toxicity was exacerbated (Fig. 5d)
when HDACI1 was transiently overexpressed via adeno-
viral transduction (Fig. S7) and at a less extent in SH-
SY5Y stably expressing HDAC1 (Fig. S6).

Expression of human TDP-43 in fly eyes leads to
progressive eye degeneration partially suppressed by
HDAC1 silencing

The present study demonstrated that in three different
experimental paradigms (genomic inactivation, siRNA,
and HDAC:i treatment) the reduction of HDACI activity
significantly reduces TDP-43-mediated cell death. To
confirm these results through an in vivo approach, Dro-
sophila ALS models®” were exploited.

e ~
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Fig. 6 HDACI1 silencing reduces cell death and
neurodegeneration induced by hTDP-43 expression in
Drosophila eye. Eyes of flies expressing different transgenes under
control of GMR-Gal4, are shown (a). TDP-43 on its own induces strong
eye degeneration and the appearance of dark spots (BBS big black
spots), which are an indication of massive cell death. RNAi-mediated
downregulation of dHDACT significantly improves TDP-43-mediated
neurodegeneration and cell death, as indicted by the reduction of
dark areas of degeneration. b Graphic representation of the data (a), in
which we counted the number of eyes showing cell death areas (BBS)
in fly expressing TDP-43 on its own, or together with dHDACT RNAi
construct, and we compared their frequencies. Statistical significance
was tested by CHI-square (Yates correction).
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As shown in Fig. 6, expression of human TDP-43 in
drosophila eye leads to a well described retinal degen-
eration®, which is associated to a strong cell death phe-
notype characterized by depigmentation, roughness, and
dark spots. When these flies were crossed with a line in
which Rpd3, the HDAC1 and HDAC2 drosophila ortho-
log, is inactivated by the expression of an RNAIi specific
construct*®*, a reduction in retinal degeneration can be
clearly observed. These eyes exhibit a significant reduc-
tion of the dark apoptotic areas (Fig. 6).

These data strongly demonstrate that HDACI silencing
in Drosophila, as well in SH-SY5Y cells, is able to ame-
liorate the toxic effect induced by TDP-43 expression.

Discussion

By using cellular and animal models we were able to
describe a specific interaction between HDAC1 and TDP-
43, via RRM1 and RRM2 domains. Interestingly, our
experimental results suggest that HDAC1 may play a
pivotal role on the deacetylation of TDP-43 in the
nucleus. In addition, we observed as the impairment of
TDP-43 deacetylation, by TDP-43 mutagenesis or by
genetic/pharmacological HDACI inhibition, has a posi-
tive effect on TDP-43-induced cell death. Notably,
through ChIP analysis and luciferase assays, evidence is
provided that TDP-43 is a direct activator of CHOP (C/
EBP-homologous protein) transcription, expanding what
previously reported®?. CHOP is a mediator of cell death,
caused by the activation of the unfolded protein response,
a key event in the ALS-linked proteinophaties*®, TDP-43
acetylation-mimicking mutant (TDP-43 QQ) loses its
ability to induce CHOP transcription, indicating that
TDP-43 acetylation can affect TDP-43-mediated path-
ways downstream ER stress, as well as further promote
the nuclear retention of TDP-43 upon exposition to
stressful signals.

The phenotype described is in line with the multiple
crossroads between epigenome, epigenetic machinery,
and ALS, described in the past 10 years'**°.

We had previously demonstrated that TDP-43 M337V
expression induces a decrease in global histone H3
phosho-acetylation®?, that can affect TDP-43-induced cell
toxicity at multiple levels, since changes in acetylation of
both histone and nonhistone proteins have been reported
to affect cell physiology spanning from transcription, to
DNA repair signal transduction, and protein
aggregation®’.

HDAC:s are key modulators of the acetyloma and they
have been demonstrated to be deregulated in ALS
experimental models and patients'”. In fact, the levels of
HDACI1, HDAC2, and sirtuins (a family of class III
HDACsS) are impaired in post-mortem ALS tissues'’. In
yeast Set-3, a component of the histone deacetylation
complex, is a modulator of TDP-43 toxicity’'. HDACI,



Sanna et al. Cell Death and Disease (2020)11:369

like most HDCAs, is a nuclear enzyme that can be re-
localized in the cytosol in damaged axons of demyeli-
nating models, such as in patients affected by multiple
sclerosis and in cultured neurons exposed to glutamate or
TNF-a°>*3, More recently, during development of the
Xenopus brain, HDAC1 was observed in the mitochon-
dria of developing neurons®*. In addition, in a FUS knock-
in mouse model HDAC1 is mislocalized to the cyto-
plasm®®, probably following dephosphorylation on serine
421 and 423°%. Despite this evidence we were not able to
highlight HDACI1 re-localization in our cellular models.
HDACis were originally applied to cancer therapy and
some of them, such as panobinostat, have been approved
from FDA for multiple myeloma treatment, while others,
like VPA and SPB, are in phase II or III clinical trials,
respectively, for hematological and solid malignancies™.
At present more than 350 clinical trials involving HDACi
have been carried out or are on-going not only as single
therapeutic but also in combination with other targeted
agents against various human diseases, including neuro-
degenerative diseases. VPA was approved by FDA in 1978
as an anticonvulsant drug for the treatment of seizure
disorders, even if the molecular target of this drug it is not
known yet. The possibility of using HDACi for neurode-
generative treatment originates in 2008, when Hahnen
identified two major HDACi neuroprotective mechan-
isms, including the transcriptional activation of disease-
modifying genes and the rectification of destabilization in
histone acetylation homeostasis®. Several pan-HDACis
reduced ALS development in mice***”*%, SPB was shown
to extend survival and motor performance in transgenic
ALS SOD1 animal model, and these effects were attrib-
uted to an upregulation in the expression of nuclear factor
kB (NF-xB) and bcl-2 proteins®', although the genetic
inhibition of NF-xB in SOD1 mice does not ameliorate
disease onset and progression®. Unfortunately, even if
VPA and SPB are safe, tolerable, and efficient in
improving histone acetylation levels, they failed to ame-
liorate clinical parameters in ALS patients**®’, In line
with this observation the work by Pigna et al. identified
HDAC4, a class IIa HDAC, as having a crucial role in
preserving the innervations and skeletal muscle in SOD1
ALS mouse model®'. HDAC4 genetic ablation in skeletal
muscle accelerates ALS pathological features, indicating a
possible risk for using HDACs pan-inhibitors in ALS
treatment. On the other hand, HDACG6 inhibition in
motor neuron cultures derived from iPSCs, originated
from fibroblasts of ALS patients carrying different FUS
mutations, reverses axonal transport defects®. Treatment
of FUS transgenic mice with ACY-738, a potent class I
HDAC brain penetrable inhibitor, largely restores global
histone acetylation, and metabolic gene expression in the
spinal cord®®. ACY-738 inhibits HDAC6 with low nano-
molar potency and a selectivity of 60- to 1500-fold over
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class I HDACs, but its effect in FUS mouse model is
independent from HDACS6 itself, indicating that other
members of the family, including HDACI, can be the key
element mediating the observed therapeutic effects®,
Moreover HDAC1 appears as a downstream target of
both FUS and TDP-43 related ALS in mediating double
strand-breaks repair®®**2>646°,

Although HDAC; translational failure underlies ALS
complexity and can be related to the lack of selectivity for
different HDACs, more specific drugs would be very
useful. Particularly, evidence provided indicates that
HDACI1 inhibition can be a precious therapeutic option in
ALS therapy.

Material and methods
Antibodies and reagents

The following primary antibodies were used in this
study: Myc monoclonal antibody (M4439, Sigma-
Aldrich), B-actin (A5441, Sigma-Aldrich), Flag (F3165,
Sigma-Aldrich), HDAC1 (10197-1-AP, Proteintech),
TARDBP (190782-2-AP, Proteintech), Acetylated-Lysine
antibody (9441, Cell Signaling), GFP (33-260, Thermo-
Fisher Scientific), caspase-3 (#9662, Cell Signaling Tech-
nology), PARP (#9542, Cell Signaling Technology), LC3B
(#2775, 2Cell Signaling Technology), anti-rabbit perox-
idase-conjugated secondary antibody (AP132P EMD
Millipore) and anti-mouse peroxidase-conjugated sec-
ondary antibody (AP124P EMD Millipore); anti-rabbit,
anti-mouse Alexa 488 (A-11001, Life Technologies) or
647-conjugated secondary antibody (A-21244, Life
Technologies). All antibodies were used at the dilution
recommended by the manufacturer’s instructions.

The following HDACis were used in this study: Sodium
phenil butyrate (SML0309, Sigma-Aldrich), Trichostatin
A (T8552, Sigma-Aldrich), Sodium butyrate (B5887,
Sigma-Aldrich), Valproic acid sodium salt (P4543, Sigma-
Aldrich).

Mice tissue

Mice tissues were dissected from BALB31c mice housed
at the Istituto Zooprofilattico della Sardegna (Sassari,
Italy). All animal procedures have been performed
according to the European Guidelines for the use of ani-
mals in research (86/609/CEE) and the requirements of
Italian laws (D.L. 116/92, Directive 2010/63/EU). The
ethical procedure has been approved by the Animal wel-
fare office, Department of Public Health and Veterinary,
Nutrition and Food Safety, General Management of
Animal Care and Veterinary Drugs of the Italian Ministry
of Health (Application number 32/08 of 7 July 2008;
Approval number 744 of 9 January 2009). Authorized
investigators performed all the experiments. Dissected
tissue was immediately frozen in liquid nitrogen and
stored at —80 °C.
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Drosophila model

Flies expressing insect codon-optimized version of
human wild-type TDP-43 (gl-TDP-43CO)°® under UAS
promoter during fly eye development, driven by GMR-
Gal4, were crossed at 25 °C with flies expressing a unique
dsRNA that targets Drosophila HDACI. In particular,
GMR-GAL4 on X-chromosome was originally placed in
trans to generate a GMR-GAL4;gl-TDP-165 43CO/CyO
transgenic fly, which was obtained from Bloomington
Stock Center®”. RNAI line to target HDAC1 (v30599)
(also named Rpd3 in Drosophila), which was previously
utilized to downregulated Rpd3 according to*®*’
obtained by Vienna Drosophila Research Center. Eye
neurodegeneration was evaluated according to®. A
minimum of 60 flies were randomly choosed, with
investigators blind to the genotypes, during the analysis.

Plasmids construction and oligonucleotides

Sequence coding for human TDP-43 (NM_007375.3) or
human HDAC1 (NM_004964.2) were cloned in different
expression vectors (pCS2-MTK, pCMV-3xFlag or
pShuttle2) and wused for site-directed mutagenesis
(QuickChange site-directed mutagenesis kit, Agilent).
Mutants were obtained by mutagenesis starting from
hTDP-43, by site-directed mutagenesis. Positive clones
were screened by sequencing. Human HDAC6
(NC_000023.11) and HDAC2 (NM_001527) were cloned
in expression vector pPCMV-3xFlag.

Adenoviral particle production

All adenoviral vectors (pAdenoX-hTDP-43WT/Q331K/
M337V/A382T/ARRM1-2/K145A-K192A/K145Q-K192Q
and pAdenoX-hHDACI) were generated using the
Adeno-X Expression System 1 (Clontech) and partially
described. All constructions were verified by automated
sequencing. Adenoviral particles were produced and
titrated using the Adenoviral-X Expression System 1
(Clontech) according to manufacturer’s instruction. Cells
were transduced by adenoviral particles (5-30 pfu/cell) in
DMEM-F12 and incubated at 37°C for 1h. The trans-
duced cells (usually more than 90% expressing TDP-43)
were analysed 48 h transduction.

Cell lines and culture

Human neuroblastoma SH-SY5Y cells (CRL-2266,
ATCC, Rockville, MD) and SH-SY5Y-CEP-DEVD-YFP?®
cells were grown in DMEM-F12, 10% Fetal Bovine Serum
(FBS) at 37°C. The plasmid pcDNA3 containing cDNA
coding for 3 x Flag-HDAC1 was transfected using Lipo-
fectamine” LTX Reagent (Life Technologies) according to
the manufacturer’s protocol. The different SH-SY5Y
clones were maintained under selection by 400 pg/mL of
G418. Individual clones were picked after 14 days of
selection, moved in a 96 well plate, and maintained under
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selective medium until confluence growth. Different
individual clones were analysed for HDAC1 expression by
western blot and immunofluorescence.

To expose cells to stressful conditions after transduc-
tion with the indicated adenoviral particle, cells were
either exposed to NaArs 50 uM for 16 h or for UV irra-
diation: cells were treated with UV-C (254 nm) using a
low pressure mercury lamp, and the cells were subjected
to global (2.5 J/m3). After microirradiation, cells were
incubated for 4h at 37°C in a humidified atmosphere
containing 5% CO,. All slides were processed by assaying
the previously mentioned immunofluorescence protocol
and analysed by confocal microscopy.

Adeno-X 293 cell line

Adenovirus 5-transformed Human Embryonic Kidney
293 cell line (CRL 1573 HEK 293; ATCC, Rockville, MD,)
was used to package and propagate the recombinant
adenoviral- based vectors produced with the BD Adeno-X
Expression System.

SH-SY5Y cells (ATCC number CRL-2266) were grown
in DMEM-F12, 10% EBS at 37 °C whereas, Adeno-X 293
cell line were grown in DMEM, 10% FBS at 37 °C. Tran-
sient expression of each vector (2,5 ug DNA/1 x 10° cells)
was obtained with Lipofectamine Plus reagent (Thermo-
Fisher) according to manufacturer’s instructions. After an
incubation of 4 h with transfection reagents, the cells were
cultured in normal growth medium for 24 or 48 h. Tras-
duction with adenoviral particle with a MOI of 5-10 pfu/
cell was performed according to®®).

Co-immunoprecipitation

Briefly, cultured cells were lysed with lysis buffer
(120 mM NaCl, 50 mM Tris pH 7.5, 5mM EDTA, 0.5%
NP-40, and 1 mM freshly prepared PMSF), containing
protease inhibitors (SIGMA P 8340). Cell lysates were
immunoprecipitated overnight at 4 °C with specific anti-
bodies; immunocomplexes were then captured by incu-
bating for 16 h at 4°C with continuous gentle shaking,
with protein-A sepharose from Staphylococcus aureus
(Sigma-Aldrich P3391). Subsequently, immunocomplexes
were analysed by means of western blotting, using specific
antibodies.

SDS-PAGE and western immunoblotting

Protein content was determined using Bradford protein
assay (27813 SIGMA). Equal amounts of protein extracts
were resolved by standard SDS/PAGE. Samples were then
electroblotted onto Protan nitrocellulose membranes (GE
Healthcare Life Science). Afterwards, membranes were
incubated in 3% low-fat milk, diluted in 1 x PBS-Tween
0.05% solution with the indicated antibody for 16 h at
4°C. Anti-Rabbit IgG (whole molecule)- and Anti-Mouse
IgG (whole molecule)-peroxidase antibody (EMD



Sanna et al. Cell Death and Disease (2020)11:369

Millipore) were used to reveal immunocomplexes by
enhanced chemioluminescence (ThermoFischer). The
apparent molecular weight of proteins was determined by
calibrating the blots with prestained molecular weight
markers (Bio-Rad, Hercules, CA). Where indicated, the
relative signal intensity acquired by using the ChemiDoc
XRS+ (Bio-Rad, Hercules, CA) was quantified using
QuantityOne Software.

Two-dimensional electrophoresis analysis

Two-dimensional electrophoresis (2-DE) was used to
separate proteins according to their isoelectric point (1st
dimension) and, orthogonally, to their molecular weight
(2nd dimension).

2-DE was performed as reported elsewhere’®”". Briefly,
samples were applied to 70 mm IPG strips (pH 4-7, Bio-
Rad, Hercules, CA), by overnight rehydration loading at
20°C, and then isoelectrofocused at 50 uA/IPG strip for
22 kVh at 20 °C. Once isoelectric focusing was completed,
proteins were in-gel reduced by incubating IPG strips
with 50 mM tris buffer containing 6 M urea, 30% glycerol
v/v, 3% SDS w/v, and 1% DTT w/v, followed by in-gel
alkylation with the same solution containing 2.5% iodoa-
cetamide w/v, in place of DTT. Each step was performed
keeping strips under continuous shaking for 15 min. IPG
strips were then sealed with 0.5% low melting point
agarose w/v, in SDS running buffer, at top of second
dimension gels (8 x 7 cm x 0.1 cm). SDS-PAGE was car-
ried out using 15% T, 3% C polyacrylamide gels at the
following conditions: 50 V for 15 min and subsequently at
150 V until the Bromophenol dye front reached the lower
limit of the gel, in a Mini-Protean Tetra Cell (Bio-Rad,
Hercules, CA). Later gels were subjected to western blot
analysis, as described above.

Immunofluorescence

Cells were grown on a cover-glass, were washed twice
with PBS 1X and then fixed with 4% paraformaldehyde in
1 x PBS and permeabilized with 0.2% Triton X-100 in 1 x
PBS. After a blocking step for 1h in 5% BSA, diluted in
1 x PBS-0.05% Tween-20, cells were incubated with the
primary antibody mouse anti-Myc (Sigma-Aldrich), dilu-
ted 1:10000 in blocking solution, overnight at 4 °C, and
then incubated with a secondary antibody Alexa
Fluor'488 goat anti-mouse IgG (Life Technologies),
diluted 1:1000 in blocking solution, for 1h at the room
temperature. Cells were then analysed with a Leica TCS
SP5 confocal microscopy, with LAS lite 170 image
software.

Chromatin immunoprecipitation (ChiP)

SH-SY5Y cells (4 x 10°) were plated 24 h before trans-
duction, and infected by using viruses encoding for TDP
WT at a multiplicity of 30 pfu/cell. After 24 h, cells were
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harvested and chromatin immunoprecipitation was per-
formed using EZ-Magna ChIP™ (Millipore), according to
the manufacturer’s protocol.

Each immunoprecipitated (IP) reaction was performed
using about 1 x 10° cells equivalents of chromatin. The
antibodies used for immunoprecipitation were the fol-
lowing:  TARDBP  Polyclonal  Antibody  (Pro-
teintech_10782-2-AP) and Normal Rabbit Ig (reagent
supplied) as negative control. Purified chromatin was
eluted and DNA fragments were used for qPCR (S2). The
results were normalized using the Fold Enrichment
Method (ChIP signals were divided by the no-antibody
signals, representing the ChIP signal as the fold increase
in signal relative to the background signal). **p <0,01
Student’s ¢ test.

Luciferase activity assay

The DNA-damage-inducible transcript 3 (gene-syno-
nym CEBPZ, CHOP, GADD153") promoter from —954
to +91 was cloned between the Xhol and HindlIII sites in
the pGLE-Basic Vector. All constructions were verified by
automated sequencing. SH-SY5Y cells were seeded in 24-
well plates and cultured for 16 h. Cells were then trans-
fected by wild-type or mutant of TDP-43, HDACI1 and
luciferase constructs, in addition to a Renilla vector, used
as an internal control for luciferase activity; transfected
cells were further cultured for 48 h. Luciferase assays were
conducted using dual luciferase assay system (Promega).
Each experiment was performed in triplicate.

siRNA on HDACT mRNA

SH-SY5Y cells (1 x 10°) were seeded 24 h before the first
transfection with the siRNA oligonucleotide specific for
HDAC1 gene. Lipofectamine 3000 reagent (Lipofecta-
mine” 3000, ThermoFisher) was combined with Optimem
medium (Promega) (reaction 1); meanwhile, in a different
tube, 148 pmol of HDACI1 siRNA and 500 ng of TDP, WT
or mutant, were mixed with Optimem (reaction 2). Both
reactions were mixed and left for 5min at the room
temperature. Afterwards, the mixture was added to the
cells and incubated at 37 °C and 5% of CO,. After 48 h the
transfection procedure was repeated only for
HDACI1 siRNA, and cells were incubated at 37 °C and 5%
of CO, for other 24 h. After 72h a MTS assay was per-
formed, and cells were finally washed two times with PBS;
subsequently, cell lysates were subjected to western blot
analysis with anti-HDAC1 antibodies to evaluate
expression level.

Design of targeting components and the use of the CRISPR
Design Tool

The web interface of CRISPR Design Tool (http://tools.
genome-engineering.org) was used to develop gRNAs.
Off-target activity was evaluated additionally with Blastn
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(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The pSpCas9
(BB)-2A-Puro (Addgene # 48139) that expresses the
Streptococcus pyogenes Cas9 (including an NLS and a
FLAG tag) from a CAG promoter and has a U6 promoter
driven gRNA, was used as cloning backbone according
to’®. Briefly, phosphorylation and annealing were per-
formed with the three pairs of oligos, mentioned above,
harboring a Bbsl overhang. Afterwards, Bbsl (#FD1014,
ThermoFisher) mediated digestion and T4 DNA ligase
(#M0318L, NEB) directed ligation in the linearized
pSpCas9(BB)-2A-Puro was performed. After the trans-
formation, cloning was verified with a control PCR with
the primers in the table. Plasmids were purified and
sequenced. After transfection of the indicated combina-
tions of pSpCas9(BB)-2A-Puro-gRNAs  (Addgene
#62988)), positive cells were selected using puromycin
(2ugmL™") for 5 days prior to clonal expansion. Empty
pSpCas9(BB)-2A-Puro was used as negative control.

MTS assay

Cell viability was assessed by a colorimetric assay using
3(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-
2-(4- sulfophenyl)-2H-tetrazolium (MTS) assay (Cell
Titer 96 Aqueous One Solution Assay, Promega),
according to manufacturer’s instructions. Absorbance at
490 nm was measured in a multilabel counter (Victor X5,
PerkinElmer) 72 h post trasnduction.

Statistical analysis

The results are presented as means+S.D. of n>3
independent experiments. Statistical evaluation was con-
ducted by one-way or two-way ANOVA and Bonferroni
post test. Values significantly different from the relative
control are indicated with a symbol: *p < 0,05; **p < 0.01;
**p < 0.001 or %p < 0.05; 3%p < 0,01; %%p < 0.001.
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