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INTRODUCTION

1. PARKINSON’S DISEASE OVERVIEW
Parkinson’s disease (PD) was first described in 1817 by the neurologist James Parkinson,

who reported the main clinical features in his “Essay on the shaking palsy”1. PD is the second
most common neurodegenerative disease after Alzheimer’s disease. It has a prevalence of

0,5-1% in 65-69 years old people, rising to 1-3% in 80 years old and beyond2,3. It is estimated

to affect 6 million people worldwide, with the prediction of increase two-fold within 25 years4.
The majority of the cases are sporadic, because they do not affect other family members,
and are also referred as idiopathic PD. However, a subset of PD cases are inheritable, since
they are caused by mutations in specific genes; they are known as familial PD2.

1.1

Neuropathology

The two main pathological hallmarks of PD are the progressive demise of nigrostriatal

dopaminergic neurons and the presence of cytoplasmic protein inclusions named Lewy
Bodies (LBs)5.

The cell bodies of nigral dopaminergic neurons are localized in the Substantia Nigra pars
compacta (SNpc), and innervate principally the putamen, a substructure of the striatum. A

remarkable feature of nigral neurons is that they usually contain cytoplasmic neuromelanin,
a conspicuous dark pigment6. Therefore, the loss of these type of neurons in PD patients
results in a classical neuropathological observation; SNpc depigmentation (Figure 1)5. The
degree of depigmentation correlates well with neuronal loss, increasing proportionally with
the severity and the duration of the disease7.

Figure 1. Horizontal midbrain sections from a control and a PD patient. Loss of pigmentation
(neuromelanin) in the SNpc of PD brain is clearly appreciated. Image adapted from the web:
https://i.ytimg.com/vi/fdyoJma-35g/maxresdefault.jpg
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Since nigrostriatal dopaminergic neurons project mainly to the dorsolateral putamen,
dopamine (DA) levels are considerably reduced in this brain area8. This DA deficiency both

at the SNpc and striatum is responsible for the main motor symptoms of PD, also known as
parkinsonism. Generally, at the onset of parkinsonism symptoms, approximately 60% of

SNpc dopaminergic neurons have already been lost and 80% of dopamine has been
depleted in the putamen5,9.

The other principal pathological hallmark of PD is the presence of LBs in neurons of the SNpc

and other affected brain areas10–12. These aggregates can be composed of different proteins,
such as, α-synuclein, parkin, ubiquitin and neurofilaments13. LBs are usually more than 15
µm in diameter and present an organized structure characterized by a spherical dense

hyaline core surrounded by a clearer halo (Figure 2)3,10,14. However, their role in the
pathology is not well established, being still debated whether they have a protective or a
pathological function15.

Figure 2. Lewy body present in a SNpc dopaminergic neuron. Note the presence of neuromelanin (in
brown) in dopaminergic neurons. The Lewy body is localized (indicated with an arrow) at the cytoplasm of
one of these neurons. Image adapted from the web: https://quizlet.com/10453505/neurodegenerativediseases-flash-cards/

Despite PD neuropathology is primarily defined by the loss of dopaminergic neurons, other
brain regions deteriorate and show the presence of LBs. For instance, noradrenergic neurons

loss in the Locus Coeruleus (LC) can be very pronounced at late stages of the disease. Other
affected areas include the serotonergic neurons of the raphe nucleus, the cholinergic

neurons of the basal nucleus of Meynert and the dorsal motor nucleus of the vagus.
Moreover, cerebral cortex, olfactory bulb and autonomic nervous system can also present

neurodegeneration. These deficits in other regions generally account for the non-motor
symptoms of the disease (see section 1.3 clinical features)5,16.

2

1.2

Basal ganglia pathophysiology

The basal ganglia network receives signaling inputs from the cortex to produce an output

signal to the thalamus/cortex that regulates movement execution. In PD, the loss of SNpc
dopaminergic neurons markedly affects basal ganglia circuitry activity, leading to the inability
of controlling voluntary movements17.

The basal ganglia are composed of several subcortical nuclei located at the base of the

forebrain. These structures are the nuclei caudate and putamen, which form the striatum, the
external and internal segments of the globus pallidus (GPe and GPi), the subthalamic
nucleus (STN), and the pars compacta and pars reticulata of the substantia nigra (SNpc and

SNpr). These basal nuclei are interconnected themselves and with the cortex, the thalamus
and the brainstem to accomplish different functions16. Regarding the intrinsic circuitry of the

basal ganglia, two major projection systems have been reported: a direct pathway between

striatum and GPi/SNpr and an indirect pathway involving GPe and STN. The SNpc
dopaminergic innervation to the striatum is responsible for the balance maintenance between
these direct and indirect pathways of motor control16.

Different subpopulations of striatal GABAergic neurons control the direct and indirect
pathways, differing in terms of associated co-transmitters. While the direct pathway carries

substance P, the indirect pathway has enkephalin as a co-transmitter. Activation of the direct
pathway leads to inhibition of the GPi and SNpr nuclei, and thereby disinhibits thalamocortical

signaling. On the other hand, stimulation of striatal neurons that give rise to the indirect
pathway leads to inhibition of the GPe, disinhibition of the STN, activation of the GPi/SNpr,
and thereby inhibits thalamocortical signaling. Since the activation of these pathways induce

contrary effects, a balance between them may be fundamental to regulate basal ganglia
output2,16.

Another relevant difference between the two pathways is that they are distinctly modulated

by dopamine (DA). Neurons from direct pathway express preferentially dopamine D1

receptors, while neurons from indirect pathway express preferentially D2 receptors18.
Activation of D1 receptors by DA at spines of direct pathway neurons enhances corticostriatal

transmission. On the other hand, activation of D2 receptors by DA prevents from synaptic
activation of indirect pathway neurons19. According to this model, DA deficiency associated

to PD leads to a decreased activation of the direct pathway and to a hyperactivation of the

indirect pathway. This imbalance inhibits the thalamocortical motor circuitry leading to
parkinsonian motor signs (Figure 3).
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Figure 3. Basal ganglia pathophysiology in PD. Representation of basal ganglia nuclei activity in
physiological conditions (left panel), and activity changes associated with PD SNpc neuronal loss (right
panel). Black arrows show excitatory connections, whereas red arrows show inhibitory connections.
Changes in the thickness of arrows indicate modifications in firing rates. In the right panel, over activated
nuclei are displayed in a darker color, while the more inhibited nuclei are displayed in a lighter color.
Abbreviations: SNpc, substantia nigra pars compacta; SNpr, substantia nigra pars reticulata; GPe, external
pallidal segment; GPi, internal pallidal segment; STN, subthalamic nucleus. Figure adapted from Wicham T
and DeLong MR (2008)16.

1.3

Clinical features

PD is characterized by a broad range of motor and non-motor symptoms.
Parkinsonism is defined by any combination of these six cardinal motor deficits: tremor at
rest, rigidity, bradykinesia (slowness of movement), postural instability, flexed posture and

freezing (feet are transiently “glued” to the ground)20. Two of these motor features need to

be present before the diagnosis is made, being at least one of them tremor at rest or
bradykinesia. PD is the type of parkinsonism most frequently encountered by clinicians4,9.

Symptoms start insidiously and become worse over time. Appearance of asymmetrical

symptoms, affecting only one side of the body, is typical at disease onset, before they
eventually spread to the other side3,4,9. Then, with disease evolution, motor symptoms are

more generalized, and can result in a tendency of the trunk to bend forward, a balance
impairment and walking difficulties21.

Although motor symptoms are considered capital, PD is also associated with some nonmotor symptoms that markedly impair the quality of life of patients. These include autonomic

system dysfunction, cognitive and behavioral abnormalities, sleep disorders and sensory
impairment (summarized in Figure 4)9,22,23. Dementia occurs frequently in advanced stages
of PD, since 75-80% of patients suffer it after 20 years of disease onset3. Other frequent nonmotor PD symptoms are depression, it is estimated that the 40% of patients experience it24,
and sleep disorders, since the majority of patients suffer some kind of sleep disorder25.
4

Figure 4. Non-motor symptoms of Parkinson’s disease. Common non-motor PD symptoms classified in
four groups according to the type of affectation.

While the dopamine-dependent motor abnormalities dominate in early stages of the disease,
the non-dopaminergic or non-motor symptoms, are frequently more disabling in advanced
stages of PD16,26.

1.4

Etiology

Even though the neuropathological features are well defined, the etiology of sporadic PD,
which represents the 90-95 % of cases, is still not clear. Nowadays, is widely accepted to be
multifactorial, combining environmental factors, genetics and aging, which is the factor that
most strongly correlates to the illness onset27–29.

Environmental factors known to influence PD condition range from general factors, including

rural environment, well water, exposure to plant-derived toxins or pesticides, to more specific
factors, such as exposure to organic solvents, carbon monoxide and carbon disulfide28,30.

Regarding the genetic factors, some susceptibility genes have been implicated in the
disease, but need to be further confirmed31.

The other 5-10% of PD cases are known to be monogenic forms of the disease. At least,

seven genes have been identified as causative genes for PD. Mutations in SNCA (αsynuclein) and LRKK2 genes are associated with autosomal dominant PD, and mutations in
parkin, PINK1, DJ-1 and ATP13A2 genes are associated with autosomal recessive PD

(Table 1)31,32. The functional characterization of these PD-associated genes has importantly
contributed to obtain new insights into the molecular pathogenesis of idiopathic PD33.
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Locus
name

Gene

Protein

Mode of
inheritance

SNCA

α-synuclein

Dominant

PARK2

PARK2/
parkin

parkin

Recessive

PARK6

PINK1

PTEN-induced
putative kinase 1

Recessive

PARK7

DJ-1

DJ-1

PARK8

LRRK2

PARK9

ATP13A2

PARK1
/4

Onset
age

Ref.

24-65

34,35

<45

36

>40 point mutations,
rare large deletions

20-40

37

Recessive

>10 point mutations
and large deletions

20-40

38

Leucine-rich
repeat 2

Dominant

>5 point mutations

50-70

39,40

ATP13A2

Recessive

Point mutations,
insertions and
deletions

12-18

41

Types of mutations

A53T, E46K, A30P,
H50Q, G51N and
gene multiplications
>100 mutations (point
mutations, exonic
rearrangements)

Table 1. Gene mutations that cause Parkinson’s disease. Ref.= References

1.5

Treatment

So far, no therapy has demonstrated to be effective in preventing dopaminergic neuron
death. Hence, PD treatment is focused on counteract the symptoms, and current therapies

can be grouped in three categories: medication, surgery and physical therapy (addressed to
improve gait and balance)4.

Within the medication group, dopamine replacement is the principal approach to treat PD.
Although several dopaminergic agents are available, the most effective drug to treat PD

symptoms is levodopa, which is the immediate precursor of dopamine. Levodopa is

commonly administered with a peripheral decarboxylase inhibitor in order to avoid formation
of dopamine in the peripheral tissues. However, after five years of treatment, 60% of patients
develop troublesome complications, such as the “wearing-off” effect (the improvement
gained from a dose of levodopa does not last until the next dose) and dyskinesia (abnormal
involuntary movements)4,9.

Stereotaxic deep brain stimulation (DBS) is a surgical procedure used in PD treatment when
medication cannot adequately control the symptoms. This technique is based on electrical

stimulation, and adjustments of the parameters, such as voltage and frequency, are regularly
needed. The location of the stereotaxic target is an aspect that needs to be studied for each
patient, since depending on the brain region targeted different symptoms can be controlled4,9.
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2. MOLECULAR MECHANISMS AND MODELS IN PARKINSON’S DISEASE
Although many potential mechanisms have been implicated in PD pathogenesis, causes
underlying neuronal death remain poorly understood. In this sense, the use of cellular and
animal PD models represents a valuable tool to investigate specific molecular events
promoting neurodegeneration. A better understanding of these mechanisms would be crucial
to attain new strategies to halt neuron death5.

2.1

Pathogenic molecular mechanisms implicated in PD

To date, defects in many cellular processes have been proposed as early triggers of neuronal

death in PD, including protein misfolding and aggregation, impaired protein degradation,
mitochondrial dysfunction and oxidative stress. An increasing dysfunction of these systems

can recruit pathways directly involved in cell death, such as JNK (c-Jun N-terminal kinase)
signaling, p53 activation, cell cycle re-activation and Bcl-2 signaling, eventually leading to
neurodegeneration (reviewed in 42).
2.1.1

Protein misfolding and aggregation

Protein misfolding and aggregation have been involved in PD pathogenesis since LBs were

found in affected brain regions43. Interestingly, α-synuclein, a pre-synaptic protein encoded
by a PD-linked gene (Table 1), is the major component of LBs33,44. Apart from its presence

in PD, α-synuclein aggregates have been observed in other neurodegenerative diseases,
which have been named synucleinopathies45. Protein aggregates that cannot be cleared by
the cell can hamper normal cellular topography and physiology, eventually leading to cell

death46–48. Moreover, evidence suggest a general increment in protein aggregation in PD
substantia nigra49.
2.1.2

Impaired protein degradation

Eukaryotic cells possess two major pathways that mediate protein degradation and deal with

abnormal proteins: the ubiquitin-proteasome system (UPS) and the lysosomal system.
Deficits in these pathways can lead to accumulation of toxic proteins compromising cellular
function and survival50. Prior to their breakdown, proteins are generally tagged with ubiquitin
as a degrading signal51.

Ubiquitination is an energy-dependent multistep process that requires three enzymes: an

ubiquitin-activating enzyme (E1), an ubiquitin-conjugating enzyme (E2) and an ubiquitinligase enzyme (E3). In the first step, which is ATP-dependent, the carboxyl terminus of

ubiquitin is conjugated to a cysteine residue of the E1 enzyme, generating a thiol ester

linkage. Then, ubiquitin is transferred to a cysteine residue of the E2, and finally, in the last
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step, E3 enzyme catalyzes the transfer of ubiquitin to a lysine ε-amino group of the substrate
protein forming an isopeptide bond (Figure 5)52–54.

Figure 5. Ubiquitination process. Ubiquitination is a three-step process that results in the transfer of
ubiquitin to protein substrates. .

This post-translational modification results in conjugation of ubiquitin to protein substrates.
As final outcome, an ubiquitin molecule can be attached to a lysine residue in the substrate
protein (monoubiquitination), single ubiquitin molecules can be conjugated to different lysines
in the substrate (multi-monoubiquitination) or multiple ubiquitin molecules can be attached to
the same lysine residue forming a polyubiquitin chain (polyubiquitination) (Figure 6)55.

Figure 6. Types of ubiquitination. The ubiquitination process has three general outcomes:
monoubiquitination, multi-monoubiquitination and polyubiquitination of substrate proteins.

Since ubiquitin has seven lysines (K6, K11, K27, K29, K33, K48 and K63), different type of
polyubiquitin

chains

can

be

formed56,57.

Importantly,

the

type

of

ubiquitination/polyubiquitination will determine the protein fate, which can vary from
degradation to function regulation in non-proteolytic processes53.
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For instance, polyubiquitin chains formed by the successive linkage of ubiquitin molecules
through lysine K48 target proteins for degradation via UPS58,59, while polyubiquitin chains

formed by the successive linkage of ubiquitin through lysine K63 target proteins to lysosomal

degradation60–62 or regulate processes such as receptor endocytosis63 and DNA repair64.
Other type of polyubiquitin chains can be formed, but their function is not as well
characterized61.
2.1.2.1

Ubiquitin-proteasome system (UPS)

The UPS is the primary pathway mediating normal and abnormal protein degradation, and

its failure triggers protein accumulation and cell death65,66. Briefly, proteins tagged with K48linked polyubiquitin chains are recognized and degraded by the 26S proteasome in an ATPdependent process67. The 26S proteasome is a large cylinder composed of three parts: one

20S catalytic subunit and two 19S regulatory subunits that recognize and facilitate entrance

of the substrates. After degradation of the substrate, ubiquitin monomers are released and
can be reused68.

Increasing evidence point out to a dysfunction of this system in PD. In line with this, many
UPS components have been found in LBs69. Proteasome structure and activity is selectively
altered in several brain areas of PD patients, including the SNpc69,70. Furthermore,
pharmacologic UPS inhibition promotes the formation of α-synuclein inclusions and induces
apoptotic cell death in dopaminergic cells71–73.
2.1.2.2

Lysosomal degradation

Lysosomal degradation is the common final step at which two different pathways converge:

the endosomal-lysosomal pathway and the autophagy-lysosomal pathway (ALP) (Figure 7).

Hence, the vast majority of membrane proteins are endocytosed and degraded via
lysosomes. However, lysosomes are also involved in the degradation of cytosolic proteins
via autophagy51.
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Figure 7. Protein degradation through lysosomal pathways. Lysosomes are the common degradative
end-point of the endosomal-lysosomal and the autophagy-lysosomal pathways. In the endosomal-lysosomal
pathway monoubiquitinated or K63-polyubiquitinated membrane proteins are endocytosed to early
endosomes. Next, they can be sorted to recycling endosomes (for going back to the membrane via
exocytosis) or to multivesicular bodies (for transport to late endosomes and lysosomes). In the autophagylysosomal pathway cytosolic proteins can enter lysosomes via different mechanisms63. In macroautophagy,
a large amount of cytoplasm is surrounded by a membrane to form an autophagosome that will fuse with
lysosomes. In microautophagy, a small quantity of cytosolic material is internalized to lysosomes via
invagination. In chaperone-mediated autophagy, cargo is recognized by chaperones and directly
translocates to lysosomes through interactions with LAMP2 (lysosome-associated membrane protein 2)74.
Lysosomes are organelles that contain acid hydrolases capable of breaking down several biomolecules75.
Image obtained from Tai H and Schuman E (2008)51.

-Endosomal/lysosomal pathway
The endosomal pathway is crucial for the degradation or recycling of membrane proteins and

for the trafficking of Golgi-associated proteins. Besides, it is also implicated in the

extracellular release of proteins within exosomes, a type of microvesicles that mediate cellto-cell communication76.

Regarding membrane proteins sorting, monoubiquitination or K63-linked polyubiquitination
functions as a signal for trafficking to the endosome via ESCRT (endosomal sorting

complexes required for transport). Internalized proteins are delivered to early endosomes, a
point where they can be returned to the membrane by exocytosis or they can continue the
degrading process through multivesicular bodies, late endosomes and lysosomes (Figure
7)63.
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Importantly, neurons are highly reliant on this pathway, since neurotransmission requires a
fine-tuned regulation of synaptic vesicles recycling and degradation76. Of note, changes in
the activity of endo-lysosomal enzymes are found in the cerebrospinal fluid of sporadic PD

patients77. Moreover, α-synuclein can hinder cellular function by altering membrane fusion
events in the endosomal pathway78.

-Autophagy-lysosomal pathway (ALP)
Autophagy is a lysosomal degradation pathway involved in the clearance of misfolded

proteins, large debris and damaged organelles. Depending on the delivery mode of the
substrates to lysosomes, three types of autophagy have been reported: macroautophagy,
microautophagy

and

chaperone-mediated

autophagy

(CMA)

(reviewed

in

79,80).

Macroautophagy is the best characterized type of autophagy, and it is generally referred as
autophagy (Figure 7).

Although this pathway is commonly considered a bulk degradation system, increasing
evidence reveal that different cellular structures can be selectively cleared81. In these cases,

cargo needs to be tagged for further recognition and degradation. In particular, K63-linked
polyubiquitination has been reported as a signaling strategy for autophagy-mediated
clearance of protein inclusions82.

Autophagy is induced in response to nutrient deprivation, but is constitutively active in
neurons, becoming crucial for survival83. Autophagy impairment produces accumulation of

abnormal proteins and damaged organelles, a feature usually observed in PD and other
neurodegenerative diseases84,85. Of note, accumulation of autophagic vacuoles has been
observed in the SN of PD patients86. In additional, compounds that function as autophagy
enhancers mitigate dopaminergic neurodegeneration in vitro and in vivo, supporting a

protective role of autophagy in PD pathogenesis87–89. Besides, autophagy is important for the
degradation of α-synuclein90,91, and conversely, mutant forms of α-synuclein can hamper
ALP function90.

In addition to UPS and lysosomes, cells can deal with accumulation of proteins through an
alternative pathway, the unfolded protein response (UPR). This system may also be involved

in PD pathogenesis since it is activated by several PD neurotoxins and by mutant αsynuclein46,92,93.
2.1.3

Mitochondrial dysfunction

Abnormal function of the mitochondria has been proposed as a pathogenic mechanism in
PD94. Mitochondrial defects can result in insufficient ATP production and reactive oxygen
species (ROS) generation. Evidence reveal a decrease of the mitochondrial complex I activity
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in the SNpc of PD patients95. Mutations in PINK1 and parkin genes, have also been related
to mitochondrial dysfunction96,97. Additionally, exposure to neurotoxins reported to affect
mitochondria, such as MPTP (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine), mimic several
PD features98.
2.1.4

Oxidative stress

Oxidative stress is known to play an important role in dopaminergic neurons degeneration.
Many biological markers linked to oxidative damage are upregulated in the SNpc of PD

patients, while the levels of the antioxidant glutathione are reduced99,100. Furthermore,
dopamine metabolism and autoxidation can generate different ROS, creating a state of
oxidative stress that may particularly affect dopaminergic neurons101,102. Additionally,
nitrosative stress also contributes to neurodegeneration103,104.

Apart from the aforementioned mechanisms, neuroinflammation, impaired kinase signaling
and calcium deregulation have also been involved in PD pathogenesis42. However, it is

important to highlight that the exact mechanism triggering final cell death in PD is still
unknown.

2.2

Models of PD

The use of cellular and animal models is crucial to better comprehend molecular mechanisms
underlying neurodegeneration and to test new potential therapeutic targets. Unfortunately,

none of the existing PD models exactly phenocopy the disease, but two main types of models
have contributed to gain knowledge: genetic and neurotoxin models105.
2.2.1

Neurotoxin-based models

Neurotoxin-based models have been widely used, since they specifically affect

catecholaminergic neurons and induce degeneration. Among these toxins, 6-OHDA (6hydroxydopamine), MPTP, rotenone and paraquat have obtained the most attention

(reviewed in 106). In this thesis, 6-OHDA has been used as a neurotoxin in cellular PD models.
6-OHDA was the first catecholaminergic neurotoxin discovered 45 years ago and nowadays,

is one of the best characterized PD toxins107. Since it structurally resembles DA and

norepinephrine, 6-OHDA is efficiently uptaken and accumulated by neurons that have
catecholaminergic transporters for these neurotransmitters, causing a selective toxicity to

monoaminergic neurons108. Furthermore, 6-OHDA has been found in patients as the result
of endogenous dopamine oxidation109–111.

Inside cells, 6-OHDA is metabolized by monoamine oxidase enzyme (MAO) generating
hydrogen peroxide112, but it is also rapidly autoxidized producing ROS and metabolites that
12

can damage cells113–117. These events mimic one of the main pathogenic mechanisms of PD,
oxidative stress118–120. Moreover, it has been described that 6-OHDA can directly inhibit
complex I of the mitochondrial respiratory chain, causing a harmful depletion of intracellular

ATP that can eventually lead to cell death121–124 (Figure 8). This two 6-OHDA toxic actions
are biochemically independent, although they may act in a synergistic way in vivo123.

Extracellular ROS generation caused by 6-OHDA autoxidation is also a toxic process that

leads to cell death (Figure 8). In this case, the selectivity of the toxin for dopaminergic
neurons is explained for their extraordinary sensitivity to oxidative stress125–127. However, this
toxic mechanism can also promote the non-specific death of other cell types devoid of
catecholamine transporters128, such as cortical neurons129.

Figure 8. Mechanisms of 6-OHDA toxicity. PD toxin 6-OHDA can selectively enter catecholaminergic
neurons through dopamine (DAT) and norepinephrine transporters (NET). Inside the cell, 6-OHDA can
promote toxicity by two main mechanisms: oxidative stress caused by ROS generation that result from 6OHDA autoxidation or monoamine oxidase enzyme (MAO) activity, or ATP depletion caused by inhibition of
the mitochondrial respiratory chain complex I. Moreover, extracellular 6-OHDA autoxidation also generates
ROS, contributing to oxidative stress and consequent cell death. Abbreviations: ROS, reactive oxygen
species. Figure adapted from Brum, et al. 2001130, some images were obtained from
http://servier.co.uk/content/servier-medical-art.

The first animal PD model associated with dopamine neuron death in the SNpc was

developed using 6-OHDA131. Since then, this PD-mimetic toxin has been widely used not
only for in vivo studies, but also for in vitro assays. In vitro studies are particularly useful to

study the consequences of toxin exposure in a cellular environment. A cell type that has been
extensively used with 6-OHDA are NPC12 cells (PC12 cells differentiated with nerve growth

factor, NGF)125,127,132–137, since they present a catecholaminergic phenotype that resemble
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sympathetic neurons138,139, a subpopulation also affected in PD140–142. The use of cellular PD
models is instrumental to simplify such a complex disease, since individual pathogenic

molecular mechanisms and the proteins involved can be explored separately. Moreover, they
have the advantage of a controlled microenvironment and of being fast and reproducible
methods143.

2.2.2 The use of human samples from PD patients
However, since neither of the available models are able to replicate all major characteristics

of human PD, it is convenient to employ human samples to corroborate hypothesis tested in
vitro and in vivo 144. In this study we have worked with two different types of human samples:
postmortem SNpc sections and skin fibroblasts from PD patients.

Postmortem brain tissue and sections have been widely used in PD investigations136,137,145–
148.

However, when working with these samples is important to consider the age, clinical

information and postmortem collection time of each patient, since these parameters may
affect the results. Furthermore, control patients with similar age and postmortem time are
needed for proper comparison. Despite these limitations, biochemical studies of postmortem

brains have largely contributed to confirm molecular mechanisms implicated in PD
pathogenesis149.

On the other hand, cultures of skin fibroblasts derived from genetic and sporadic PD patients
have the advantage of their easy availability and robustness. Moreover, they are being

studied as a potential helpful tool to identify PD biomarkers, since they are primary human
cells that retain the harmful biological effects of aging, even in culture150.
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3. mTOR SIGNALING PATHWAY DEREGULATION IN PARKINSON’S DISEASE
The aforementioned alterations in various cellular processes can trigger deregulation of

important signaling pathways in PD. In this thesis, we have focused on mTOR pathway and
its implication in neuronal death. This signaling pathway integrates internal and external cues
to regulate major cellular processes involved in the maintenance of cellular homeostasis. For

this reason, deregulation of mTOR has been implicated in many diseases, including
neurodegenerative disorders (reviewed in 151).

3.1

Mechanistic target of rapamycin (mTOR)

As deduced from its name, mTOR is the kinase target of rapamycin, a macrolide produced

by Streptomyces hygroscopicus bacteria that was initially discovered in a soil sample from

the Eastern Island152. mTOR is an atypical serine/threonine kinase that belongs to the family
of phosphoinositide 3-kinase (PI3K)-related kinases. It is an extremely large protein of 289
KDa ubiquitously expressed in the majority of tissues and cell types, including neurons153.

mTOR interacts with distinct proteins forming two different complexes, named mTOR

complex 1 (mTORC1) and mTOR complex 2 (mTORC2), which have different composition

and function. Both complexes share some proteins, but also present unique components that

distinguish them (Figure 9). They respond to various upstream inputs to regulate different

cellular processes; mTORC1 senses oxygen, amino acids, stress, energy and growth factors
to modulate macromolecular biosynthesis, cell cycle progression, growth, metabolism and
autophagy, while mTORC2 responds to growth factors to regulate metabolism, cytoskeletal
organization and cell survival151,154.

Furthermore, mTORC1 and mTORC2 complexes display different sensitivities to rapamycin
inhibitor; the first was initially considered sensitive, while the second was considered

insensitive to rapamycin155,156. Rapamycin, as an allosteric inhibitor, interacts with FK506binding protein (FKBP12)157,158. This complex only binds raptor-bound mTOR155,156,159,160,
inhibiting mTORC1 kinase activity, probably by disrupting complex assembly161,162.

Nonetheless, prolonged rapamycin exposure has been described to inhibit mTORC2
complex in several cell types163.
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Figure 9. Composition and regulation of mTORC1 and mTORC2 complexes. Both complexes share
the catalytic subunit mTOR, mammalian lethal with sec13 protein 8 (mLST8; also known as GbL) and DEP
domain containing mTOR-interacting protein (DEPTOR). mTORC1 is distinguished by the presence of
regulatory-associated protein of mammalian target of rapamycin (raptor) and proline-rich Akt substrate 40
KDa (PRAS40); whereas mTORC2 is distinguished by the presence of rapamycin-insensitive companion of
mTOR (rictor), mammalian stress-activated MAP kinase-interacting protein 1 (mSin1) and protein observed
with rictor (protor)151. They are sensitive to various upstream signals to regulate different cellular processes.
Image adapted from Zoncu, et al. (2011) 164 and Laplante, et al. (2012)151.

3.2

mTOR signaling pathway

Several growth factors, such as insulin, can activate the PI3K and Ras pathways through its
effector kinases Akt and ERK1/2 (extracellular-signal-regulated kinase 1/2), respectively165–
167.

Both pathways converge into TSC2 phosphorylation, leading to heterodimeric TSC1/2

(tuberous sclerosis 1/2) complex inactivation168–172. This complex functions as a GTPase
activating protein (GAP) towards Rheb (Ras homolog enriched in brain), promoting its
conversion to the inactive guanosine diphosphate-bound state (Rheb-GDP)173.

Hence,

growth factors, by inactivating TSC1/2 complex, stimulate the formation of the active RhebGTP form. This active form of Rheb is able to activate mTORC1 kinase activity174–176, and it
also seems to induce mTORC2 kinase activity136,137,177 (Figure 10).
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Figure 10. mTOR signaling pathway. Schematic representation of the key upstream regulators and
downstream effectors of mTORC1 and mTORC2 and their signaling interrelation. Figure adapted from
Laplante and Sabatini (2012)151 and Wullschleger et al. (2006)177.

Some cellular stresses regulate mTOR activity through TSC1/2 complex. For instance,

hypoxia or low energy levels induce AMPK (adenosine monophosphate-activated protein
kinase), which in turn phosphorylates TSC2, promoting its GAP activity178. RTP801/REDD1
also responds to hypoxia and enhances TSC2 activity through a not well established
mechanism, leading to mTOR signaling repression179–181.

mTORC1 controls protein translation via 4E-BP1 (eukaryotic translation initiation factor 4E
binding protein 1) and S6K1 (p70-S6 kinase 1) phosphorylation (reviewed in

182,183),

autophagy via ULK1 complex inhibition184–186, cellular metabolism via HIF-1 (Hypoxia
inducible factor 1)187,188, lipid synthesis189 and ribosome biogenesis190.

mTORC2 responds to growth factors via PIP3 (phosphatidylinositol 3,4,5-triphosphate)
activation/PI3 kinase, although the mechanism is poorly understood191. Recently, it has been

proposed that ribosomes induce mTORC2 signaling by directly binding it in a PI3Kdependent manner192. Taking into account that mTORC1 regulates ribosome biogenesis, the
activity of both complexes would be interrelated.

mTORC2 downstream targets include some AGC family kinases (named after the protein

kinase A, G, and C families, PKA, PKC and PKG); it phosphorylates SGK1 (serum and
glucocorticoid-induced protein kinase 1)193 and Akt at serine residue 473 (S473)194,
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controlling cell survival and metabolism. mTORC2 also phosphorylates PKC-α (protein
kinase C-α), a protein that regulates cytoskeletal organization155,156.

Akt, also known as PKB, is a critical signaling protein that regulates a range of processes,

including survival, proliferation, metabolism, and apoptosis195,196. It can be phosphorylated
by PDK1 at threonine residue 308 (T308)197 and by mTORC2 at serine residue 473 (S473)194,

requiring phosphorylation at both sites to be fully active. Furthermore, Akt is upstream of
mTORC1, and activates it via TSC1/2 phosphorylation168,170,171, but also via inactivation of
PRAS40, which is a mTORC1 component (see figure 9)198–201.

Importantly, the PI3K-Akt axis has been reported to be critical for survival maintenance in
several neuronal systems137,202–207. Akt pro-survival kinase exerts its protective function by
inactivating several pro-apoptotic downstream targets, such as Bad208, Bax209, Bim210,211 and
JNK212.

3.3

mTOR/Akt signaling alterations in PD

In the nervous system, mTOR pathway has emerged as a central signaling hub, since it
controls autophagy, survival via Akt (reviewed in

204,213),

and protein translation, a process

considered crucial for the formation and consolidation of synaptic contacts214–216.

In the case of PD, deregulation of mTOR pathway has been observed at different levels.
Defects in autophagy-mediated protein clearance, a process mainly regulated by mTORC1,

have been implicated in PD pathogenesis (as previously mentioned in section 2.1.2).
Importantly, rapamycin, an allosteric mTORC1 inhibitor, promoted autophagy and reduced
the accumulation of ubiquitinated α-synuclein in neuronal cells86,91.

On the other hand, alterations in Akt pro-survival kinase activity have been involved in PDrelated cell death139. Indeed, Akt phosphorylation levels at S473 and T308 were significantly
reduced in nigral neurons from postmortem PD brains137. Supporting this notion,
constitutively active Akt was protective in front of 6-OHDA toxicity137 and in the soma and
axons of dopaminergic neurons in PD mouse models217,218. Moreover, in cells exposed to

PD toxins, inhibition of the downstream mTORC1 effectors S6K1 and 4E-BP1 also
contributed to neuronal death219,220.
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4. NEDD4
NEDD4 (Neural precursor cell-expressed developmentally down-regulated gene 4) was
originally discovered in 1992 as a highly expressed gene in the central nervous system from

mouse embryos221,222. This protein is a member of the evolutionarily conserved NEDD4

family, which in mammals is composed of nine members: NEDD4, NEDD4-2 (NEDD4L),
ITCH, SMURF1, SMURF2, WWP1, WWP2, NEDL1 and NEDL2. In fact, NEDD4 and
NEDD4-2 are the most closely related223–225. Conversely, NEDD4 family consists of only a
member in yeast Saccharomyces cerevisiae, termed Rsp5226.

NEDD4 gene encodes a protein of approximately 120 KDa that is expressed in most
tissues222. It localizes at the cytoplasm, predominantly at the perinuclear and periphery
regions227 and at the cell membrane228. NEDD4 is also present in neurites of differentiated

neuronal cells227 and can be recruited to be released within exosomes by Ndfip1 (NEDD4
family interacting protein 1)229.

4.1

NEDD4 as an E3 ubiquitin ligase

NEDD4 is an E3 ubiquitin-protein ligase, an enzyme that catalyzes the transfer of ubiquitin

(Ub) to protein substrates (see figure 5). Depending on how ubiquitin is transferred to the

substrate, there are two main types of E3 ligases: RING-type (Really Interesting New Gene)
and HECT-type (Homologous to the E6-AP Carboxyl Terminus). RING E3 ligases facilitate

the direct transfer of ubiquitin from the E2 to the substrate, whereas HECT E3 ligases accept
ubiquitin before transferring it to the substrate (Figure 11)230.

Figure 11. Ubiquitination mechanism of RING and HECT E3 ligases. RING E3 ligases function as
scaffolding proteins that facilitate ubiquitin transfer from the E2 to the substrates, while HECT E3 ligases
accept ubiquitin prior transferring it to the substrate.

NEDD4 belongs to the group of HECT E3 ubiquitin ligases (reviewed in 231). In humans, there

are few E1, dozens of E2 and hundreds of E3 enzymes. The last ones are the most diverse
class and confer specificity for the substrates232. An E3 ligase can function with several E2

enzymes. For instance, NEDD4 is able to accept ubiquitin from Ubc4, UbcH5a, UbcH5b,
UbcH5c, UbcH6, UbcH7 and AtUBC8 E2 enzymes227,233.
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4.2

NEDD4 protein structure

NEDD4 is a modular protein composed of an N-terminal (amino-terminus) calcium/lipid-

binding domain (C2 domain), three (in mouse and rat) or four (in human) WW protein-protein
interaction domains and a C-terminal (carboxyl-terminus) catalytic HECT domain responsible

for ubiquitin ligation. This general protein domain architecture is shared by all NEDD4 family
members (Figure 12)226.

Figure 12. NEDD4 modular structure. Schematic representation of the human NEDD4 protein domains.

The C2 domain targets proteins to membranes234 but it can also interact with other
proteins235,236. The WW domains are characterized by the presence of two conserved

tryptophan (W) residues and are implicated in protein binding through recognition of prolinerich PY motifs

(PPXY or PPLP) or phospho-serine/threonine residues in substrate

proteins237–239. The HECT domain contains a conserved catalytic cysteine that accepts
ubiquitin from the E2 enzyme before transferring it to the substrate240. This catalytic residue
corresponds to the cysteine 867 (C867) in human NEDD4 protein241,242.

4.3

NEDD4 function

Several proteins have been identified as NEDD4 substrates, revealing its implication in a
wide range of cellular processes. For instance, NEDD4 has been reported to reduce the

activity of some ion channels, such as the epithelial sodium channel (ENaC), by regulating
their turnover and localization243. Moreover, NEDD4 also plays a role in the regulation of

some growth factor signaling receptors, including IGF-1R (Insulin-like growth factor 1

receptor)228,244,245, FGFR1 (Fibroblast growth factor receptor 1)246 and EGFR (epidermal
growth factor receptor)247.

Besides, NEDD4 might facilitate tumorigenesis by degrading some tumor suppressor genes,

such as Beclin 1 and PTEN (phosphatase and tensin homolog)86,248,249. However, PTEN/Akt
axis regulation by NEDD4 is nowadays controversial, since PTEN levels or stability were not

modified in NEDD4-/- MEFs (Mouse embryo fibroblasts)250. Many other potential NEDD4
substrates have been described, involving this E3 ligase in much more functions and
signaling pathways231.

In order to examine its physiological role in vivo, a NEDD4 knockout mouse model was
generated. The resulting animals presented a neonatal lethal phenotype, revealing that
NEDD4 regulates critical cellular functions during development. They also showed embryonic

retardation, reduced body weight and defects in the structure and function of the

neuromuscular junction251,252. This growth retardation was attributed to a reduced IGF-1
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(Insulin-like growth factor 1) signaling, since NEDD4 positively regulates it through adaptor
Grb10251.

A second NEDD4 knockout mouse was independently created and also displayed embryonic
lethality, along with heart defects, vasculature anomalies, and impaired dendrite

development253,254. Considering NEDD4 conventional knockout mice mortality, further

studies have been performed with heterozygous mice or with conditional knockout
mice254,255.

4.4

NEDD4 regulation

NEDD4 E3 ligase activity is controlled through an autoinhibitory conformation that is
characterized by the intramolecular interaction between the N-terminal C2 domain and the

catalytic C-terminal HECT domain (Figure 13). This catalytically inactive state can be

released by abrogation of the C2 domain or by elevation of intracellular calcium, which is
proposed to bind the C2 domain, targeting NEDD4 to the membrane and thereby disrupting
the intramolecular autoinhibitory interaction256.

Figure 13. Schematic representation of the C2-mediated regulation of NEDD4 activity. In basal
conditions NEDD4 exhibits an intramolecular autoinhibitory interaction (upper part) that can be shifted to an
active conformation (lower part) by different signaling stimuli. Image adapted from Persaud et al. (2014)257.

Other proteins known as NEDD4 activators can counteract this inhibitory conformation.
NDFIP1 and NDIFP2 (NEDD4 family-interacting proteins) proteins induce NEDD4 E3 ligase

activity by directly binding to NEDD4 WW domains258. Beyond that, these proteins can

function as NEDD4 adaptors by facilitating binding of substrate proteins lacking PY
motifs259,260. Moreover, c-Src-mediated phosphorylation also stimulate NEDD4 activity by
shifting its conformation to an active state257.
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In regard to NEDD4 protein stability regulation, only a mechanism have been described;

NEDD4 can be phosphorylated by CKI (Casein Kinase-I) leading to SCFβ-TRCP-mediated

(Skp, Cullin, F-box containing complex, E3 ubiquitin-ligase) ubiquitination and subsequent
degradation249.

Interestingly, some neurotoxins that trigger oxidative stress, such as hydrogen peroxide, zinc

or camptothecin, upregulated NEDD4 transcription in cortical neurons, leading to enhanced
IGF-1Rβ (Insulin-like growth factor 1 receptor β) protein degradation via UPS245.

4.5

NEDD4 in neurons

NEDD4 is a protein highly expressed in mammalian neurons that plays an important role in
neuronal development and function254,261,262.

NEDD4 has been involved in the development of neuronal circuits by regulating branching
of dendrites and axons. By using conventional and conditional NEDD4 knockout mice it was

demonstrated that the lack of NEDD4 decreased dendrite growth and arborization254.
Importantly, Rap2a was identified as the NEDD4 substrate responsible for this phenotype254.

On the other hand, NEDD4 E3 ligase controlled axon branching in Xenopus retinal ganglion
cells and in mammalian peripheral neurons263,264. In this case, PTEN was described as the

key NEDD4 substrate regulating these events263,264. However, others support that PTEN acts
upstream of NEDD4 through mTORC1-dependent regulation of its translation265,266.

Beyond neuronal development, NEDD4 has also been involved in synaptic transmission
through regulation of AMPARs (Alpha-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid

receptors), the principal mediators of excitatory currents. NEDD4 was enriched in the

synaptosomal fraction and was reported to ubiquitinate AMPARs, altering their localization.
Thus, NEDD4 promoted AMPAR endocytosis, leading to receptor reduction at the cell

surface and the consequent depression of excitatory synaptic transmission267. Moreover,
AMPAR activation promoted a rapid NEDD4 redistribution to dendritic spines268. Recently,

this regulatory mechanism has also been implicated in the synaptic defects caused by the
pathogenic peptide amyloid-β (Aβ)269.

Furthermore, NEDD4 has been confirmed as an important physiological regulator of synaptic

plasticity in vivo. Heterozygous mice, which present a 50% reduction in NEDD4 expression,
showed long-term spatial learning and memory and long-term potentiation (LTP)
impairment270.
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4.6

NEDD4 in PD

NEDD4 has been directly linked to PD pathogenesis since it was reported to target α-

synuclein for degradation. NEDD4 ubiquitinated α-synuclein preferentially with K63

polyubiquitin chains, targeting it to endosomal-lysosomal degradation. Moreover, NEDD4
staining was higher in nigral neurons containing LBs in the human SN and LC from patients

with LB pathologies (includes PD, incidental Lewy body disease and diffuse Lewy body
dementia)271.

Moreover, NEDD4 was protective against α-synuclein toxicity in Drosophila brain and in
rat dopaminergic neurons, suggesting that NEDD4 could be a potential therapeutic target
to halt neurodegeneration272. In line with this, NAB2, a compound that activates NEDD4

pathway, was identified in a yeast screen as a neuroprotective agent in various α-

synuclein toxicity models. This N-arylbenzimidazole promoted NEDD4-dependent
trafficking events, reducing endoplasmic reticulum (ER) and nitrosative stress273,274.

Furthermore, NEDD4 presents a single nucleotide polymorphism (SNP) that has been
associated with a major risk factor for sporadic PD in a whole genome association study
(GWAS)14.
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5. RTP801
RTP801, also known as REDD1 (regulated in development and DNA damage responses

1) or Dig2 (dexamethasone-induced gene 2) is a protein encoded by the stress responsive
gene DDIT4 (DNA-damage-inducible transcript 4). This gene was identified and cloned in
2002 simultaneously by two different groups275 276.

5.1

DDIT4: a stress responsive gene

DDIT4 is rapidly induced in response to cellular stressors under the control of different

transcription factors. For instance, DDIT4 transcription is activated by hypoxia through HIF1 transcription factor179,275, by DNA damage under the control of p53180, by oxidative and ER

stress, via ATF4 (Activating transcription factor 4)277–279, and by energy depletion280 (Figure
14).

Figure 14. DDIT4 induction by cellular stress. Multiple types of cellular stress upregulate DDIT4 gene
under the control of different transcription factors. This gene upregulation is translated to an increase of
RTP801 protein. ER= endoplasmic reticulum, HIF-1= Hypoxia-inducible factor 1, ATF4= Activating
transcription factor 4.
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5.2

RTP801 protein

RTP801 open reading frame (ORF) codes for a 232 amino acid protein in humans, with

orthologs in rat, mouse, Xenopus and Drosophila. Based on its amino acid sequence, an
acidic, serine-rich protein is predicted, displaying evolutionarily sequence conservation at the

carboxyl terminus (C-terminus)276. Rat RTP801 ORF encodes for a 229 amino acid protein
that is highly homologous to human RTP801, showing 85% identity (Figure 15)275. There is

a related transcript named RTP801L (RTP801- like) or REDD2 that presents 50% sequence
identity and similar functions compared to RTP801276,281.

Figure 15. RTP801 sequence alignment from different species. Amino acid sequence alignment of
RTP801 protein from human (Homo sapiens), rat (Rattus Norvegicus), mouse (Mus Musculus), frog
(Xenopus Laevis) and fly (Drosophila Melanogaster). The non-well conserved N-terminal part of Xenopus
and Drosophila are not included. The degree of conservation is represented in green, using increasing
darkness to indicate increasing conservation. Image adapted from Vega-Rubin-de-Celis, et al. 2010282.

RTP801 is ubiquitously expressed at low levels in multiple human adult tissues275. Despite it

has a predicted molecular weight of 25 KDa, it usually migrates at 34 KDa. This aberrant

migration is presumably caused by the presence of multiple lysine residues at the Cterminus276. The protein can be localized at the cytoplasm276,283,284, the nucleus283,284 and the
plasma membrane180,284.

In addition, a small fraction of RTP801 was also found at

mitochondria in HEK293T cells285 and in RGC-5 retinal ganglion cells286.
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5.2.1

RTP801 protein structure

By analyzing RTP801 amino acid sequence, no functional motifs or structural domains could

be identified. RTP801 presents a poorly preserved N-terminus and a highly conserved Cterminus. In agreement with that, the N-terminus 84 amino acids of human RTP801 were not

necessary to maintain its inhibitory function towards mTOR, while, only few residues could
be deleted from the C-terminus without altering function. Further studies were performed with

several RTP801 truncated forms to conclude that there are two RTP801 segments required
for function: RTP80185-193 and RTP801207-225

282.

Moreover, a segment of human RTP801 protein containing amino acids 89-226 with a
deletion of the hydrophobic region

200FLPGF204

was crystallized (RTP80189-226∆Ф). This

RTP801 mutant form maintained activity and was more soluble, making it easier to

crystallize. The resulting structure exhibited a novel topology characterized by a two-layered
α-helix/β-sheet sandwich with a psi-loop motif (Figure 16)282.

Figure 16. RTP801 presents a unique topology. a) Representation of the RTP80189-226∆Ф structure
obtained by crystallization. The protein is composed by a layer made of two antiparallel α-helices and another
layer made of a mixed β-sheet. The cartoon is colored in rainbow mode from the N-terminus to the Cterminus. Dots represent a disordered region, and the black arrowhead shows the location of the deleted
hydrophobic region. b) Diagram of RTP80189-226∆Ф topology. The β-sheet is formed for four strands ordered
2134. Images obtained from Vega-Rubin-de-Celis, et al. (2010)282.

Besides, a surface patch composed of highly conserved residues was suggested to be critical
for RTP801 function. It is formed by two separated segments,
218KKKLYSSE225,

stretch

218KKK220

and

that are adjacent in the three-dimensional structure282. Importantly, the

has been reported necessary for targeting RTP801 to mitochondria285 and

plasma membrane284.
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5.3

RTP801 function

The main known function of RTP801 is its ability to repress mTOR activity179,281, a master

kinase involved in the regulation of basic cell processes, such as, growth, proliferation,

protein synthesis and cell survival (reviewed in151). The fact that DDIT4 gene is rapidly
induced by several stressors points out that its mTOR inhibitory function may be crucial for
coping stress and maintaining cellular homeostasis287.

To date, the RTP801 inhibitory mechanism towards mTOR has not been completely
elucidated. RTP801 activates TSC1/2 complex136,179,280, although both proteins do not
appear to interact to each other282. It has been proposed that RTP801 binds and sequesters

14-3-3, thus disrupting the inhibitory function of this protein towards TSC2180. RTP801 also

promotes protein phosphatase 2 (PP2A) dependent dephosphorylation of Akt at T308
residue, preventing TSC2 phosphorylation, attenuating Rheb-GTP loading and leading to the
subsequent mTORC1 signaling repression288.

Interestingly, RTP801 has a dual role depending on the cellular context. In proliferating cells,
RTP801 exerts a protective anti-apoptotic role in front of several noxious stimuli, such as
H2O2-induced oxidative stress275, dexamethasone treatment278,289, serum deprivation290 and
DNA damage. Conversely, in non-proliferating differentiated cells, RTP801 exerts a pro-

apoptotic role, since it results toxic in neuronal PC12 cells136 and increases their sensitivity
to oxidative stress275.

This peculiar feature was also observed in a corticogenesis study in which RTP801 was

identified as a regulator of neuronal differentiation and migration. RTP801 levels were high

in embryonic cortical neuroprogenitors without being toxic, decreased in newborn neurons,
and low in mature neurons. This gradual decline of RTP801 levels was reported to contribute
to the progression of neuronal migration and maturation291.
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5.4

RTP801 in PD

RTP801 has been linked to PD, since in 2004 was described as the most induced transcript
in a Serial Analysis of Gene Expression (SAGE) performed in a cellular model of this disease.
In the study, NGF-differentiated PC12 cells were exposed to the neurotoxin 6-OHDA for 8

hours. RTP801 transcript expression resulted in a 98-fold increase. This finding first identified
RTP801 as a candidate to be considered in neuron death associated to PD135.

RTP801 transcriptional elevation induced by 6-ODHA was later confirmed and extended to
protein level. Moreover, exposure to PD neurotoxins MPP+ and rotenone also resulted in

RTP801 elevation. Importantly, RTP801 was also elevated in SNpc dopaminergic neurons

of the mouse MPTP model and in human substantia nigra postmortem sections from sporadic
PD patients136.

RTP801 upregulation mediates death in cellular models of PD, since its knockdown was

protective in neuronal PC12 cells and in sympathetic neurons exposed to 6-OHDA.
Furthermore, RTP801 overexpression in neuronal PC12 cells promoted around 50% of cell
death136.

Interestingly, 6-OHDA exposure and RTP801 overexpression promoted mTOR/Akt
repression, as judged by the loss of mTOR phosphorylation at serine 2448 (S2448) and the
loss of Akt phosphorylation at residues threonine 308 (T308) and serine 473 (S473)136,137.

This mTOR pathway blockade has been implicated in the mechanism underlying neuron
death, since either TSC2 knockdown136, mTOR overexpression292 or constitutively active

Akt137 prevented from 6-OHDA and RTP801-induced cell death. Of note, the loss of mTOR

and Akt phosphorylation was also observed in human substantia nigra postmortem sections
from sporadic PD patients137,292.

Finally, it was reported that rapamycin, an inhibitor of certain mTOR actions, was protective

in in vitro and in vivo toxin models of PD by blocking RTP801 translation and by preserving
Akt phosphorylation at T308 residue292. This protective effect is explained by the capacity of

rapamycin to suppress the mTOR-dependent translation of a subset of transcripts without
altering others293,294.

To sum up, RTP801 is induced in cellular and animal models of PD, and is elevated in nigral

neurons of PD patients. In a variety of neuronal systems, RTP801 upregulation is sufficient
and necessary to mediate death by a mechanism involving sequential repression of mTOR
and Akt kinases (Figure 17).
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Figure 17. Schematic representation of the mTOR/Akt pathway regulation by RTP801 in neuronal
cells. In physiological conditions RTP801 levels are low, contributing to maintain mTOR/Akt activity and
subsequently cell survival (left panel). However, when neurons are exposed to PD toxins or suffer stress,
RTP801 is rapidly induced promoting mTORC1 and mTORC2 repression through TSC1/2 complex and
Rheb protein. Akt pro-survival kinase is dephosphorylated at both residues; at S473 due to mTORC2
blockade, and at T308 probably due to PP2A overactivation. This sequential mTOR/Akt repression
contributes to abrogate survival signaling, and if this situation is sustained over time, neuron function is
impaired and leads to neuron death (right panel). Image adapted from Canal, et al. 2014287.

29

INTRODUCTION

INTRODUCTION

INTRODUCTION

INTRODUCTION

5.5

RTP801 protein degradation

RTP801 is a very unstable protein, with an extremely short half-life (2-7 minutes)292,295.

Therefore, its synthesis and degradation is subjected to a very fine-tuned regulation to

precisely modulate mTOR pathway, promoting neuronal survival. Although RTP801 gene is

rapidly induced by several stressors, little is known about the post-translational modifications
that govern its protein stability. Hence, elucidating which proteins regulate RTP801
proteostasis and degradation would be a stepping-stone to design new therapies to block
neurodegeneration in PD.

To date, only two E3 ligases have been described to mediate RTP801 protein ubiquitination
and degradation: CUL4A-DDB1-ROC1-β-TRCP E3 ligase complex and parkin. CUL4A-DDB
polyubiquitinated RTP801 and mediated its proteasomal degradation in a GSK3β (glycogen

synthase kinase 3 β)-dependent phosphorylation manner295. In our group, we recently

found that parkin, a RING E3 ligase, polyubiquitinated RTP801 mediating its proteasomal
degradation296.

Interestingly, parkin dysfunction due to mutations (parkin is a PD causative gene, see Table
1) or oxidative/nitrosative stress has been consistently linked to PD36,297–300. Indeed, elevated
RTP801 levels were observed in parkin knockout mice brains, and in postmortem brains and

fibroblasts from PD patients bearing parkin mutations. Furthermore, ectopic WT parkin, but

not its inactive mutants, protected neuronal cells from RTP801 and 6-OHDA-induced death
by mediating RTP801 protein degradation. Similarly, parkin knockdown elevated RTP801
levels and increased sensitivity of neuronal cells to 6-OHDA. Thus, parkin loss of function

may contribute to toxic accumulation of pro-apoptotic protein RTP801 and subsequent
neurodegeneration in PD296.
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RTP801 elevation can promote death in differentiated cells via mTOR/Akt pathway
inactivation, so elucidating mechanisms that regulate its levels will help to design new
therapeutic strategies to halt neurodegeneration in PD136,137. Considering that RTP801
strictly and dynamically controlled.

Thus, it would be valuable to identify E3 ligases mediating RTP801 ubiquitination and protein
degradation and to study its possible implication in the disease pathogenesis. Interestingly,

NEDD4 has been described to play an important role in PD by mediating α-synuclein
degradation271,272, so our goal is to investigate whether this E3 ligase regulates
RTP801/mTOR/Akt axis in neurodegeneration.

Another goal is to examine the role of ubiquitination in RTP801 protein homeostasis and
function, and to perform proteomic analysis to identify potential new RTP801 interactors and
to elucidate significant protein changes induced by its overexpression.
Hence, the specific aims are:
• Determine whether RTP801 is ubiquitinated and regulated by NEDD4 E3 ligase.

• Investigate whether NEDD4 is neuroprotective in cells exposed to PD toxins, such as
6-OHDA, and if so, whether it is by promoting RTP801 degradation.

• Assess whether NEDD4 knockdown triggers cell death, and if this is the case, elucidate
whether NEDD4 deregulation is responsible for mTOR and Akt inactivation, via RTP801
elevation.

• Explore whether NEDD4 protein levels are altered in sporadic PD human postmortem
SNpc sections.

• Study how ubiquitination affects RTP801 homeostasis and function by generating
different mutant forms.

• Screen for new RTP801 potential interacting partners.
• Study proteome modulation by RTP801.
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1. CELL CULTURE
1.1 HEK293 cells

Human Embryonic Kidney 293 cells (HEK293) is a cell line originally derived from human
embryonic kidney cells that shows an epithelial phenotype301. HEK293 cells were cultured in
DMEM medium supplemented with 10% fetal bovine serum and penicillin/streptomycin (all

from Thermo Fisher Scientific) in a 5% CO2 atmosphere at 37ºC. Medium was replenished

1.2 PC12 cells

PC12 cells were established as a clonal cell line from a transplantable rat
pheochromocytoma302. They are tumoral cells from adrenal medulla that can synthesize,

store and release catecholamines. A remarkable feature of PC12 cells is that they have the

capacity to respond to NGF by exiting the cell cycle and undergoing differentiation. NGFdifferentiated PC12 cells (NPC12 cells) present a phenotype that resembles sympathetic
neurons. They show branched axons, they are electrically excitable and respond to
neurotransmitters. They also express diverse neuronal markers and retain their capacity for

dopamine synthesis, storage, uptake and release302,303. NPC12 cells have been widely used

as a cellular PD model, for example in studies using dopaminergic neurotoxins, in
investigations about oxidative stress or in α-synuclein overexpression experiments (reviewed
in 138,139).

Naïve PC12 cells were maintained in RPMI 1640 medium (Thermo Fisher Scientific)

supplemented with 10% heat-inactivated horse serum (Sigma-Aldrich), 1% fetal bovine

serum and penicillin/streptomycin in a 7.5% CO2 atmosphere at 37ºC. Plates were previously
coated with collagen type I rat tail (Corning) and cells were reseeded when confluence was

reached. To obtain neuronal PC12 (NPC12) cells, standard medium was replaced for
differentiation medium, which consists of RPMI 1640 supplemented with 1% heat-inactivated

horse serum, penicillin/streptomycin and 50 ng/ml recombinant human β-NGF (Alomone
Labs). Cells were differentiated during 6-7 days prior performing experiments. Medium was
changed every other day and before transfection or neurotoxin treatment.

1.3 Rat primary cortical neurons

Rat primary cortical cultures were prepared starting from embryonic (E18) Sprague-Dawley
rats. Cortices were dissected out, dissociated and plated at a density of 250 cells/mm2 on
poly-L-lysine-coated (Sigma-Aldrich) glass coverslips for imaging experiments, or at a

density of 750 cells/mm2 on poly-L-lysine-coated plates for biochemistry experiments.
Neurons were maintained in Neurobasal medium supplemented with B27 and 2mM
GlutaMAXTM (all from Thermo Fisher Scientific) in a 5% CO2 atmosphere at 37ºC. Medium

was partially replenished every 5 days. However, coverslip-plated neurons were initially
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every other day and cells were reseeded when confluent.

METHODOLOGY

METHODOLOGY
seeded with MEM medium (Thermo Fisher Scientific) supplemented with 100 mM pyruvic
acid (Thermo Fisher Scientific), 20% glucose (Sigma-Aldrich) and 10% heat-inactivated
horse serum during 1 hour.

1.4 Human fibroblasts

Fibroblasts cultures were established from skin punches collected from six diagnosed ARJP (Autosomal Recessive Juvenile Parkinsonism) patients bearing PARK2 dysfunctional

mutations and six control individuals. They were obtained from the Neurology Service-

Movement Disorders Biorepository (IDIBAPS, Hospital Clinic, University of Barcelona,
Barcelona) thanks to Dr. Eduardo Tolosa. Fibroblasts were cultured in DMEM medium

supplemented with 10% fetal bovine serum and penicillin/streptomycin in a 5% CO2

atmosphere at 37ºC. Medium was changed every other day. In order to obtain pure cultures,
fibroblasts were reseeded between five or six times before analysis.

2. CELLULAR TREATMENTS

Cell cultures were exposed to the following compounds as indicated (Table 2):
Compound

Function

Concentration

Exposure
time

Epoxomicin

Proteasome inhibitor
Proteasome inhibitor

10 µM

3-4 h

Chloroquine
Cobalt (II)
chloride

Lysosomal inhibitor

50 µM

4h

Hypoxia-mimetic agent

16 h

10 µg/ml

10’ or 60’

Calbiochem

Z-VAD-FMK

Protein synthesis
inhibitor

200 µM

Pan-caspase inhibitor
Calpain inhibitor

100 µM
1 µM

17 h

Calbiochem

NAB2

NEDD4 signaling inducer

20 µM

48 h

6-OHDA

PD neurotoxin

MG132

Cycloheximide
ALLN

1 µM

100 µM (NPC12 cells)
25-50 µM (neurons)

2-4 h

Company

17 h

16 h

Calbiochem
Calbiochem
SigmaAldrich
SigmaAldrich

Calbiochem
EMD
Millipore
Tocris
Bioscience

Table 2. Compounds used for cellular treatments

In the case of PD neurotoxin 6-OHDA, NPC12 cells were treated at day 6-7 of differentiation,

while cortical neurons were exposed between DIV 10 and DIV 14 depending on the

experiment. Before treatment, medium was totally replaced in NPC12 cells and partially
replaced in neurons.
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3. DNA MANIPULATION
3.1 Subcloning
In this work, a ShRNA (short hairpin RNA) sequence against RTP801 and a scrambled

ShRNA control were subcloned into the lentiviral vector pLL3.7 (Addgene). For that purpose,
the following steps were carried out:
3.1.1

ShRNA sequence design

and validated in two different constructs (ShRTP801 A136, and ShRTP801 1137). Hence, we

designed new oligonucleotides flanked with the HpaI and XhoI restriction sites to obtain the
same ShRTP801 sequence and a scrambled control ShRNA sequence:
•ShCt: 5’-GTGCGTTGCTAGTACCAAC-3’

•ShRTP801: 5’-AAG ACT CCT CAT ACC TGG ATG-3’ (specific for human, rat and mouse
RTP801 transcript)

The corresponding oligonucleotides were 5’ phosphorylated and annealed prior to ligation.
3.1.2

Vector linearization

The pLL3.7 vector was linearized with the restriction enzymes HpaI and XhoI (New England

Biolabs) at 37ºC during 2 hours. Then, calf-intestinal alkaline phosphatase (New England
Biolabs) was added to the digestion products and incubated at 37ºC for 1 hour, in order to
dephosphorylate the linearized vector and avoid its recircularization.
3.1.3

DNA extraction from agarose gel

Digested DNA was separated by electrophoresis in a 1% agarose gel containing 0.5 µg/ml
of ethidium bromide. DNA Gel Loading Dye (Thermo Fisher Scientific) was added to DNA

samples before running. A lane with the molecular weight marker GeneRuler 1kb DNA

Ladder (Thermo Fisher Scientific) was loaded along with experimental samples. Gels were

run in TAE buffer (Thermo Fisher Scientific) and the DNA bands were visualized under
ultraviolet light due to ethidium bromide fluorescence. DNA bands corresponding to

linearized vector were cut from the gel and purified using the kit QIAquick Gel Extraction Kit
(Qiagen).
3.1.4

Ligation

The linearized vector purified from the gel and the annealed oligonucleotides were ligated
using a molar ratio of 1:3. The reaction was performed with T4 DNA Ligase enzyme and with

Quick ligation buffer (all from New England Biolabs) during 3 hours at room temperature.

Escherichia coli DH5α bacteria were transformed with the ligation products (see section 4.1)
and the resulting colonies were grown in Terrific Broth medium (Thermo Fisher Scientific).
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3.2 Site-directed mutagenesis

Several constructs expressing mutant forms of a protein were obtained by site-directed

mutagenesis using the kit QuickChange Lightning II Multi Site-Directed Mutagenesis Kit
(Agilent Technologies). The primers used were designed with the software offered by the
company (www.agilent.com/genomics/qcpd) and are summarized below (Table 3).
Mutant
construct

pCI-HA-NEDD4C867S
pHAGENEDD4-C867S

Initial
construct
pCI-HANEDD4
pHAGENEDD4

Mutant primers
5’-GTCCAGGCGATTAAAACTGGTATGAGCTCTTGGCA-3’
5’-GTCCAGGCGATTAAAACTGGTATGAGCTCTTGGCA-3’

pCMS-eGFPRTP801-K126R

pCMS-eGFPRTP801

pCMS-eGFPRTP801-K185R

pCMS-eGFPRTP801

5’-AGGCCCTGGATCCTGGGCCAGAGGC-3’

pCMS-eGFPRTP801-K215R

pCMS-eGFPRTP801

5'-CCGGCTTCAGAGTCATCAGAAAGAAACTCTACAGCTC-3'

pCMS-eGFPRTP801-K216R

pCMS-eGFPRTP801

5’-GGAGCTGTAGAGTTTCCTTTTGATGACTCTGAAGCC-3’

pCMS-eGFPRTP801-K217R

pCMS-eGFPRTP801

5'-CGGCTTCAGAGTCATCAAAAAGAGACTCTACAGCTC-3'

pCMS-eGFPRTP801-KR

pCMS-eGFPRTP801

5’-CTCGGAGCTGTAGAGTCTCCTTCTGATGACTCTGAAGCCGGTG-3’
5’-GCAGGAGTTCCCTGCCCACCTGGCTC-3’
5’-ACACTATGGCAGCTCCTGCCTTGCTCCACAC-3’
5’-AGGCCCTGGATCCTGGGCCAGAGGC-3’

pCMS-eGFPRTP801-K152R

pCMS-eGFPRTP801

5’-GCAGGAGTTCCCTGCCCACCTGGCTC-3’
’
5’-ACACTATGGCAGCTCCTGCCTTGCTCCACAC-3’

Table 3. Constructs obtained by site-directed mutagenesis. Detail of the starting constructs, the mutant
primers employed and the mutant constructs obtained.

First, an accelerated thermal cycling procedure was performed to synthesize multiple copies
of the mutant strand. The reaction was performed by mixing 100 ng of DNA template, 100 ng
of mutagenic primer (or mix of mutagenic primers) and all other reaction components from

the kit. The obtained products were treated with the restriction endonuclease DpnI to digest
the parental DNA template. The resulting DNA was transformed (see section 4.1) and some

colonies were grown in Terrific Broth medium. Finally, DNA was purified using the QIAprep
Spin Miniprep Kit (Qiagen) and verified by sequencing.
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4. DNA PLASMID AMPLIFICATION AND PURIFICATION
All DNA plasmids used in this work were amplified by bacterial transformation and then
purified.

4.1 Bacterial transformation
Escherichia coli DH5α competent cells (Thermo Fisher Scientific) were used to transform

and amplify the DNA content of plasmids and ligation products. DNA of interest was added
transformation, the mixture was placed at 42 ºC for 2 minutes (heat shock) and placed back

on ice for 5 minutes. Next, S.O.C medium (Thermo Fisher Scientific) was added and

incubated at 37ºC for 1 hour to grow transformed bacteria. Finally, bacteria were seeded on

LB (Lysogeny broth)-agar (Panreac) plates supplemented with the corresponding antibiotic
and incubated overnight (O/N) at 37ºC. The antibiotic used was selected depending on which
resistance gene is expressed by the transformed plasmid. In this work, ampicillin (Thermo
Fisher Scientific) at concentration of 100 µg/ml was used.

4.2 Plasmid DNA purification
A single colony was selected and inoculated in Terrific Broth medium containing 100 µg/ml

ampicillin. The bacterial culture was grown at 37ºC and 200 rpm until saturation was reached.
The commercial kit HiPure Plasmid Filter Maxiprep Kit (Thermo Fisher Scientific) was used
to isolate plasmid DNA. All new constructs and the plasmids were verified by sequencing.

4.3 Description of plasmids
All constructs used in this work to overexpress or knockdown proteins are listed below.

The main features of the corresponding backbones or empty vectors are also specified
(Table 4). All of them are mammalian expression vectors with ampicillin resistance.

41

METHODOLOGY

to bacterial competent cells, mixed and incubated for 15 minutes on ice. To induce

METHODOLOGY

METHODOLOGY
Backbone / empty vector

Construct

pMCS-eGFP-RTP801KR
pCMS-eGFP-RTP801K126R
pCMS-eGFP-RTP801K152R
pCMS-eGFP-RTP801K185R
pCMS-eGFP-RTP801K215R
pCMS-eGFP-RTP801K216R
pCMS-eGFP-RTP801K217R
pCI-HA-NEDD4

Addgene

pCI-HA-NEDD4-C867S

Site-directed mutagenesis (see
section 3.2)

pHAGE-NEDD4

Provided by Dr. Heng-Ye Man

pHAGE-NEDD4-C867S

Site-directed mutagenesis (see
section 3.2)

pCDNA3-HA-Ubiquitin

Addgene

pRK5-HA-Ubiquitin-K48

Provided by Dr. Bernat Crosas

pRK5-HA-Ubiquitin-K63

Provided by Dr. Bernat Crosas

pLL3.7-ShCt / ShCt

Subcloning (see section 3.1)

pLL3.7-ShRTP801 /
ShRTP801

Subcloning (see section 3.1)

pCMS-eGFP-RTP801
pCMS-eGFP
Provided by Dr. Lloyd Greene

• Express eGFP (enhanced green
fluorescent protein) under the control of
the SV40 promoter
• Express the inserted protein under the
control of the CMV promoter

pCI-HA
Provided by Dr. Joan Massagué
• Express N-terminal HA-tagged protein
under the control of CMV promoter
pHAGE
Provided by Dr. Heng-Ye Man
• Lentiviral vector
• Express the inserted protein under the
control of the CMV promoter
• Express Zsgreen protein under the
control of IRES
pCDNA3-HA
Obained from Addgene
• Express N-terminal HA-tagged protein
under the control of CMV promoter
pRK5-HA
Provided by Dr. Bernat Crosas
• Express N-terminal HA-tagged protein
under the control of CMV promoter
pLL3.7
Obtained from Addgene
• Lentiviral vector
• Express eGFP under the control of
CMV promoter and the inserted ShRNA
under the control of U6 promoter
pRK5-myc
Provided by Dr. Serge Przedborsky
• Express N-terminal myc-tagged
protein under the control of CMV
promoter

Obtention

Rat RTP801 cDNA was
subcloned by Dr. Cristina
Malagelada
Site-directed mutagenesis (see
section 3.2)
Site-directed mutagenesis (see
section 3.2)
Site-directed mutagenesis (see
section 3.2)
Site-directed mutagenesis (see
section 3.2)
Site-directed mutagenesis (see
section 3.2)
Site-directed mutagenesis (see
section 3.2)
Site-directed mutagenesis (see
section 3.2)

pRK5-myc-parkin

pRK5-myc-parkin∆UBL

pRK5-myc-parkin-∆R2

Provided by Dr. Serge
Przedborsky

Provided by Dr. Leonidas Stefanis
Provided by Dr. Leonidas Stefanis

Table 4. List of the constructs used. The main features of the backbone / empty vector of each construct
and how they have been obtained are specified. SV40= Simian Virus 40, CMV=Citomegalovirus, HA=
hemagglutinin, IRES= Internal Ribosome Entry Site.
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5. PROTEIN EXPRESSION
5.1 Liposome-mediated transfection
Transient transfections were performed in different cell types using the lipid reagent
Lipofectamine® 2000 (Thermo Fisher Scientific).
5.1.1

Transfection of HEK293 and NPC12 cells

Shortly, cell cultures were grown up to 50-70% confluence, and 30 minutes before
antibiotics). Plasmidic DNA and Lipofectamine 2000 mixtures were prepared and added to

cells as instructed by the manufacturer. Four hours later, medium was replaced by fresh

complete medium (supplemented with serum and antibiotics) or by differentiation medium in
the case of NPC12 cells.
5.1.2

Transfection of cortical neurons

Coverslip-plated cortical neurons were transfected for imaging experiments. Plasmid DNA

and Lipofectamine 2000 mixtures were prepared and added to neurons according to

manufacturer’s instructions. Four hours later, coverslips were transferred to a new plate

containing conditioned medium (medium in which cells have been cultivated previously).
5.2 Lentiviral infection

Primary rat cortical neurons were infected with the following lentiviruses under the specified
experimental conditions (Table 5):
Lentiviruses

pHAGE
pHAGE-NEDD4
pHAGE-NEDD4-C867S
ShCt
ShNEDD4

ShCt
ShRTP801

Lentiviral particles obtention

DIV of infection

MOI

Infection time

Produced in HEK293 cells

DIV 8

1

4 days

Commercial
(Santa Cruz Biotechnology)

DIV4 or DIV7

1

6 or 4 days

Produced in HEK293 cells

DIV 5

1

6 days

Table 5. Description of the lentiviral infections performed. Cortical neurons were infected with different
lentiviral particles. DIV (day in vitro) of infection, MOI (multiplicity of infection) and the time of infection are
detailed for each case. Lentiviruses were produced in HEK293, with the exception of ShCt/ShNEDD4 that
were commercial.

5.2.1

Lentiviral particles production

To produce lentiviral particles, 10 cm plates containing HEK293 cells at 70-80% confluency

were transfected using Lipofectamine 2000. To overexpress NEDD4 and NEDD4-C867S,

cells were transfected with 3 µg pHDM-Tat 1b (tat accessory protein), 3 µg pRC/CMV-Rev
1b (rev accessory protein), 3 µg pHDM-Hgpm2 (HIV gag-pol expression plasmid), 6 µg
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transfection, medium was replaced for transfection medium (medium without serum and
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pHDM.G (envelope, VSV pseudotype) and 12 µg of the target vector (pHAGE, pHAGE-

NEDD4 or pHAGE-NEDD4-C867S). All constructs were kindly provided by Dr. Heng-Ye
Man. To knockdown RTP801, cells were transfected with 5 µg of pMDLg/pRRE (HIV gag-pol

expression plasmid), 5 µg of pRSV-Rev (rev accessory protein), 5 µg pMD2.G (envelope,
VSV pseudotype) and 10 µg of the target vector (pLL3.7-ShCt or pLL3.7-ShRTP801). All

constructs were obtained from Addgene. After 4 hours, medium was replaced with fresh
complete DMEM.

Approximately 72 hours post-transfection, cell medium was collected, centrifuged to remove

debris and filtered through 0.45 µm-pore filters (Thermo Fisher Scientific). Lentiviruses were
concentrated by ultracentrifugation and resuspended in sterile PBS (phosphate buffered
saline) Ca2+/Mg2+ (Thermo Fisher Scientific). Viral titer was assessed by transduction of
several viral dilutions.

6. GENE EXPRESSION ANALYSIS
The expression of different genes was quantified by quantitative reverse transcription-PCR
(RT-qPCR). Total RNA was isolated from NPC12 cells or cortical neurons using the High

Pure RNA Isolation Kit (Roche) following manufacturer’s instructions. cDNA was synthesized

from 1 µg of total RNA by using the Transcriptor First Strand cDNA synthesis Kit (Roche).
Equal amounts of cDNA were amplified by quantitative PCR (qPCR) using the following
primers: RTP801 forward primer, 5’-GCTCTGGACCCCAGTCTAGT-3’; RTP801 reverse
primer,

5’-GGGACAGTCCTTCAGTCCTT-3’;

NEDD4

forward

primer,

5’-

GGACGAGGTATGGGAGTTCT-3’ ; NEDD4 reverse primer, 5’-CTCCACTCATCGGGTCATAC3’ ; α-actin forward primer, 5’-GGGTATGGGTCAGAAGGACT-3’; α-actin reverse primer, 5’-

GAGGCATACAGGGACAACAC-3’. qPCR was performed with SYBR® master mix (Thermo

Fisher Scientific) in a 7500 Real Time PCR system (Applied Biosystems). RTP801 and
NEDD4 expression results were normalized by α-actin and analysed using the comparative
quantification.
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7. WESTERN BLOT (WB)
This technique was used to quantify proteins from cellular extracts or tissue homogenates.

Whole cell extracts were collected in cell lysis buffer (20 mM Tris-HCl pH=7.5, 150 mM NaCl,
1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-

glicerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin) (Cell Signaling Technology) containing

1 mM phenylmethanesulfonyl fluoride (Sigma-Aldrich). Cortical lysates from four
NEDD4f/f;Emx1Cre mice and four WT littermates were obtained thanks to Dr. Hiroshi Kawabe

Homogenized samples were next sonicated and centrifuged at 14000 g to remove debris.
Protein concentration was determined using Bradford reagent (Bio-Rad). Before loading, cell

extracts were prepared with Pierce™ Lane Marker Reducing Sample Buffer (Thermo Fisher

Scientific) and heated at 97ºC during 5 minutes. Samples were usually resolved in 4-12%
polyacrylamide gels (NuPAGETM NovexTM 4-12% Bis-Tris, Thermo Fisher Scientific), except

for high molecular weight proteins analysis, when 3-8% polyacrylamide gels were used

(NuPAGETM NovexTM 3-8% Bis-Tris, Thermo Fisher Scientific). The molecular weight marker
used was the PageRulerTM Prestained Protein Ladder (Thermo Fisher Scientific). Gels were
run in the XCell SureLockTM Mini-Cell system containing NuPAGE® MOPS SDS Running
buffer (4-12% gels) or NuPAGE® Tris-Acetate SDS Running buffer (3-8% gels) (all from
Thermo Fisher Scientific).

Proteins were transferred to nitrocellulose membranes with the iBlot® system using iBlot®

Transfer Stack supports (all from Thermo Fisher Scientific). Membranes were washed with

TBS-T (Tris-buffered Saline (Thermo Fisher Scientific) containing 0.1% Tween® 20 (SigmaAldrich)) and blocked with TBS-T 5% milk (Bio-Rad) for 1 hour at room temperature. Then,
membranes were incubated with the corresponding primary antibody (Table 6) diluted in

TBS-T 5% BSA (Bovine Serum Albumin) (Sigma-Aldrich). Usually, membranes were
incubated during 16 hours at 4ºC, except for anti-α-actin antibody that was incubated during
30 minutes at room temperature.
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Antibody
RTP801
NEDD4

Dilution

Rabbit polyclonal

1:1000

Santa Cruz Biotechnology

1:1000

Cell Signaling

Rabbit polyclonal

1:500

Company

Proteintech

HA

Rabbit monoclonal

1:1000

P-Akt (T308)

Rabbit polyclonal

1:500

Cell Signaling

1:500

Cell Signaling

P-Akt (S473)
Akt

Rabbit monoclonal
Rabbit polyclonal

1:1000

Rabbit polyclonal

1:1000

Ubiquitin (FK2)

Mouse monoclonal

1:500

TSG101

Mouse monoclonal

P-S6 (S235/236)

Rabbit monoclonal

αII-spectrin

Rabbit polyclonal

P-mTOR (S2448)

METHODOLOGY

Host specie

GFP

1:1000

Cell Signaling

Cell Signaling
Cell Signaling

Merck Millipore

Enzo Life Sciences

Rabbit polyclonal

1:1000

Santa Cruz Biotechnology

Flotillin-1

Mouse monoclonal

1:1000

BD Biosciences

Myc

Rabbit monoclonal

1:1000

Cell Signaling

Mouse monoclonal

1:1000

BD Biosciences

1:15000

Santa Cruz Biotechnology

Parkin

Clathrin

β-adaptin

Mouse monoclonal

Mouse monoclonal

GAPDH

Mouse monoclonal

α-actin

Mouse monoclonal

β-tubulin

Mouse monoclonal

1:1000
1:500

1:500

1:1000

1:20000

Abcam

Cell Signaling
Abcam

Merck Millipore

BD Biosciences

Table 6. Primary antibodies used in WB analysis.

After primary antibody incubation, membranes were washed with TBS-T three times during

5 minutes. Then, membranes were incubated with the appropriated secondary antibody
diluted 1:10000-1:20000 in TBS-T 5% milk during 1 hour at room temperature. The

secondary antibodies used were goat anti-mouse IgG (H+L) and goat anti-rabbit IgG (H+L)
conjugated to horseradish peroxidase (Thermo Fisher Scientific).

Next, membranes were washed with TBS-T three times during 10 minutes to remove the
excess of secondary antibody. Proteins were detected with Clarity Western ECL Substrate

(Bio-Rad). Chemiluminescent images were acquired using LAS-3000 imager (Fujifilm) and
quantified by densitometric analysis using ImageJ software (NIH). In case of reincubation
with another antibody, membranes were washed for 5-20 minutes with Restore™ PLUS
Western Blot Stripping Buffer (Thermo Scientific) to remove previous signal.
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8. IMMUNOPRECIPITATION (IP)
8.1 Immunoprecipitation to study ubiquitination levels
Cells were lysed with RIPA buffer (50 mM Tris-HCl pH=7.4, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate and 0.1% sodium dodecyl sulfate), containing mini complete protease

inhibitor (Roche Diagnostics Corporation). Lysates were further sonicated and centrifuged at
13000 g for 10 minutes to remove debris, and protein concentration was determined using
Bradford reagent. Equal amounts of total protein were incubated O/N at 4ºC on rotation with
antibody (Table 7). Negative control was obtained by adding rabbit normal immunoglobulins

(IgG) (Santa Cruz Biotechnology) instead of the appropriated antibody. After that, beads

were centrifuged and washed four times with RIPA buffer. Immunocomplexes were eluted by
adding sample buffer to beads and by heating the mix to 97 ºC during 5 minutes. The resulting
samples were analysed by WB as previously described.
Antibody
RTP801
NEDD4

Clathrin

Host specie

Concentration

Rabbit monoclonal

1:50

Rabbit polyclonal

Mouse monoclonal

5 µg/mg lysate
1:50

Company

Proteintech

Cell Signaling
Abcam

Table 7. Primary antibodies used to immunoprecipitate target proteins

8.2 Co-immunoprecipitation
When indicated, cell cultures were exposed to 1mM DSP (dithiobis (succinimidyl
proprionate)) (Thermo Fisher Scientific), a crosslinker agent, for 2 hours at 4ºC. Next, cell

extracts were collected with cell lysis buffer (Cell Signaling Technology) and protein
concentration was determined. Equal amounts of total protein were incubated O/N at 4ºC on

rotation with protein A-agarose beads and with RTP801 or clathrin primary antibody (Table

7). As negative control, rabbit or mouse normal immunoglobulins (IgG) were added. Then,
beads were centrifuged and washed four times with CHAPS buffer (Tris 50 mM pH=7.4, NaCl
150 mM, MgCl2 10 mM, CHAPS 0.4%). Finally, immunocomplexes were eluted with sample
buffer (5 minutes at 97ºC) and resolved by WB.
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protein A-agarose beads (Santa Cruz Biotechnology) and with NEDD4 or RTP801 primary
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9. CELL-FREE UBIQUITINATION ASSAY

This assay was performed using the Ubiquitinylation Kit (Enzo Life Sciences). In brief, the

reaction buffer was composed of 1 mM dithiothreitol (DTT) (Sigma-Aldrich), 20 mM Tris-HCl

pH=7.5, 20 U/ml inorganic pyrophosphatase (Sigma-Aldrich) and 5 mM Mg-ATP. The
following recombinant proteins were added to the reaction buffer, as specified in each
condition: 2.5 µM biotinylated ubiquitin, 0.1 µM His6-tagged human ubiquitin-activating

enzyme E1, 2.5 µM His6-tagged human ubiquitin-conjugating enzyme UbcH5b E2 (Enzo Life
Sciences), 100 nM human NEDD4 protein (Sigma-Aldrich) and 1 µM N-terminal GST-tagged
(glutathione S-transferase) human RTP801 full-length protein (Novus Biologicals). Mixtures

were incubated for 90 minutes at 37ºC to allow the reaction to take place. Next, RTP801 was

immunoprecipitated (see section 8.1), and immunocomplexes were analysed by WB.
Membranes were probed for biotinylated ubiquitin using Avidin/Biotin-Horseradish
Peroxidase (Ultra-sensitive ABC staining kit; Thermo Fisher Scientific) and for RTP801 to
verify correct immunoprecipitation.

10. IMMUNOFLUORESCENCE
10.1

Immunocytofluorescence

Neuronal PC12 cells and cortical neurons were both fixed with 4% paraformaldehyde

(Electron Microscopy Sciences) in PBS for 15 minutes at room temperature. After that,
NPC12 cells were blocked and permeabilized for one hour with Superblock-PBS (Thermo

Fisher Scientific) containing 0.3% Triton X-100 (Sigma-Aldrich). In contrast, cortical neurons
were permeabilized with PBS containing 0.25% Triton X-100 during 5 minutes, and blocked
with superblock-PBS for 30 minutes. Primary antibodies were diluted in superblock-PBS and
incubated O/N at 4ºC (Table 8):
Antibody

Host specie

Dilution

Rabbit polyclonal

1:150

HA

Mouse monoclonal

GFP

Mouse monoclonal

RTP801

Company

1:750

Sigma-Aldrich

1:500

Santa Cruz Biotechnology

Proteintech

Table 8. Primary antibodies used for immunofluorescence of cultured cells

Then, cells were incubated for 2 hours at room temperature with the corresponding

secondary antibodies diluted 1:500-1:1000 in PBS. The secondary antibodies used were
goat anti-mouse or goat anti-rabbit IgG (H+L) conjugated to Alexa Fluor® 488 or Alexa Fluor

568® (Thermo Fisher Scientific). For nuclear staining, sections were incubated for 10

minutes with Hoechst 33342 (Thermo Fisher Scientific) 1:5000 in PBS. Cells were washed
with PBS between different steps, and after secondary antibody incubation. Coverslips were
finally mounted onto a slide with the mountant liquid ProLong® Gold Antifade (Thermo Fisher

Scientific). Cells were observed with an epifluorescent microscope (Leica) using the software
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AF6000 E. In cell survival assays, transfected eGFP+ viable cells or surviving nucleus were
scored by strip counting directly onto plastic plates (without using mounting medium).

10.2

Immunohistofluorescence of mouse sections

Fixed cryopreserved brains from Nedd4f/f;Emx1Cre and their WT littermates were kindly
provided by Dr. Hiroshi Kawabe (Max-Planck-Institut für Experimentelle Medizin, Gottingen,

Germany). Coronal 30 µm-thick sections were collected in PBS as free-floating sections and
aldehydes. Tissue was blocked during 2 hours with superblock-PBS containing 0.3% Triton

X-100 (blocking solution), and incubated O/N at 4ºC with the corresponding primary
antibodies diluted in blocking solution (Table 9).
Antibody
RTP801
NEDD4

Host specie

Dilution

Rabbit polyclonal

1:50

Rabbit polyclonal

1:50

Company

Proteintech
Abcam

Table 9. Primary antibodies used for immunofluorescence of mouse brain sections

Slices were then washed with PBS and incubated for 2 hours at room temperature with

secondary antibody Alexa Fluor® 488-conjugated goat anti-rabbit IgG (H+L) diluted 1:500 in

blocking solution. For nuclear staining, sections were incubated for 10 minutes with Hoechst
33342 1:5000 in PBS. Sections were washed three times with PBS before being mounted

with ProLong® Gold Antifade Mountant on SuperFrostTM Plus Adhesion Slides (Thermo
Fisher Scientific). Finally, stained sections were examined by confocal microscopy using the
Leica LCS SL system. RTP801 fluorescence was quantified using ImageJ software.

11. IMMUNOHISTOCHEMISTRY OF HUMAN SECTIONS
Postmortem human SNpc paraffin-embedded sections from sporadic PD patients and control

individuals were obtained from the Neurological Tissue Bank (Biobank-HC-IDIBAPS) thanks
to Dr. Ellen Gelpi collaboration.

Shortly, sections were dewaxed with xylene and rehydrated by incubation in ethanol series

(100%, 95%, 70% and 50%). Antigen retrieval was performed with Tris-EDTA buffer (10 mM
Tris-base pH=9, 1 mM EDTA, 0.05% Tween 20) in a vegetable steamer at 100 ºC for 20
minutes. Next, slides were washed with TBS-0.025% Triton X-100

and blocked in

superblock-PBS for 2 hours at room temperature. They were then incubated with avidin D

solution (Vector Laboratories) for 15 minutes, washed with TBS and incubated with biotin
solution (Vector Laboratories) for 15 minutes. Sections were incubated O/N at 4ºC with a

1/50 dilution of anti-NEDD4 antibody (Abcam) in TBS. Then, slides were washed with TBS0.025% Triton X-100 and they were incubated for 15 minutes with 0.3% H2O2 in TBS to block
49

METHODOLOGY

were incubated with NH4Cl 50 mM for 30 minutes to block autofluorescence caused by free
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nonspecific peroxidase activity. Biotinylated goat anti-rabbit IgG (H+L) secondary antibody
(Vector Laboratories) diluted 1:500 in TBS was added and incubated for 2 hours at room

temperature. Finally, sections were incubated with ABC Peroxidase Standard Staining Kit
(Thermo Fisher Scientific) for 30 minutes and with ImmPACT SG Peroxidase Substrate

(Vector Laboratories) for 20 minutes. Sections were washed, dehydrated by incubation in

ethanol series (50%, 70%, 95% and 100%) and xylene, mounted with DPX mountant (SigmaAldrich) and analysed under Olympus BX5 (Olympus) bright-field microscope.

12. ISOLATION OF EXTRACELLULAR MICROVESICLES FROM CULTURE MEDIA
Extracellular microvesicles (exosomes) were isolated from culture media of DIV 14 cortical

neurons by sequential ultracentrifugation. Briefly, culture media was centrifuged at 300 g for

5 minutes to remove death cells or dirtiness. Then, supernatant was further centrifuged at
2500 g for 20 minutes, at 10000 g for 30 minutes and ultracentrifuged at 100000 g for 2 hours

with a fixed rotor. Then, the resultant pellet was washed in PBS and ultracentrifuged again
at 100000g for 1 hour. Finally, the pellet was resuspended in sample buffer.

13. PROTEOMIC STUDIES
The proteomic studies were performed in collaboration with Dr. Enrique Santamaría
(Proteomics Unit, Navarrabiomed, Pamplona, Spain).

13.1

Protein identification from gel bands (In-gel tryptic digestion)

RTP801 was immunoprecipitated (see section 8.2) and the resulting immunocomplexes

were separated by polyacrylamide gel electrophoresis. Gels were incubated 30 minutes
with fix solution (50% methanol, 7% acetic acid) two consecutive times and stained with

Sypro® Ruby Protein Gel Stain (Thermo Fisher Scientific) O/N at 4ºC. Then, gels were
washed 30 minutes with wash solution (10% methanol, 7% acetic acid) and 10 minutes
with water. Proteins were viewed with a blue-light transilluminator and the bands of
interest were excised and picked up. Gel bands were destained with 50 mM ammonium

bicarbonate in 50% acetonitrile. Then, proteins were reduced with 10 mM DTT in 100 mM
ammonium bicarbonate and alkylated with 55 mM iodoacetamide in 100 mM ammonium

bicarbonate. In-gel protein digestion was carried out with 10 ng trypsin (Promega) in 50 mM
ammonium bicarbonate for 12h at 37°C as previously described304. The resulting peptides

were extracted with 2% formic acid in 2% acetonitrile and were analysed by LC-MS/MS (liquid
chromatography-tandem mass spectrometry).

Concretely, peptides were separated by reverse phase chromatography using an Eksigent
nanoLC ultra 2D pump fitted with a 75 μm ID column (Eksigent 0.075 x 250). Previously,

samples were loaded into a 0.5 cm length 100 μm ID precolumn for desalting and
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concentration. Mobile phases consisted of 0.1% formic acid in water (buffer A) and 0.1%
formic acid in acetonitrile (buffer B). Column was equilibrated in 95% buffer B during 10

minutes and in 5% buffer B for 10 minutes more. Elution was carried out with a two-step

gradient of 60 minutes: from 5% buffer B to 25% buffer B in 50 minutes and from 25% buffer
B to 40% buffer B in 10 minutes. During all process, precolumn and column were in line and

the flow was maintained at 300 nl/min. Eluting peptides were analysed using an AB Sciex
5600 Triple-TOF system. Data was acquired upon a survey scan performed in a mass range

between 350 m/z and 1250 m/z during 250 ms. Top 30 peaks were selected for further
cycle time of 3.8 s. Product ions were scanned in a mass range from 230 m/z up to 1500 m/z
and were excluded for further fragmentation for 15 s.

13.2

Proteome modulation

Whole cell extracts were collected in the following lysis buffer: 7 M urea, 2 M thiourea, 4%
CHAPS and 50 mM DTT. Homogenates were further sonicated and centrifuged at 14000 g

for 40 minutes at 4ºC to remove debris. Proteins were precipitated with methanol/chloroform,
and the resulting pellets were dissolved in 6 M urea, 100 mM Tris pH=7.8. Protein
concentration was determined using Bradford reagent and enzymatic cleavage was

performed with trypsin at 37ºC for 16 hours as previously described304. Peptides were
separated and analysed by label free LC-MS/MS (as described in section 13.1).

MS/MS data acquisition was performed using Analyst 1.5.2 (AB Sciex) and spectra ﬁles were
processed through Protein Pilot TM Software (v.4.0.8085-ABSciex) using ParagonTM
Algorithm (v.4.0.0.0)305 for database search, Progroup™ for data grouping, and searched

against the concatenated target-decoy UniProt Rat database (Database: 10116 - Rattus
norvegicus, Nov 2015). False discovery rate was performed using a non-lineal fitting method
and displayed results were those presenting a Global false discovery rate of at least 1%306.
Peptide

quantification

was

done

using

the

Progenesis

LC−MS

software

(ver.

2.0.5556.29015, Nonlinear Dynamics). Accurate mass measurements from full survey scans

in the TOF detector and monitored retention times were aligned to compensate for betweenrun variations in the nanoLC separation system. All runs were aligned to a reference run

automatically chosen by the software generating a master list of features considering m/z
values and retention times. The quality of these alignments was manually supervised using
the quality scores provided by the software. Peptide identifications were exported from

Protein Pilot and imported in Progenesis LC− MS where they were matched to the respective
features. Output data files were managed using R scripts for subsequent statistical analyses

and representation. Proteins identified by site (identification based only on a modification),
reverse proteins (identified by decoy database) and potential contaminants were excluded.
Proteins quantified with at least one unique peptide, an ANOVA p-value lower than 0.05, and
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fragmentation. Minimum accumulation time for MS/MS was set up at 100 ms giving a total
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an absolute fold changes of <0.77 (down-regulation) or >1.3 (up-regulation) in linear scale
were considered to be significantly differentially expressed.

14. STATISTICAL ANALYSIS
All experiments were performed at least in triplicate and the results are expressed as mean

± SEM (standard error of the mean). Statistical analyses were performed using Student’s t

test or when comparing multiple groups using one-way ANOVA with Bonferroni or NewmanKeuls multiple comparison test, as indicated in figure legends. Values of P<0.05 were
considered as statistically significant.
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1. RTP801 PROTEIN DEGRADATION
RTP801, an mTOR pathway inhibitor, is rapidly induced under many stress situations in an

attempt to maintain cellular function and viability287. However, a sustained and chronic

RTP801 elevation can be detrimental and lead to neuronal death by a sequential inhibition
of mTOR and Akt survival kinases136,137. Hence, RTP801 protein levels regulation will be
pivotal to determine the cellular response to different environmental contexts.

Apart from its rapid gene induction, RTP801 post-translational modifications and proteostasis
will determine its stability, cellular localization and function, and therefore will be important to

precisely modulate mTOR pathway. The fact that RTP801 presents an extremely short
protein half-life (2-7 minutes)292,295, points out that a proper RTP801 degradation should be
crucial for neuronal survival.

Therefore, a sustained RTP801 elevation can be the end point of several processes,
neurodegenerative disorders, the idea of an impaired RTP801 degradation becomes more
relevant, since malfunction of protein degradation pathways have been reported70,76,307,308.

1.1 RTP801 is degraded by the UPS and by the lysosomal pathway
Thus, protein levels in cells are determined by the rate of synthesis and degradation. There
are two major pathways that mediate protein degradation: the ubiquitin-proteasome system
(UPS) and the lysosomal pathway.

First, the mechanisms that underlie RTP801 protein degradation were studied in different cell
types. For that purpose, NGF-differentiated PC12 cells (NPC12) or rat primary cortical

neurons were exposed during 4 hours to epoxomicin or MG132, both selective proteasome

inhibitors309,310, or chloroquine, an inhibitor of intralysosomal catabolism311. Western Blot

(WB) analysis of cell lysates showed a significant RTP801 accumulation after proteasome
inhibition in both cell types (Figure 18a-b), indicating that is mainly degraded by the UPS.
However, there was also a moderate RTP801 accumulation after chloroquine exposure.
These data reveal unexpectedly that a pool of total RTP801 is degraded through the
lysosomal pathway. Interestingly, the amount of RTP801 degraded by lysosomes in cortical
neurons is slightly higher if compared to neuronal PC12 cells.
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Figure 18. RTP801 can be degraded by both the ubiquitin-proteasome system (UPS) and by the
lysosomal pathway. NGF-differentiated PC12 cells (a) or cortical neurons at DIV 16 (b) were exposed for
4 hours to 1 µM epoxomicin/10 µM MG132 or 50 µM chloroquine, and cell lysates were subjected to WB.
Membranes were probed with anti-RTP801 antibody and then with anti-α-actin antibody as a loading control
(*: specific band for RTP801). All samples were immunoblotted in the same membrane, but some irrelevant
bands were deleted. Graphs represent densitometries (mean ± SEM) normalized to α-actin of three
independent experiments in triplicates. Student’s t-test, ***P<0.001 and *P<0.05 versus control.

2. RTP801 AS A NOVEL SUBSTRATE FOR NEDD4 E3 LIGASE
Selective protein degradation through UPS or lysosomal pathway requires a previous signal:
conjugation of ubiquitin. Ubiquitination is a post-translational modification, which involves the

attachment of ubiquitin molecules to lysine residues (K) on the substrate protein, being a
multistep process that requires three enzymes: E1 or ubiquitin-activating enzyme, E2 or
ubiquitin-conjugating enzyme, and E3 or ubiquitin ligase enzyme, being the E3 enzyme the
one that gives specificity for the substrate52,53.

So, we next wondered which E3 ligase could be responsible for RTP801 ubiquitination. In
our group we have already described parkin as a RING E3 ligase that ubiquinates RTP801

targeting it to proteasomal degradation296. Based on the rapid turnover of RTP801 and its
crucial functions over key kinases that mediate cell survival, we suspected that other E3
ligases than parkin could be regulating RTP801.

NEDD4 is one of the most abundant E3 ubiquitin ligases in mammalian neurons254.

Interestingly, NEDD4 has been recently linked to PD pathogenesis since it has been reported
that ubiquitinates α-synuclein targeting it to endosomal-lysosomal degradation271. A role for

NEDD4 in PD is further supported by the identification of a coding SNP as a risk factor for
idiopathic PD14. Based on these background, we asked whether NEDD4 ubiquitinates
RTP801 and therefore modulates its proteostasis.
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2.1 NEDD4 E3 ligase ubiquitinates RTP801

First, we investigated whether NEDD4 polyubiquitinates RTP801 and which type of
polyubiquitin chains NEDD4 preferentially attaches to RTP801.
2.1.1

NEDD4 is capable to ubiquitinate RTP801 in a cell-free in vitro system

To investigate whether NEDD4 is able to directly polyubiquitinate RTP801 a cell-free

ubiquitination assay was performed. Recombinant NEDD4 as the E3 ligase, recombinant
GST-RTP801 as putative substrate, biotinylated ubiquitin, E1 human activating enzyme and

E2 conjugating enzyme UbcH5b were mixed and incubated at 37ºC to allow the reaction to

take place. E2 UbcH5b enzyme was used because it has been reported to work efficiently
with NEDD4 E3 ligase233. Negative controls were performed in the absence of either E2
enzyme, or GST-RTP801 or NEDD4. RTP801 was then immunoprecipitated in order to
discern between ubiquitinated RTP801 and auto-ubiquitinated NEDD4. The resulting

immunocomplexes were assessed by WB. High molecular weight species corresponding to
other reaction components were present (Figure 19). Hence, NEDD4 is capable to direct
polyubiquitinate RTP801 in a cell free system.

Figure 19. NEDD4 polyubiquitinates RTP801 in a
cell free assay. Recombinant NEDD4 E3 ligase,
recombinant GST-RTP801, UbcH5b E2 enzyme, E1
enzyme, biotinylated ubiquitin and ATP were mixed
and incubated at 37ºC for 90 minutes. Then, RTP801
was immunoprecipitated and immunocomplexes
were analysed by WB. The membrane was incubated
with Avidin/Biotin and with chemiluminescent
peroxidase substrate solution to detect ubiquitinated
species (upper panel) and reprobed for anti-RTP801
antibody (lower panel) to confirm a proper
immunoprecipitation. A representative image of three
independent experiments is shown. HMW UbRTP801=High molecular weight ubiquitinated
RTP801; IP= immunoprecipitation.

2.1.2

NEDD4 enhances RTP801 polyubiquitination in cells

Next, we assessed whether ectopic NEDD4 enhances RTP801 polyubiquitination in cells.
HEK293 cells were co-transfected with a plasmid to overexpress ubiquitin tagged with
hemagglutinin epitope (HA) along with the empty vector (pHAGE) or a vector that

overexpresses NEDD4 (pHAGE-NEDD4). Forty-eight hours later, cells were exposed to 10
µM MG132 for 3 hours in order to inhibit the degradation of ubiquitinated proteins by the

proteasome. Afterwards, RTP801 was immunoprecipitated and immunocomplexes along

with whole cell lysates analysed by WB. Indeed, the presence of ectopic NEDD4 increased
57

RESULTS

poly-ubiquitinated RTP801 (HMW Ub-RTP801) appeared only when NEDD4 along with the

RESULTS
the appearance of high molecular weight species smear of ubiquitinated RTP801 (HMW UbRTP801) (Figure 20a). Thus, NEDD4 enhances endogenous RTP801 polyubiquitination.

Then, HEK293 cells were co-transfected with RTP801, HA-Ubiquitin along with pHAGENEDD4

or

the

empty

vector

pHAGE.

Forty-eight

hours

later,

RTP801

was

immunoprecipitated and the resulting samples resolved in a WB. By overexpressing RTP801
we did not need to treat the cultures with proteasome inhibitor MG132 to visualize
ubiquitinated species. Again, ectopic NEDD4 increased significantly the intensity of

polyubiquitinated RTP801 smear (HMW Ub-RTP801) (Figure 20b). Therefore, NEDD4

RESULTS

enhances both endogenous and ectopic RTP801 polyubiquitination.

Figure 20. NEDD4 enhances endogenous (a) and ectopic (b) RTP801 polyubiquitination. a) HEK293
cells were transfected with empty vector pHAGE or pHAGE-NEDD4 along with HA-ubiquitin. Forty-eight
hours post-transfection, cultures were exposed to 10 µM MG132 for 3 hours prior to RTP801
immunoprecipitation. Non-specific rabbit immunoglobulins (IgG) were used as a negative control. Whole cell
lysates (inputs) and the resulting immunocomplexes were analysed by WB. The membrane was probed for
HA to assess RTP801 ubiquitination levels, for RTP801 to check immunoprecipitation efficiency, and for
NEDD4 to demonstrate proper transfection. A representative image of two independent experiments is
shown. b) HEK293 cells were transfected with pHAGE or pHAGE-NEDD4 along with HA-ubiquitin and
pCMS-eGFP-RTP801 constructs. Forty-eight hours post-transfection, either RTP801 was
immunoprecipitated or non-specific rabbit immunoglobulins (IgG) were added. Whole cell lysates (inputs)
and the resulting immunocomplexes were analysed by WB with anti-HA, anti-RTP801 and anti-NEDD4
antibodies. A representative image of two independent experiments is shown. HMW Ub-RTP801=High
molecular weight ubiquitinated RTP801; IP= immunoprecipitation; IB= immunoblot.
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2.1.3

NEDD4 attaches K63-ubiquitin chains to RTP801

One important point in ubiquitination studies is to investigate which type of polyubiquitin
chains are used preferentially by the E3 ligase of the study, since the nature of the isopeptide
linkages in the polyubiquitin chain determines the degradation pathway in cells53. NEDD4

typically attaches K48 or K63 polyubiquitin chains to their protein substrates271,312–314. Hence,
to explore which ubiquitin chains are attached to RTP801 by NEDD4, HEK293 cells were cotransfected with RTP801 and NEDD4 along with HA-Ubiquitin-K48 (all ubiquitin lysines are

mutated to arginine except K48) or HA-Ubiquitin-K63 (all ubiquitin lysines are mutated to

arginine except K63). RTP801 was then immunoprecipitated and the resulting samples were
analysed by WB. Interestingly, NEDD4 enhanced RTP801 polyubiquitination in the presence
of HA-Ubiquitin-K63 but not in the presence of HA-Ubiquitin-K48 (Figure 21). These results

suggest that NEDD4 links K63-polyubiquitin chains to RTP801, probably targeting it to
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lysosomal degradation.

Figure 21. NEDD4 polyubiquitinates RTP801 with Ub-K63 chains. HEK293 cells were transfected with
pCMS-eGFP-RTP801, along with pRK5-HA-Ub-K48 or pRK5-HA-Ub-K63 and pHAGE or pHAGE-NEDD4,
as indicated. Forty-eight hours later, cultures were harvested and RTP801 was immunoprecipitated. Nonspecific rabbit immunoglobulins (IgG) were used as negative control. Whole cell lysates (inputs) and RTP801
immunocomplexes were resolved in a WB. Membrane was probed for HA, and reprobed for RTP801 to
confirm proper immunoprecipitation, for NEDD4 to check transfection levels and for Akt as loading control.
All samples were immunoblotted in the same membrane, but some irrelevant bands were deleted. Note the
high molecular weight smears corresponding to polyubiquitinated RTP801. A representative image of two
independent experiments is shown. IP= immunoprecipitation; IB= immunoblot.
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2.2 NEDD4 and RTP801 interact in cells

So far, we showed that NEDD4 polyubiquitinates RTP801 in vitro and in living cells, pointing

out RTP801 as a putative substrate for NEDD4. Since direct interaction enzyme-substrate is
a common step in a reaction, we next assessed whether NEDD4 and RTP801 coimmunoprecipitate in a cellular model. NEDD4 and RTP801, or the corresponding empty
vectors were overexpressed in HEK293 cells prior to RTP801 immunoprecipitation. We
performed a parallel immunoprecipitation with DSP, which is a chemical crosslinker of

intracellular proteins. This compound helps to identify weak or transient interactions between

proteins that otherwise could not be observed. In the resulting WB, NEDD4 and RTP801 coimmunoprecipitation was observed when crosslinker DSP was present (Figure 22b), but not

without DSP (Figure 22a). This result suggests a weak or transient interaction between the

RESULTS

two proteins, which is in fact, the typical nature of an E3-substrate interaction315.

Figure 22. NEDD4 and RTP801 interact in cells exposed to crosslinker DSP. a) NEDD4 does not coimmunoprecipitate with RTP801 in cells that were not exposed to crosslinker DSP. HEK293 cells were
co-transfected with empty vectors pCMS-eGFP and pCI-HA or with pCMS-eGFP-RTP801 and pCI-HANEDD4. Twenty-four hours post-transfection, cells were harvested and RTP801 was immunoprecipitated.
The resulting samples were analysed by WB with anti-NEDD4 and anti-RTP801 antibodies (*: specific band
for RTP801). a) NEDD4 co-immunoprecipitates with RTP801 in cells exposed to DSP. HEK293 cells
were co-transfected with empty vectors pCMS-eGFP and pCI-HA or with pCMS-eGFP-RTP801 and pCIHA-NEDD4. Twenty-four hours post-transfection, cells were exposed to cross-linker DSP for 2 hours at 4 ºC
prior harvesting. RTP801 was immunoprecipitated and the samples were analysed by WB. Membranes were
probed with anti-NEDD4 and anti-RTP801 antibodies. Representative images are shown of at least two
independent experiments. IP= immunoprecipitation; IB=immunoblot.

Since protein overexpression approaches are prone to deliver false positives, subsequently,

we wanted to corroborate this interaction between endogenous RTP801 and NEDD4. For
that, NGF-differentiated PC12 were exposed to 1 µM epoxomicin for 2 hours. Then, cells

were treated with DSP prior to RTP801 immunoprecipitation. Once more, NEDD4 and

RTP801 co-immunoprecipitation was observed in the presence of the chemical crosslinker
DSP (Figure 23). Thus, interaction between both proteins is confirmed.
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Figure 23. Endogenous RTP801 and NEDD4 interact in
NPC12 cells. NGF-differentiated PC12 cells were treated
with 1 µM epoxomicin during 2 hours. Then, cultures were
exposed to DSP at 4 ºC for 2 hours prior harvesting.
RTP801 was immunoprecipitated and the resulting
samples were resolved in a WB. The membrane was
incubated with anti-NEDD4 and anti-RTP801 antibodies. A
representative image is shown of at least two independent
assays. IP= immunoprecipitation; IB= immunoblot.

We next investigated whether NEDD4 and RTP801 interaction could be visualized in primary
neurons by immunofluorescence colocalization studies. Ideally, we should have

immunostained the cultures with specific antibodies to detect both endogenous RTP801 and
NEDD4. However, after a thorough antibody screening for NEDD4, we concluded that the

only one that was specific for NEDD4 and did not cross-react with NEDD4-2 was produced

in the same host species than the primary RTP801 antibody. For this reason, cortical neurons
were transfected with HA-tagged NEDD4. Forty-eight hours later, neurons were fixed and
(in green) and with a rabbit antibody against RTP801 (in red). Interestingly, colocalization of
both proteins (in orange) was observed in the soma and dendrites of neurons (Figure 24).

Figure 24. NEDD4 and RTP801 colocalize in neurons. DIV 19 primary rat cortical neurons were
transfected with pCI-HA-NEDD4. Forty-eight hours post-transfection, neurons were fixed and stained with
anti-RTP801 (in red) and anti-HA (in green) to visualize ectopic NEDD4. Scale bar, 5 µM.
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immunostained with a specific mouse antibody to detect HA-tag and visualize ectopic NEDD4
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2.3 NEDD4 regulates RTP801 protein levels in cellular models

Since we have observed that NEDD4 was able to polyubiquitinate RTP801 and that they
interacted physically, we next wondered whether NEDD4 could regulate RTP801 steadystate protein levels in cells.

To answer this question we generated a NEDD4 inactive mutant with no E3 ligase activity by

site-directed mutagenesis. The catalytic cysteine 867, responsible for the ubiquitin
transfer241,242, was mutated to serine (C867S) from pCI-HA-NEDD4 and pHAGE-NEDD4

vectors. The resulting constructs pCI-HA-NEDD4-C867S and pHAGE-NEDD4-C867S
express an E3 ligase unable to charge and transfer ubiquitin to its substrates (Figure 25).

Figure 25. Schematic representation of the NEDD4 protein constructs. NEDD4 has a C2 domain, four
WW domains and a C-terminal HECT domain with catalytic activity. In the NEDD4-C867S mutant, the
catalytic cysteine 867 was mutated to serine by site-directed mutagenesis.

2.3.1

Ectopic WT NEDD4 decreases RTP801 protein levels

First, we assessed whether NEDD4 overexpression affects endogenous RTP801 protein
levels in two different cell types.

NGF-differentiated PC12 cells were transfected with the empty vector pCI-HA, pCI-HA-

NEDD4 to overexpress HA-tagged NEDD4 or pCI-HA-NEDD4-C867S to overexpress HAtagged inactive mutant. Forty-eight hours later, cells were harvested and RTP801 protein

levels analysed by WB. Interestingly, wild-type (WT) NEDD4 but not the inactive mutant

NEDD4-C867S significantly decreased RTP801 protein levels by 25 % (Figure 26a).

Considering that neuronal PC12 cells present a low efficiency of transfection, between 1520%, the observed reduction in RTP801 protein levels is noteworthy.

We next wanted to confirm this result in primary neurons. Since post-mitotic neurons have

even a lower liposome-mediated transfection efficiency316 we used lentiviral infection

techniques to over express NEDD4. Lentiviruses are capable to infect non-dividing cells and
insert their genetic information to the host genome, ensuring a constant and stable
expression over time317.

Primary rat cortical neurons were infected with lentiviral particles packed with the constructs
pHAGE as control, pHAGE-NEDD4 to overexpress WT NEDD4 or pHAGE-NEDD4-C867S

to overexpress the inactive mutant. Four days later, cells were lysed and RTP801 levels
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analysed by WB. Note that RTP801 was decreased in neurons transduced with NEDD4 WT

Figure 26. Ectopic NEDD4 decreases RTP801 protein levels in neuronal PC12 cells (a) and in cortical
neurons (b). a) NGF-differentiated PC12 cells were transfected with pCI-HA, pCI-HA-NEDD4 or pCI-HANEDD4-C867S constructs. Forty-eight hours post-transfection, cultures were harvested and analysed by
WB with anti-NEDD4, anti-RTP801 and anti-α-actin antibodies. Representative immunoblots are shown
along with densitometric quantification from at least three independent experiments done in triplicate. ($
Endogenous NEDD4, # ectopic NEDD4, * specific band for RTP801). One-way ANOVA with Bonferroni
multiple comparison test, *P<0.05 versus pCI-HA. b) DIV 8 rat primary cortical neurons were infected with
lentiviruses containing the empty vector pHAGE, pHAGE-NEDD4 or pHAGE-NEDD4-C867S inactive
mutant. Cell lysates were harvested 4 days later and analysed by WB with antibodies against RTP801,
NEDD4 and α-actin as loading control. The graph represents RTP801 densitometries of at least three
independent experiments done in triplicate. One-way ANOVA with Bonferroni multiple comparison test,
**P<0.01 versus pHAGE.

To sum up, NEDD4 overexpression reduces RTP801 protein levels in neuronal PC12 cells
and in cortical neurons.
2.3.2

NEDD4 does not regulate RTP801 at transcriptional level

To obtain further evidence that NEDD4 E3 ligase regulates RTP801 at a post-translational

level, we assessed the mRNA levels of RTP801 in the presence of NEDD4. As in the previous

experiment, cortical neurons were infected with lentiviral particles containing NEDD4,
NEDD4-C867S or the empty vector pHAGE. Four days later, RNA was extracted and DDIT4
gene (gene encoding for RTP801 protein) mRNA levels were quantified by RT-qPCR. No
differences were observed between NEDD4 overexpression, inactive mutant NEDD4-C867S
overexpression and the control with the empty vector (Figure 27). Hence, NEDD4 does not
regulate RTP801 transcriptionally.
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but not in neurons transduced with the inactive mutant NEDD4-C867S (Figure 26b).
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Figure 27. Ectopic NEDD4 does not affect RTP801
mRNA levels. DIV 8 cortical neurons were infected with
lentiviruses containing the constructs pHAGE, pHAGENEDD4 or pHAGE-NEDD4-C867S. RNA was extracted 4
days later, and reverse transcription-qPCR was
performed to quantify RTP801 transcripts. Results are
displayed as RTP801 mRNA fold change respect to αactin mRNA levels. The graph shows values (mean ±
SEM) of three independent experiments done in
triplicate.

2.3.3

NEDD4 knockdown increases RTP801 protein levels

To further corroborate the regulation of RTP801 by NEDD4 we investigated whether NEDD4
knockdown could also modulate RTP801 protein levels.

Cortical neurons were infected with commercial lentiviral particles containing three short
hairpin RNA (shRNA) sequences designed to knockdown NEDD4 gene expression

(ShNEDD4) or a scrambled shRNA sequence as control (ShCt). Six days later, neurons were
lysed and RTP801 levels analysed by WB. NEDD4 knockdown was very efficient and

RTP801 protein levels were significantly increased by 40% (Figure 28). This result confirms
that RTP801 is regulated by NEDD4 E3 ligase.

Figure 28. NEDD4 knockdown increases RTP801 protein levels. DIV 4 cortical neurons were infected
with lentiviruses containing a scrambled ShRNA (ShCt) or a mix of three shRNA sequences against NEDD4
(ShNEDD4). Cell lysates were analysed 6 days later by WB. Membranes were incubated with NEDD4 and
RTP801 antibodies, and with α-actin antibody as loading control. RTP801 densitometries of at least two
independent experiments done in triplicate are represented in the graph along with a representative
immunoblot. Student’s t-test, *P<0.05 versus ShCt.
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2.3.4

NEDD4 knockdown decreases phosphorylation of survival kinase Akt and is
detrimental for neurons

In differentiated cells, such as neurons, RTP801 has a pro-apoptotic role136,275, since it
inactivates sequentially mTOR kinase and survival kinase Akt136,137,292. Therefore, a

sustained RTP801 elevation can impair neuron function and eventually lead to neuron death.
Here, we examined whether RTP801 elevation induced by NEDD4 knockdown is
accompanied by a toxic mTOR/Akt signaling pathway inhibition. For that, cell lysates from

the previous experiment were analysed by WB for Akt phosphorylation at Ser473 (P-Akt
S473) as a readout of mTORC2 complex activity and survival signal194, and for α-spectrin
caspase-cleaved fragment (spectrin breakdown product 120, SBDP120) as a readout of
apoptotic cell death.

α-spectrin is a 280 KDa cytoskeletal protein localized in the intracellular side of the plasma
membrane that is an accepted marker for apoptosis, since it is cleaved by caspases318,319.

specific for apoptosis. Moreover, α-spectrin can be cleaved by calpains generating a 145
KDa fragment. Both fragments (SBDP120 and SBDP145) can be easily detected in a WB
with a α-spectrin antibody319.

Interestingly, when NEDD4 expression was abrogated we observed a decrease of Akt

phosphorylation at Ser473 and an increment of α-spectrin caspase-cleaved fragment
SBDP120 (Figure 29), suggesting an mTORC2 complex inhibition and the appearance of
neuronal death.

Figure 29. NEDD4 knockdown
is detrimental for neurons. DIV
4 cortical neurons were infected
with lentiviruses containing a
scrambled ShRNA (ShCt) or a mix
of three shRNA sequences
against NEDD4 (ShNEDD4). Cell
lysates were analysed 6 days
later by WB. Membranes were
incubated with antibodies against
P-Akt (S473) and α-spectrin, and
with antibody against α-actin as
loading control. In the case of αspectrin the caspase-cleaved
fragment (spectrin breakdown
product 120, SBDP120) is shown.
Representative immunoblots are
shown along with densitometries
(mean ± SEM) of at least two
independent experiments done in
triplicate.
Student’s
t-test,
**P<0.01 and ***P<0.001 versus
ShCt.
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More concretely, α-spectrin is cleaved by caspase-3 generating a 120 KDa fragment that is

RESULTS
To sum up, NEDD4 depletion promotes an increase of RTP801 protein levels, which is
accompanied by Akt pro-survival kinase inactivation and neuronal death.

2.4 RTP801 is accumulated in NEDD4f/f;Emx1Cre conditional knockout mice

In order to further confirm RTP801 as a real NEDD4 substrate in vivo, we next assessed
whether the lack of NEDD4 could affect RTP801 protein levels in an animal model.

NEDD4 conventional knockout mice are not viable251,253, so we used the NEDD4f/f;Emx1Cre
conditional knockout mice that abolishes the expression of NEDD4 in glutamatergic neurons
and glia cells in the cerebral cortex254,320.

Lysates from NEDD4f/f;Emx1Cre mice dissected cortices and their WT littermates were
resolved in a WB in order to study RTP801 protein levels. We observed that in the conditional

knockout mice NEDD4 levels were decreased by 50% while RTP801 was significantly

RESULTS

increased (Figure 30a).

Figure 30. NEDD4f/f;Emx1Cre conditional knockout mice have elevated RTP801 protein levels in the
cortex. a) Cortical lysates of 6-week old mice were analysed by WB with anti-NEDD4 and anti-RTP801
antibodies, and then reprobed with anti-α-actin antibody as loading control. Representative immunoblots are
shown along with RTP801 densitometries (mean ± SEM) of at least three independent gels. All samples
were immunoblotted in the same membrane, but some irrelevant bands were deleted. Student’s t-test,
*P<0.05 versus WT. b) Brain sections (30 µm) of fixed 21-week old mice were immunostained for NEDD4
and RTP801. Representative confocal microscopy images acquired at 10x magnification showing RTP801
and NEDD4 immunostaining in the cortex (CX) and striatum (STR) are shown. RTP801 staining in the cortex
was quantified using imageJ of at least 6 different sections from 4 different animals and the results are
represented in the graph. Student’s t-test, **P<0.01 versus WT.
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To further confirm this result, coronal brain sections were immunostained against RTP801
and NEDD4. In NEDD4f/f;Emx1Cre mice, the lack of NEDD4 staining was visible in the cortex

in comparison to the striatum, confirming the expected phenotype. Then, by measuring the
intensity of RTP801 staining with Image J software we observed that RTP801 levels in the

cortex of conditional knockout mice were increased in comparison to WT mice littermates
(Figure 30b). Hence, the loss of NEDD4 expression elevates RTP801 protein levels in the
NEDD4f/f;Emx1Cre conditional knockout mice.

3. NEDD4 PROTECTS FROM RTP801-INDUCED CELL DEATH
Evidence indicates that NEDD4 can have a neuroprotective role in front of some toxic insults.

More precisely, NEDD4 E3 ligase was able to protect against α-synuclein toxicity in different
PD animal models by polyubiquitinating it and targeting it to lysosomal degradation271,272.

Interestingly, NEDD4 E3 ubiquitin ligase activity was shown to be necessary for its protective
We know that RTP801 overexpression promotes cell death in differentiated cells, such as

neuronal PC12 cells or sympathetic neurons136,137,275. Taking into account that NEDD4

decreases RTP801 protein levels, we next investigated whether NEDD4 is able to protect
from ectopic RTP801 toxicity.

3.1 Ectopic WT NEDD4 partially prevents from RTP801-induced cell death
First, we investigated whether NEDD4 is able to protect against RTP801 overexpression and

if so, if it is via its ubiquitin E3 ligase activity. For that, WT NEDD4, the inactive mutant
NEDD4-C867S or the empty vector pCI-HA were overexpressed in NGF-differentiated PC12

cells along with pCMS-eGFP or pCMS-eGFP-RTP801 constructs. Twenty-four hours later,
cell viability was evaluated by scoring the number of eGFP+ living cells under fluorescence
microscopy.

RTP801 overexpression induced, as previously observed, around 50% of cell death, and WT

NEDD4 partially prevented from RTP801-induced cell death. Otherwise, the inactive mutant

NEDD4-C867S, that is not able to ubiquitinate any protein, did not confer protection in front
of RTP801 (Figure 31). Note that cell viability was not altered in neuronal PC12 cells cotransfected with empty vector pCMS-eGFP and WT NEDD4 or empty vector pCMS-eGFP

and NEDD4-C867S. The fact that inactive mutant NEDD4-C867S does not promote cell

death by itself correlates with the no alteration in RTP801 protein levels previously observed
(Figure 26a).
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Figure 31. Ectopic WT NEDD4
protects from RTP801-induced
cell death. NGF-differentiated
PC12 cells were co-transfected
with pCI-HA, pCI-HA-NEDD4 or
pCI-HA-NEDD4-C867S constructs,
together with either pCMS-eGFP or
pCMS-eGFP-RTP801. Cells were
fixed 24 hours later and cell survival
(eGFP+ cells) scored under
fluorescence microscopy. The
graph represents mean ± SEM of at
least
three
independent
experiments in quadruplicates.
One-way ANOVA with Bonferroni
multiple
comparison
test,
***P<0.001 versus pCI-HA/pCMSeGFP, ##P<0.01 versus pCIHA/pCMS-eGFP-RTP801.

Thus, NEDD4 protection against RTP801 toxicity requires NEDD4 E3 ligase activity.

3.2 NEDD4 protection from RTP801 toxicity requires its ubiquitination

To confirm that NEDD4 E3 ligase confers protection by polyubiquitinating RTP801 we
generated a non-ubiquitinable form of RTP801 by site-directed mutagenesis. RTP801-KR

was generated replacing the six lysines (K) present in the amino acid sequence to arginine
(R).

Before evaluating cell survival we performed an assay to verify that RTP801-KR was not
polyubiquitinated in cells. HEK293 cells were co-transfected with eGFP, RTP801 or RTP801KR, and twenty-four hours later RTP801 was immunoprecipitated in order to study its

ubiquitination levels. Results showed that RTP801-KR polyubiquitination was mostly
abrogated in comparison to WT RTP801 (Figure 32a). Moreover, there was a higher
accumulation of RTP801-KR in whole cell lysates (inputs), indicating an impaired protein
degradation of the mutant.

NGF-differentiated PC12 cells were co-transfected with pCI-HA or pCI-HA-NEDD4 along with
pCMS-eGFP, pCMS-eGFP-RP801 or pCMS-eGFP-RTP801-KR constructs. Again, cell

survival was measured twenty-four hours later by scoring the number of eGFP+ living cells.

Non-ubiquitinable RTP801-KR mutant also promoted around 50% of cell death, but in this
case ectopic NEDD4 did not exert protection in front its toxicity (Figure 32b). All these results
confirm that NEDD4-mediated RTP801 ubiquitination is necessary for protection.
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Figure 32. NEDD4 protection from RTP801-induced cell death requires its ubiquitination. a)
Abrogation of RTP801-KR mutant polyubiquitination. HEK293 cells were transfected with pCMS-eGFP,
pCMS-eGFP-RTP801 or pCMS-eGFP-RTP801-KR constructs. Twenty-four hours later, cells were
harvested and RTP801 was immunoprecipitated to assess ubiquitination levels. Non-specific rabbit
immunoglobulins (Rb IgG) were used as a negative control. Whole cell lysates (inputs) and RTP801
immunocomplexes were resolved in a WB. Membrane was probed for ubiquitin, RTP801, GFP to check
transfection efficiency and α-actin as loading control. A representative image of two independent
experiments is shown. All samples were immunoblotted in the same membrane, but some irrelevant bands
were deleted. IP= immunoprecipitation; IB= immunoblot. b) NEDD4 does not protect from RTP801-KR
mutant toxicity. NGF-differentiated PC12 cells were co-transfected with pCI-HA or pCI-HA-NEDD4
together with pCMS-eGFP, pCMS-eGFP-RTP801 or pCMS-eGFP-RTP801-KR. Twenty-four hours later,
cells were fixed and eGFP+ surviving cells scored using fluorescence microscopy. The graph represents
mean ± SEM of at least three independent experiments in quadruplicates. One-way ANOVA with Bonferroni
multiple comparison test, ***P<0.001 versus pCI-HA/pCMS-eGFP and #P<0.05 versus pCI-HA/pCMSeGFP-RTP801.
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4. OXIDATIVE STRESS REGULATION OF NEDD4 AND RTP801

Then, we wondered whether NEDD4 is affected by cell stress situations in which RTP801 is

induced, such as exposure to hypoxia-mimetic agent CoCl2321,322 or exposure to PD toxin 6OHDA136.

4.1 Hypoxia-mimetic agent CoCl2 decreases NEDD4 and increases RTP801 protein
levels

Cobalt chloride (CoCl2) is widely used as a hypoxia-inducing agent since it mimics hypoxia
response, including generation of reactive oxygen species (ROS) and upregulation of the
hypoxia-inducible transcription factor-1 (HIF-1)323. In turn, HIF-1 transcription factor activates
the RTP801-coding gene DDIT4179,275.

Neuronal PC12 cells were exposed overnight to 200 µM CoCl2 and cell lysates were resolved

in a WB. As expected, RTP801 protein levels were highly incremented, while NEDD4 protein

RESULTS

was significantly decreased (Figure 33).

Figure 33. Exposure to hypoxia-mimetic agent CoCl2 decreases NEDD4 and increases RTP801
protein levels in NPC12 cells. NGF-differentiated PC12 cells were treated or not with 200 µM CoCl2 for 16
hours prior harvesting. Cell lysates were analysed by WB with antibodies against NEDD4, RTP801, and αactin as loading control. Representative immunoblots are shown. Right panels show RTP801 and NEDD4
densitometries represented as mean ± SEM of at least three independent experiments done in triplicate.
Student’s t-test, **P<0.01 and ***P<0.001 versus Ut (Untreated).

4.2 PD toxin 6-OHDA decreases NEDD4 and increases RTP801 protein levels

Evidence demonstrated that RTP801 is induced in neuronal PC12 cells treated with 6-OHDA,
both at gene and protein levels136. Here, we assessed NEDD4 levels in this cellular PD

model. NGF-differentiated PC12 cells were exposed overnight to 100 µM 6-OHDA and the

resulting samples analysed by WB. We observed a 50% decrease of NEDD4 protein levels
and we confirmed the expected RTP801 increase (Figure 34a).

Then, we wondered whether 6-OHDA would affect similarly RTP801 and NEDD4 protein

levels in neurons. PD toxin 6-OHDA induces death of cortical neurons in a concentrationdependent manner by means of autoxidation and ROS generation129. Therefore, rat primary
cortical neurons were treated overnight with 50 µM 6-OHDA. Once again, RTP801 protein

levels were highly increased, while NEDD4 protein levels were reduced to the half (Figure
34b).
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Figure 34. Exposure to PD toxin 6-OHDA decreases NEDD4 and increases RTP801 protein levels in
NPC12 cells (a) and in cortical neurons (b). a) NGF-differentiated PC12 cells were treated or not with 100
µM 6-OHDA for 16 hours prior harvesting. Cell lysates were analysed by WB with antibodies against NEDD4,
RTP801, and α-actin as loading control. Representative immunoblots are shown along with densitometries
represented as mean ± SEM of at least three independent experiments done in triplicate. Student’s t-test,
**P<0.01 and ***P<0.001 versus Ut (Untreated). b) DIV 12 rat primary cortical neurons were treated or not
with 50 µM 6-OHDA for 16 hours prior harvesting. Cell lysates were resolved in a WB. Membranes were
incubated with antibodies against NEDD4, RTP801, and α-actin as loading control. Representative
immunoblots are shown along with densitometries represented as mean ± SEM of at least three independent
experiments done in triplicate. Student’s t-test, ***P<0.001 versus Ut (Untreated).

These findings suggest that NEDD4 is sensitive to oxidative stress associated to PD toxin 6OHDA and could contribute to the increase of RTP801.

4.3 PD toxin 6-OHDA increases RTP801 protein half-life

We next investigated RTP801 mRNA levels after exposure to the toxin. NGF-differentiated

PC12 cells were treated with 100 µM 6-OHDA during 8 hours prior to RNA extraction.
RTP801 transcripts were quantified by RT-qPCR. Results showed, as previously reported, a

remarkable gene induction, since RTP801 mRNA levels increased almost four times in
comparison to control cells (Figure 35a). This result correlates well with the previous
observed elevation in RTP801 protein levels (Figure 34a).

Considering that NEDD4 regulates RTP801 in cells, we next explored whether 6-OHDAinduced NEDD4 reduction could be implicated in the observed RTP801 protein elevation.
For this reason, we first studied whether 6-OHDA, apart from activating DDIT4 gene

transcription, was also affecting its protein degradation by measuring RTP801 protein halflife.
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NGF-differentiated PC12 cells were exposed to 6-OHDA overnight, and then new protein
synthesis was inhibited during 10 and 60 minutes with cycloheximide (CHX) treatment. Cell

lysates were resolved in a WB to calculate its protein half-life. Indeed, RTP801 protein halflife was significantly increased in cells exposed to 6-OHDA (Figure 35b), revealing that

RTP801 protein degradation was impaired. At this point of the experiment NEDD4 levels
were already reduced by the half. Hence, the loss of function of NEDD4 induced by 6-OHDA
could contribute to the elevation of total RTP801 protein levels.

Figure 35. Exposure to PD toxin 6-OHDA induces DDIT4 gene and increases RTP801 protein half-life.
a) 6-OHDA treatment increases RTP801 mRNA levels. NGF-differentiated PC12 cells were exposed to
100 µM 6-OHDA for 8 hours. Then, RNA was extracted and reverse transcription-qPCR was performed to
determine RTP801 mRNA levels and α-actin mRNA levels as control. The graph shows values (mean ±
SEM) of at least three independent experiments. Student’s t-test, ***P<0.001 versus Ut (Untreated). b) 6OHDA treatment increases RTP801 protein half-life. NGF-differentiated PC12 cells were exposed to 100
µM 6-OHDA for 16 hours. Then, cell cultures were treated with 10 µg/ml cycloheximide (CHX) during 10 or
60 minutes prior harvesting. Cell lysates were subjected to WB with antibodies against RTP801 and α-actin
(* specific band for RTP801). RTP801 protein levels were quantified and half-life (T 1/2) was calculated
applying a nonlinear regression with an exponential one-phase decay equation. Values represent the mean
± SEM of three different experiments. Student’s t-test, *P<0.05 versus Ut (Untreated).

4.4 PD toxin 6-OHDA does not affect NEDD4 mRNA levels
We have previously showed that NEDD4 protein levels are decreased in neuronal PC12 cells
and cortical neurons exposed to 6-OHDA (Figure 34a-b). Hence, we next investigated

whether NEDD4 gene expression is also affected by 6-OHDA. NGF-differentiated PC12 cells
were exposed to 100 µM 6-OHDA for 8 hours and RNA was extracted. By quantifying
NEDD4 mRNA levels by RT-qPCR, we observed no differences between control cells and

cells exposed to 6-OHDA (Figure 36). Therefore, these results suggest that 6-OHDA is
regulating NEDD4 protein levels but not its gene expression.
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Figure 36. Exposure to PD toxin 6-OHDA does not
affect NEDD4 mRNA levels. NGF-differentiated PC12
cells were exposed to 100 µM 6-OHDA for 8 hours.
Then, RNA was extracted and reverse transcriptionqPCR was performed to determine NEDD4 mRNA
levels. Results are represented as NEDD4 mRNA fold
change respect to α-actin mRNA levels. The graph
shows values (mean ± SEM) of three independent
experiments.

Such results raised the question of how NEDD4 protein levels are reduced after 6-OHDA
exposure. Since this PD toxin promotes caspases and calpains activation132,324,325 we

hypothesized that NEDD4 could be cleaved by these proteases. To study this possibility cells
were treated with the pan-caspase inhibitor Z-VAD-FMK or the calpain inhibitor ALLN
respectively, prior to 6-OHDA exposure.

before 6-OHDA exposure. Sixteen hours later, cells were harvested and NEDD4 levels
analysed by WB. Results confirmed the inhibitory function of the compound, since the

increase of caspase-cleaved α-spectrin fragment SBDP120 induced by 6-OHDA was
completely blocked by Z-VAD-FMK (Figure 37). Moreover, caspase inhibitor partially
prevented NEDD4 reduction induced by 6-OHDA (Figure 37). Hence, 6-OHDA-induced
NEDD4 protein reduction is due in part by caspases proteolysis.

Figure 37. NEDD4 is
cleaved by caspases
after 6-OHDA exposure.
Neuronal PC12 cells
were treated with 100 µM
Z-VAD-FMK
pancaspase inhibitor for 1
hour prior to 6-OHDA
exposure. Sixteen hours
later,
cultures
were
harvested and analysed
by WB. Membranes were
incubated with antibodies
against
NEDD4,
αspectrin and α-actin as
loading control. Graphs
represent mean ± SEM of
NEDD4 and caspasecleaved
α-spectrin
fragment
(SBDP120)
densitometries of at least
three
independent
experiments. One-way
ANOVA with Bonferroni
multiple comparison test, ***P<0.001 versus Untreated/Ct and #P<0.05, ###P<0.001 versus 100 µM 6OHDA/Ct.
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Neuronal PC12 cells were treated with 100 µM Z-VAD-FMK pan-caspase inhibitor one hour

RESULTS
Similarly, NPC12 cells were treated with 1 µM ALLN calpain inhibitor during one hour, prior
to 16-hour 6-OHDA exposure. The resulting samples were analysed by WB. 6-OHDA

treatment induced calpain activation as judged by the increment in the calpain-cleaved αspectrin fragment SBDP145, a specific marker for calpain activation318. This elevation was

completely blocked by calpain inhibitor ALLN (Figure 38). NEDD4 protein levels were also
partially restored by calpain inhibitor, revealing that 6-OHDA-induced NEDD4 protein

RESULTS

decrease is also due in part by calpain proteolysis.

Figure 38. NEDD4 is cleaved by calpains after 6-OHDA exposure. Neuronal PC12 cells were treated
with 1 µM ALLN calpain inhibitor for 1 hour prior to 6-OHDA exposure. Sixteen hours later, cultures were
harvested and subjected to WB. Membranes were incubated with anti-NEDD4 and anti-α-spectrin antibodies
and with anti-α-actin as loading control. Graphs represent mean ± SEM of NEDD4 and calpain-cleaved αspectrin fragment (spectrin breakdown product 145 KDa, SBDP145) densitometric quantification of at least
three independent experiments. One-way ANOVA with Newman-Keuls multiple comparison test, **P<0.01,
***P<0.001 versus Untreated/Ct and #P<0.05, ###P<0.001 versus 100 µM 6-OHDA/Ct.

NEDD4 can also be released from cells within microvesicles called exosomes229. Exosomes
are small extracellular vesicles (30-100 nm) derived from the endosomal system that play an
important role in cell-to-cell communication326. Exosomal release is a process dependent on

intracellular calcium changes327–330. Since 6-OHDA induces an increase of cytosolic

calcium331, we hypothesized that NEDD4 could be also released within exosomes,
aggravating the loss of intracellular NEDD4.

Cortical neurons were exposed to 50 µM 6-OHDA overnight. Then, cells were lysed and
extracellular microvesicles were isolated from their culture media, as well as from sister

cultures not treated with the toxin as controls. By WB we observed the presence of NEDD4

in the exosomal enriched extracellular fraction from the control culture media (Figure 39). As
we hypothesized, 6-OHDA-treated neurons showed elevated NEDD4 protein levels in the
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exosomal-enriched fraction. Total lysates analysis confirmed the previous described NEDD4

decrease after 6-OHDA exposure. We also found evidence that 6-OHDA exposure increased
the release of total extracellular vesicles, as judged by the elevation of exosomal markers
TSG101 and flotillin-1 (Figure 39).

Figure 39. 6-OHDA exposure increases NEDD4
levels in extracellular microvesicles. DIV 14 rat
primary cortical neurons were exposed to 50 µM
6-OHDA for 16 hours. Then, extracellular
microvesicles were isolated from culture media
and cells were lysed. Both fractions were resolved
in a WB. Membrane was probed with anti-NEDD4
antibody, reprobed with anti-TSG01 and antiflotillin-1 antibodies as extracellular microvesicles
markers, and with anti-α-actin as loading control.
All samples were immunoblotted in the same
membrane, but some irrelevant bands were
deleted. Representative immunoblots are shown
of at least three independent experiments.

of caspase and calpain cleavage and by promoting its exosomal release. Therefore, the loss

of intracellular NEDD4 could contribute to RTP801 elevation following 6-OHDA PD toxin
exposure.

5. NEDD4 IS PROTECTIVE AGAINST 6-OHDA TOXICITY BY REGULATING
RTP801 PROTEIN LEVELS
It has been previously reported that RTP801 upregulation is essential for death evoked by
PD toxin 6-OHDA136,137,292. Exposure to 100 µM 6-OHDA promoted around 50% of cell death
in neuronal PC12 cells, while RTP801 knockdown with specific shRNA completely prevented

from 6-OHDA-induced cell death136. Since 6-OHDA decreased NEDD4 protein levels, we

next asked whether NEDD4 restitution could be protective against this toxin by regulating
RTP801 protein levels.

5.1 Ectopic NEDD4 protects against 6-OHDA-induced cell death

NGF-differentiated PC12 cells were co-transfected with pCI-HA empty vector, pCI-HA-

NEDD4 to overexpress WT NEDD4 or pCI-HA-NEDD4-C867S to overexpress NEDD4C867S inactive mutant along with pCMS-eGFP construct. Thirty-two hours later, cell cultures

were exposed to 100 µM 6-OHDA for sixteen hours. Then, cell survival was evaluated by

scoring the number of eGFP+ living cells under fluorescence microscopy. PD toxin 6-OHDA
induced around 50% of cell death, as previously described136. Interestingly, ectopic NEDD4
but not the mutant partially prevented from 6-OHDA-induced cell death (Figure 40a),
revealing that NEDD4 E3 ligase activity is required for protection. Again, cell viability was not
altered in neuronal PC12 cells transfected with WT NEDD4 or the mutant NEDD4-C867S.
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Taken together, these data suggest that 6-OHDA decreases NEDD4 protein levels by means

RESULTS
To further extend these findings to neurons, we next assessed whether NEDD4 restitution

was also protective against 6-OHDA toxicity in cortical neurons. Rat primary cortical neurons
were infected with lentiviral particles containing the constructs pHAGE, pHAGE-NEDD4 or
pHAGE-NEDD4-C867S. Three days later, neurons were exposed to 50 µM 6-OHDA for

sixteen hours before cell fixation and Hoechst nuclear staining. Cell survival was evaluated

by counting the number of non-pyknotic nuclei respect the total number of nuclei. Results

showed that 6-OHDA induced around 30% of cell death and that WT NEDD4 but not the

RESULTS

inactive mutant was able to partially abrogate 6-OHDA-induced cell death (Figure 40b).

Figure 40. Ectopic NEDD4 partially protects from 6-OHDA-induced cell death in NPC12 cells (a) and
in cortical neurons (b). a) NGF-differentiated PC12 cells were co-transfected with pCI-HA/pCMS-eGFP,
pCI-HA-NEDD4/pCMS-eGFP or pCI-HA-NEDD4-C867S/pCMS-eGFP vectors with a 4:1 ratio. Thirty-two
hours later, cell cultures were exposed to 100 µM 6-OHDA for 16 hours. Then, eGFP+ surviving cells were
scored under fluorescence microscopy. The graph shows mean ± SEM of at least three independent
experiments done in quadruplicate. One-way ANOVA with Bonferroni multiple comparison test, ***P<0.001
versus Untreated/pCI-HA and ##P<0.01 versus 100 µM 6-OHDA /pCI-HA. b) DIV 7 rat primary cortical
neurons were infected with lentiviruses containing the empty vector pHAGE, the vector pHAGE-NEDD4 to
overexpress WT NEDD4 or the vector pHAGE-NEDD4-C867S to overexpress the inactive mutant. Three
days later, cell cultures were exposed to 50 µM 6-OHDA for 16 hours prior cultures fixation and Hoechst
staining. Then, surviving and pyknotic nuclei were scored under fluorescence microscopy. The graph shows
mean ± SEM of at least three independent experiments done in triplicate. One-way ANOVA with Bonferroni
multiple comparison test, **P<0.01, ***P<0.001 versus Untreated/pHAGE and ##P<0.01 versus 50 µM 6OHDA /pHAGE.

Thus, ectopic NEDD4 partially prevents from 6-OHDA-induced cell death in neuronal PC12
cells and in cortical neurons, being its E3 ligase activity required for protection.
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5.2 Ectopic NEDD4 prevents from 6-OHDA-induced RTP801 elevation

To investigate whether ectopic NEDD4 protection against 6-OHDA toxicity was due to

modulation of RTP801 protein levels, neuronal PC12 cells were equally transfected and
exposed to 6-OHDA prior harvesting. WB analysis showed that WT NEDD4 not only reduced

RTP801 protein levels in untreated cells (as previously shown in figure 26a), but also
decreased RTP801 protein elevation in cells exposed to 6-OHDA. Otherwise, the inactive

mutant NEDD4-C867S did not modify RTP801 protein levels in untreated cells or 6-OHDA-

Figure 41. Ectopic NEDD4 reduces
RTP801
elevation
after
6-OHDA
exposure. NGF-differentiated PC12 cells
were transfected with pCI-HA, pCI-HANEDD4 or pCI-HA-NEDD4-C867S. Thirtytwo hours later, cell cultures were exposed
to 100 µM 6-OHDA for 16 hours and cell
lysates were analysed by WB. Membranes
were incubated with antibodies against
NEDD4, RTP801 and α-actin as loading
control (* endogenous NEDD4, # ectopic
NEDD4). Representative immunoblots are
shown along with RTP801 densitometric
normalized quantification (mean ± SEM)
from
at
least
three
independent
experiments done in triplicate. One-way
ANOVA
with
Bonferroni
multiple
comparison
test,
*P<0.05
versus
Untreated/pCI-HA, #P<0.05 versus 100 µM
6-OHDA/pCI-HA.

Taken together, these results suggest that NEDD4 is protective against PD toxin 6-OHDA
probably by mediating RTP801 ubiquitination and degradation.

6. RTP801 ELEVATION IS RESPONSIBLE FOR THE TOXICITY INDUCED BY
NEDD4 KNOCKDOWN
Up to now, we showed that ectopic NEDD4 is protective in front of 6-OHDA toxin, probably
by decreasing RTP801. On the contrary, NEDD4 knockdown induced cell death and elevated

RTP801 protein levels. To determine whether NEDD4 loss of expression lethality is at least
in part caused by RTP801 protein elevation, we next assessed toxicity in neurons where
RTP801 and NEDD4 were knocked down.
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treated cells (Figure 41).

RESULTS
Cortical neurons were infected with lentiviral particles containing a shRNA against RTP801
(ShRTP801) or a scrambled shRNA sequence as control (ShCt). Two days later, neurons
were transduced with commercial lentiviral particles designed to knockdown NEDD4

(ShNEDD4) or the corresponding control shRNA (ShCt). All the combinations were studied;

knockdown of both proteins (ShRTP801/ShNEDD4), knockdown of one protein or the other

(ShCt/ShNEDD4 or ShRTP801/ShCt) and infection with both control shRNA (ShCt/ShCt).
Four days later, neurons were harvested and subjected to WB. Membranes were probed for

NEDD4 and RTP801 to validate efficient protein knockdown. Again, NEDD4 knockdown was
very effective, while RTP801 knockdown (ShRTP801/ShCt) was more modest, but

significantly reduced RTP801 protein levels respect to the control (ShCt/ShCt). As previously
shown, NEDD4 knockdown (ShCt/ShNEDD4) increased RTP801 protein levels, while double

RESULTS

knockdown (ShRTP801/ShNEDD4) prevented from this RTP801 elevation (Figure 42).

Figure 42. NEDD4 knockdown toxicity is dependent on RTP801 protein. DIV 5 primary rat cortical
neurons were infected with lentiviruses containing a scrambled ShRNA (ShCt) or a shRNA against RTP801
(ShRTP801). Two days later, neurons were transduced with a mix of three shRNA sequences against
NEDD4 (ShNEDD4) or the corresponding control shRNA (ShCt). Cell lysates were analysed 4 days later by
WB. Membranes were incubated with antibodies against RTP801, NEDD4, P-Akt (S473), P-S6 (S235/236)
and α-spectrin, and with antibody against α-actin as loading control. For α-spectrin, the caspase-cleaved
fragment (spectrin breakdown product 120, SBDP120) is shown. Representative immunoblots are shown
along with densitometries (mean ± SEM) of at least two independent experiments done in triplicate. Oneway ANOVA with Newman-Keuls multiple comparison test, *P<0.05, **P<0.01 versus ShCt/ShCt and
#P<0.05, ##P<0.01 versus ShCt/ShNEDD4.
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We also corroborated that NEDD4 knockdown is detrimental for neurons, as judged by the

increase of α-spectrin caspase-cleaved fragment (SBDP120) and the decrease of Akt prosurvival kinase phosphorylation (P-Akt S473). The phosphorylation in this residue is a

readout of mTORC2 complex activity194. Moreover, S6 protein phosphorylation levels (P-S6

S235/236), readout of mTORC1 complex activity182, tended to decrease, although the
difference was not significant. Interestingly, RTP801 knockdown reversed the toxic effects of

abolishing NEDD4 expression, as SBDP120 protein levels and Akt and S6 phosphorylation

levels were returned to control levels. In accordance with RTP801 as an mTOR pathway
inhibitor, ShRTP801 promoted a significant increase of Akt phosphorylation and a tendency
to increase of S6 phosphorylation levels (Figure 42).

These findings directly linked the toxic actions of knocking down NEDD4 to RTP801 protein

levels. So, the repression of mTOR signaling pathway and the increase of caspase activity

7. NEDD4 LEVELS ARE DIMINISHED IN NIGRAL NEURONS OF PD BRAINS

Evidence demonstrated that RTP801 is upregulated in nigral neurons in the SNpc of human
PD patients136,296. Here, we next explored whether NEDD4 expression is also altered in

neuromelanin-positive neurons of postmortem human sections from sporadic PD patients.
SNpc sections from six cases of sporadic PD and six control non-PD cases (Table 10) were
immunostained with a specific antibody for NEDD4.
PATIENT ID

CT1
CT2
CT3
CT4
CT5
CT6
SPD1
SPD2
SPD3
SPD4
SPD5
SPD6

DIAGNOSTICS

Control
Control
Control
Control
Control
Control
PD
PD
PD
PD
PD
PD

GENDER

Male
Male
Female
Female
Male
Male
Male
Male
Male
Female
Male
Male

AGE

64
83
56
86
78
76
71
77
88
83
74
81

TIME POSTMORTEM
(hours)

10
13
14
4
6
11,5
5
12
15
4
8
5

Table 10. Human brain samples information. CT= control individuals, SPD= sporadic PD patients.

We scored the number of nigral neurons, visualized in brown, due to neuromelanin pigment
(NM) that were positive for NEDD4 (in blue) versus total nigral neurons in each case. Indeed,
we observed that the % of remaining nigral neurons positive for NEDD4 was lower in sporadic

PD brains than in the control brains (Figure 43). As a negative control we incubated sections
with the secondary antibody, omitting the primary antibody and no staining was appreciated.
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induced by NEDD4 knockdown are, at least in part, due to RTP801 protein elevation.
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Figure 43. NEDD4 is decreased in pigmented nigral neurons from sporadic PD patients. SNpc human
postmortem sections from control individuals (CT1-CT6) and sporadic PD patients (SPD1-SPD6) were
immunostained for NEDD4 (grey-blue). Note the presence of neuromelanin (NM) granules (brown) within
the somas of dopaminergic neurons. Neuromelanin-positive (NM+) neurons were scored positive for NEDD4
when detectable staining was observed. For each case, the percentage of NM+ and NEDD4+ neurons
versus total NM+ neurons was represented in the graph. A control section was immunostained with no
primary antibody as negative control. .Student’s t-test, *P<0.05 versus Ct (Control).

These data point out that there is a NEDD4 deregulation in human PD nigral neurons.

Therefore, the previous reported RTP801 elevation in PD brains could be related with this
observed NEDD4 protein decrease.
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8. NAB2, A NEDD4 ACTIVATOR, REGULATES RTP801 PROTEIN LEVELS

We next asked whether RTP801 protein levels could be sensitive to a situation where NEDD4
activity is enhanced chemically. We used a small molecule called NAB2 that is a NEDD4

signaling inducer. This compound is described to promote endocytosis and vesicular
trafficking events dependent on NEDD4273,274.

8.1 NAB2 decreases RTP801 protein levels without modifying NEDD4 levels
However, it is not well established how NAB2 activates NEDD4 pathway. It could be possible

that NAB2 only enhances NEDD4 catalytic activity or that also increases its protein levels.
So first, we assessed whether NAB2 exposure affected NEDD4 and RTP801 protein levels
in cortical neurons.

Rat primary cortical neurons were exposed to 20 µM NAB2 or to DMSO as vehicle during

forty-eight hours. WB analysis of cell lysates showed that NAB2 decreased to the half the
suggesting that this molecule is somehow enhancing its catalytic activity without modifying
protein levels. Hence, NEDD4 activator NAB2 effectively reduces RTP801 protein levels
without altering NEDD4 levels.

Figure 44. NAB2 exposure diminishes RTP801 protein levels without modifying NEDD4 protein
levels. DIV12 rat primary cortical neurons were exposed to 20 µM NAB2 or DMSO as vehicle for 48 hours.
Cell extracts were analysed by WB with anti-RTP801 and anti-NEDD4 antibodies and anti-GAPDH antibody
as loading control. Representative immunoblots are shown along with graphs of RTP801 and NEDD4
densitometric quantification (mean ± SEM) of at least three independent experiments. One-way ANOVA with
Bonferroni multiple comparison test, **P<0.01 versus Vehicle.

8.2 NAB2 enhances NEDD4 polyubiquitination
Most E3 ligases have the ability to catalyse their own ubiquitination, a feature that is widely
used as a readout of its E3 ligase activity332, including for NEDD4 family proteins257,333,334.

So, in order to test whether NAB2 activates NEDD4 E3 ligase we evaluated its
polyubiquitination levels.
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levels of RTP801 protein (Figure 44). However, it did not affect NEDD4 protein levels,
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RESULTS
As in the previous experiment, cortical neurons were exposed to 20 µM NAB2 or to DMSO

as vehicle during forty-eight hours. Then, cells were harvested and NEDD4 was
immunoprecipitated to evaluate its ubiquitination levels by WB. Results showed that NAB2

slightly increased NEDD4 polyubiquitinated smear (Figure 45), suggesting that it enhances
its E3 ligase activity.

Figure 45. NAB2 treatment enhances NEDD4 polyubiquitination. DIV12 rat primary cortical neurons
were exposed to 20 µM NAB2 or DMSO as vehicle for 48 hours. Then, cells were harvested and NEDD4
was immunoprecipitated to investigate its ubiquitination levels. Non-specific rabbit immunoglobulins (IgG)
were used as a negative control. Whole cell lysates (inputs) and NEDD4 immunocomplexes were resolved
in a WB. Membrane was probed for ubiquitin (FK2), NEDD4 and β-tubulin as loading control. A
representative image of two independent experiments is shown. IP= immunoprecipitation; IB= immunoblot.

8.3 NAB2 prevents from 6-OHDA-induced RTP801 elevation

In our previous experiments we observed that ectopic NEDD4 reduced 6-OHDA-induced

RTP801 elevation in neuronal PC12 cells (Figure 41). Given these findings, we next explored
whether NAB2, by enhancing NEDD4 activity, is also able to mitigate RTP801 elevation
promoted by PD toxin 6-OHDA in neurons.

Rat primary cortical neurons were pre-treated with 20 µM NAB2 or DMSO for thirty-two hours.

Then, neurons were exposed or not to 50 µM 6-OHDA overnight prior harvesting. WB
analysis of cell lysates showed that NAB2 significantly reduced RTP801 protein levels in 6-

OHDA-treated neurons (Figure 46). Importantly, the decline of RTP801 induced by NAB2

was also confirmed in untreated control neurons. Again, NAB2 did not modify NEDD4 protein
levels since neither blocked the loss of NEDD4 protein induced by 6-OHDA. Thus, NEDD4
signaling inducer NAB2 prevents from 6-OHDA-induced RTP801 protein elevation.
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Figure 46. NAB2 exposure abrogates RTP801 elevation induced by 6-OHDA. DIV12 rat primary cortical
neurons were treated with 20 µM NAB2. Thirty-two hours later, cultures were exposed to 50 µM 6-OHDA for
16 hours prior harvesting. Cell extracts were subjected to WB and membranes were probed for RTP801,
NEDD4 and α-actin as loading control. RTP801 and NEDD4 densitometries are represented as mean ± SEM
(graphs) of at least three independent experiments. One-way ANOVA with Bonferroni multiple comparison
test,*P<0.05, **P<0.01 and ***P<0.001 versus Untreated/Vehicle and ###P<0.001 versus 50 µM 6OHDA/Vehicle.

8.4 NAB2 does not regulate RTP801 transcriptionally
To obtain further evidence that NAB2 regulates RTP801 at post-translational level, probably
by enhancing its NEDD4-mediated protein degradation, we next investigated RTP801 mRNA
levels.

As in the previous experiment, cortical neurons were pre-treated with 20 µM NAB2 or DMSO
(vehicle) before exposure to 6-OHDA. Then, RNA was extracted and RTP801 mRNA levels
were quantified by RT-qPCR. No significant differences were observed between NAB2 and
vehicle-treated neurons, neither in neurons exposed to 6-OHDA (Figure 47). Thus, NAB2
does not affect RTP801 gene transcription. Similarly to earlier experiment in neuronal PC12
cells (Figure 35a), PD toxin 6-OHDA significantly induced RTP801 gene transcription in
cortical neurons (Figure 47).
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Figure 47. NAB2 exposure does not affect RTP801
mRNA levels. NGF-differentiated PC12 cells were
treated with 20 µM NAB2 or DMSO as vehicle. Thirtytwo hours later, cultures were exposed to 50 µM 6OHDA for 8 hours. Then, RNA was extracted and
reverse transcription-qPCR was performed to determine
RTP801 mRNA levels and α-actin mRNA levels as
control. The graph shows values (mean ± SEM) of at
least three independent experiments. One-way ANOVA
with Bonferroni multiple comparison test, ***P<0.001
versus Untreated/Vehicle.

In summary, NAB2 compound activates NEDD4 E3 ligase and promotes RTP801 protein
degradation in control and 6-OHDA-treated neurons.

8.5 NAB2 is toxic for neurons and does not prevent from 6-OHDA-induced cell
death

In previous experiments, we observed that ectopic NEDD4 was protective from 6-OHDAinduced cell death by decreasing RTP801 protein levels. Taking into account that NAB2
reduced RTP801 elevation after 6-OHDA exposure, we next explored whether NAB2 is also
protective against this toxin.

For that purpose, cell viability was assessed in cortical neurons pretreated with NAB2 and
then exposed to 6-OHDA toxin overnight. Neurons were fixed and stained with Hoechst to

score the number of living nucleus. Results showed that NAB2 alone was toxic and that was
not able to protect from 50 µM 6-OHDA exposure (Figure 48). We also tested milder 6-OHDA
concentrations (25 µM) to avoid massive neuron death but again NAB2 did not protect from
toxin-induced cell death (Figure 48).

Figure 48. NAB2 does not protect from 6OHDA-induced cell death. DIV12 rat
primary cortical neurons were exposed to
20 µM NAB2. Thirty-two hours later,
cultures were treated with 25 µM 6-OHDA
or 50 µM 6-OHDA for 16 hours prior fixation
and Hoechst nuclear staining. Cell survival
was assessed by scoring the number of
non-condensed nuclei. Values from at least
three
independent
experiments
in
quadruplicate are represented in the graph
as mean ± SEM. One-way ANOVA with
Bonferroni
multiple
comparison
test,*P<0.05, **P<0.01 and ***P<0.001
versus Untreated/Vehicle.
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To further corroborate this NAB2 toxicity we evaluated cell lysates in the same conditions.
Caspase-cleaved α-spectrin fragment (SBDP120) as readout of apoptotic death319, and

phosphorylation of mTOR signaling pathway proteins were analysed by WB. Specifically, we
studied phosphorylation at Serine 473 residue of Akt (P-Akt S473) to evaluate mTORC2

activity193,194, a complex implicated in cell survival, and phosphorylation at serines 235/236
of ribosomal protein S6 (P-S6 235/236) to evaluate mTORC1 activity182,335. Finally,

phosphorylation at serine 2448 of mTOR (P-mTOR S2448) was also evaluated as a readout
of kinase activity of both complexes336–338.

Interestingly, NAB2 exposure promoted an increase of SBDP120 levels along with a

decrease of Akt pro-survival kinase phosphorylation, confirming the toxicity of the compound.

Moreover, phosphorylation of S6 and mTOR proteins also had a tendency to decrease,
although the differences were not significant. As expected, exposure to 50 µM 6-OHDA

induced SBDP120 and decreased phosphorylation of Akt, S6 and mTOR, but in any case

there were significant differences between 6-OHDA exposed vehicle and NAB2 treated
neurons (Figure 49). These findings go in line with the previous experiment, where no

RESULTS

differences were observed in cell survival.

Figure 49. NAB2 is toxic for neurons. DIV12 rat primary cortical neurons were exposed to 20 µM NAB2.
Thirty-two hours later, cultures were treated with 50 µM 6-OHDA for 16 hours prior harvesting. Cell extracts
were resolved in a WB. Membranes were probed with antibodies against α-spectrin, P-Akt (S473), P-S6
(S235/236), p-mTOR (S2448) and α-actin as loading control. In the case of α-spectrin the caspase-cleaved
fragment (spectrin breakdown product 120, SBDP120) is shown. Densitometries are represented as mean
± SEM (graphs) of at least three independent experiments in triplicate. One-way ANOVA with Bonferroni
multiple comparison test,*P<0.05, **P<0.01 and ***P<0.001 versus Untreated/Vehicle.

To sum up, NAB2 decreases RTP801 protein levels, but this reduction is not accompanied

with the expected increase in mTOR pathway activity, presumably because the compound
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is otherwise repressing this signaling pathway. In 6-OHDA-treated neurons, NAB2 is not

sufficient to confer protection, probably because the compound itself compromises cell
survival.

9. PARKIN REGULATES NEDD4 PROTEIN LEVELS
In our group we have previously identified RTP801 as a substrate for parkin E3 ligase296.
Interestingly, ectopic WT parkin is protective against RTP801 and 6-OHDA toxicity296. Here,

we reported NEDD4 as another E3 ligase that regulates RTP801 protein levels. Moreover,
ectopic WT NEDD4 has also been shown to partially prevent from RTP801 and 6-OHDAinduced cell death. So, we next considered the possibility that both E3 ligases together could
have a larger protective effect against RTP801 toxicity.

9.1 Parkin overexpression decreases ectopic NEDD4 protein levels

To explore this hypothesis we co-transfected both E3 ligases in HEK293 cells. Concretely,
cells were transfected with pCI-HA-NEDD4 construct or with pCI-HA-NEDD4 along with an

increasing amount of pRK5-myc-Parkin (1 µg or 2 µg). Twenty-four hours later, cells were

harvested and subjected to WB. Surprisingly, results showed that parkin overexpression
decreased ectopic NEDD4 levels in a dose-dependent manner (Figure 50a), pointing out a
putative crosstalk between both E3 ligases.

Figure 50. Parkin regulates overexpressed NEDD4 protein levels. a) Ectopic Parkin decreases
overexpressed NEDD4 in HEK293 cells. HEK293 cells were co-transfected with pCI-HA-NEDD4 (NEDD4)
and pRK5-myc-parkin (parkin) constructs as indicated. Twenty-four hours later, cells were harvested and
the resulting lysates analysed by WB with antibodies against parkin, NEDD4 and α-actin as loading control.
Representative immunoblots are shown along with densitometries (mean ± SEM) from at least three
independent experiments. One-way ANOVA with Bonferroni multiple comparison test, *P<0.05, versus
NEDD4. b) Ectopic NEDD4 does not modify overexpressed parkin levels in HEK293 cells. HEK293
cells were co-transfected with pRK5-myc-parkin (parkin) and pCI-HA-NEDD4 (NEDD4) as indicated.
Twenty-four hours later, cultures were harvested and subjected to WB. Membranes were incubated with
antibodies against NEDD4, parkin, and α-actin as loading control. Graph shows densitometric quantification
(mean ± SEM) from at least three independent experiments.

86

RESULTS
Similarly, HEK293 cells were transfected only with pRK5-myc-Parkin construct or with pRK5myc-Parkin along with 1 µg or 2 µg of pCI-HA-NEDD4. Twenty-four hours later, cell lysates

were resolved in a WB. In this case, NEDD4 overexpression did not alter ectopic parkin levels

(Figure 50b). These findings indicate that the regulation between the two proteins occur only
in one direction, being NEDD4 downstream of parkin.

To further study whether this NEDD4 regulation by parkin is dependent on its E3 ligase
activity we took advantage of two parkin mutant constructs: pRK5-myc-parkin-∆UBL, a

construct without the UBL domain that has been demonstrated to be active339, and pRK5myc-parkin-∆R2, a construct that overexpress a truncated form of parkin that lacks the

RING2 domain and therefore is inactive. HEK293 cells were co-transfected with pCI-HANEDD4 along with empty vector pRK5-myc, pRK5-myc-parkin, pRK5-myc-parkin-∆UBL or

pRK5-myc-parkin-∆R2. Cell lysates were resolved in a WB to evaluate ectopic NEDD4
protein levels. Wild-type parkin and parkin-∆UBL mutant reduced NEDD4 levels, although
the differences were only significant for WT parkin. In contrast, the inactive parkin-∆R2
promoted by parkin overexpression requires its E3 ligase activity.

Figure 51. NEDD4 regulation by parkin
requires its E3 ligase activity. HEK293 cells
were co-transfected with pCI-HA-NEDD4
along with pRK5-myc, pRK5-myc-parkin,
pRK5-myc-parkin-∆UBL or pRK5-myc-parkin∆R2 as indicated. Thirty hours later, cells
were harvested and analysed by WB with
antibodies anti-myc, anti-NEDD4 and anti-αactin as loading control. Representative
immunoblots are shown along with
densitometries (mean ± SEM) from at least
three independent experiments. One-way
ANOVA with Bonferroni multiple comparison
test, *P<0.05, versus pCI-HA-NEDD4 +
pRK5-myc.

9.2 Ectopic parkin does not modify endogenous NEDD4 protein levels

Such results raised the question of whether parkin also regulates endogenous NEDD4

protein levels. To test this possibility, HEK293 cells were transfected with pRK5-myc, pRK5myc-parkin, pRK5-myc-parkin-∆UBL or pRK5-myc-parkin-∆R2. Thirty hours later, cells were

harvested and analysed by WB. Neither WT parkin nor parkin mutants altered endogenous
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mutant did not modify ectopic NEDD4 levels (Figure 51). Hence, ectopic NEDD4 reduction

RESULTS
NEDD4 protein levels (Figure 52). Consequently, endogenous NEDD4 is not regulated by
parkin E3 ligase in HEK293 cells.

RESULTS

Figure 52. Parkin does not regulate
endogenous NEDD4 protein levels. HEK293
cells were transfected with pRK5-myc, pRK5myc-Parkin, pRK5-myc-Parkin-∆UBL or pRK5myc-Parkin-∆R2 as indicated. Thirty hours later,
cells were harvested and the resulting lysates
resolved in a WB. Membranes were incubated
with antibodies against myc, NEDD4 and α-actin
as loading control. Representative immunoblots
are shown along with densitometries (mean ±
SEM) from at least three independent
experiments.

9.3 NEDD4 is elevated in Parkin knockout mice and in AR-JP patients bearing
parkin mutations
To further validate the regulatory function of parkin E3 ligase towards NEDD4, its protein

levels were quantified in parkin knockout (PaKO) mice brain and in human fibroblasts derived
from AR-JP (Autosomal Recessive Juvenile Parkinsonism) patients with parkin mutations.

Therefore, we tested whether loss of parkin affects NEDD4 protein levels in a mouse model

that presents an exon 3 deletion in the parkin gene340. Whole-brain lysates of five PaKO and

five wild-type littermates were resolved in a WB. Results showed that NEDD4 is significantly
accumulated in PaKO mouse brains compared to control WT brains (Figure 53a), proving in
vivo that the lack of parkin elevates NEDD4 protein levels.

We next tested NEDD4 levels in pure fibroblasts cultures established from skin punches
collected from AR-JP patients bearing exon deletions in the parkin gene (PARK2) and from

age-matched controls (Table 11). Fibroblasts were reseeded between five or six times before

harvesting and WB analysis. We observed that NEDD4 levels were significantly higher in
parkin mutant fibroblasts than in control fibroblasts (Figure 53b).
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DIAGNOSTICS

PARK2 MUTATION

GENDER

1
2
3
4
5
6
7
8

CONTROL
CONTROL
CONTROL
CONTROL
CONTROL
CONTROL
AR-JP
AR-JP

-

Male
Female
Female
Male
Female
Male
Male
Male

AGE AT SKIN
PUNCH
BIOPSY
66
48
47
52
63
42
49
69

10

AR-JP

Female

63

12

AR-JP

PATIENT
ID

9

11

AR-JP

AR-JP

Homozygous PARK2 ex3del*
Homozygous PARK2 ex2-4del*
Compound homozygous PARK2
205-206 ex2del/ex6del*
HomozygousPARK2 ex5-6del*
Compound homozygous CRG
ex1del / PARK2 ex6del*
Compound homozygous PARK2
ex2dup/ex6del*

Female
Male
Male

AGE OF
ONSET
25
35

44

32

35

9

49

27
15
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Table 11. Human fibroblasts donor information. AR-JP= Autosomal Recessive Juvenile Parkinsonism (*
breakpoint not mapped).

Figure 53. NEDD4 is increased in parkin knockout mouse brains (a) and in human fibroblasts from
AR-JP patients with parkin mutations (b). a) Whole-brain lysates from five 8-month-old parkin KO mice
and five WT littermates were resolved in a WB. Membranes were incubated with antibodies against NEDD4,
parkin and α-actin as loading control. Representative immunoblots are shown along with densitometries
(mean ± SEM) of at least three independent membranes. Student’s t-test, **P<0.01 versus Wild type. b)
Extracts from human primary fibroblasts obtained from six diagnosed AR-JP patients with parkin mutations
(Pkm AR-JP) and six control individuals (Ct) were analysed by WB. Membranes were incubated with antiNEDD4 and anti-parkin antibodies and reprobed with anti-α-actin antibody as loading control. The graph
represents mean ± SEM of NEDD4 densitometries of at least three independent membranes. Student’s ttest, *P<0.05 versus Ct.

Taken together, NEDD4 protein levels are elevated in animal and human samples lacking
parkin.
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10. RTP801 PROTEIN HOMEOSTASIS

RTP801 is a protein with a very short half-life292,295 that has been reported to be ubiquitinated
as a signal for protein degradation296. We next wanted to explore how ubiquitination affects

to RTP801 protein homeostasis. Polyubiquitin chains are attached to lysine (K) residues in
the amino acid sequence of the target protein. Since RTP801 has six lysines, these are the
unique residues susceptible to ubiquitination.

10.1

RTP801 mutants generation

For that purpose, each lysine (K) of RTP801 was mutated to arginine (R), an amino acid that
is structurally similar to lysine but cannot be ubiquitinated. The different RTP801 mutants
were generated by site-directed mutagenesis of the pCMS-eGFP-RTP801 construct, a

bicistronic vector that expresses eGFP and rat RTP801. A non-ubiquitinable mutant with all

six lysines exchanged to arginines was also generated and it was named RTP801-KR. This
vector was used in section 3.2 of this thesis and in the parkin study296. So, in total we

generated seven RTP801 mutants: K126R, K152R, K185R, K215R, K216R, K217R and KR
(Figure 54).

Figure 54. RTP801 amino acid sequence and nomenclature of RTP801 mutants. RTP801 protein
sequence from Rattus Norvegicus (upper part) consists of 229 amino acids. Each of the lysines (K) (126,
152, 185, 215, 216 and 217) was mutated to arginine (R) to generate the different RTP801 mutants (lower
part). A mutant with all the lysines mutated to arginine was also generated and it was named RTP801-KR.
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The obtained RTP801 mutant constructs were first transfected in cells to check proper
expression. HEK293 cells were transfected with the empty vector pMCS-eGFP, pCMSeGFP-RTP801 and the different RTP801 mutant vectors. Twenty-four hours later, cultures

were fixed and eGFP expression (visualized in green) was used as readout of RTP801

mutants expression and cell viability (Figure 55). Because HEK293 are proliferative cells,
RTP801 overexpression did not promote cell death, as expected. None of the RTP801

RESULTS

mutants induced cell death (Figure 55), indicating that they are not toxic in proliferating cells.

Figure 55. Either WT RTP801 or RTP801 mutants overexpression does not promote cell death in
HEK293 cells. HEK293 cells were transfected with pCMS-eGFP empty vector, pCMS-eGFP-RTP801,
pCMS-eGFP-RTP801-K126R, pCMS-eGFP-RTP801-K152R, pCMS-eGFP-RTP801-K185R, pCMS-eGFPRTP801-K215R, pCMS-eGFP-RTP801-K216R, pCMS-eGFP-RTP801-K217R or pCMS-eGFP-RTP801KR. Twenty-four hours later, cells were fixed and eGFP+ transfected cells were visualized under
fluorescence microscopy. Representative images of the different RTP801 mutants transfection are shown
(upper panel). eGFP+ surviving cells were scored to evaluate cell survival. Graph represents mean ± SEM
of at least three independent experiments in triplicate (lower panel).
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10.2

Ubiquitination is involved in RTP801 protein stability

Next, we assessed whether the different mutations affected RTP801 protein levels and
therefore its stability. HEK293 cells were transfected with the empty vector pCMS-eGFP, with
WT RTP801 and with all the other RTP801 mutants. Twenty-four hours later, cells were

harvested and subjected to WB. Results indicate that RTP801 protein levels differ between

some of the mutants. For instance, the KR mutant, the RTP801 form with no lysines,
accumulated the most. This result was expected, since this mutant cannot be ubiquitinated
and therefore, degraded. Otherwise, K185R and K215R mutants presented lower protein

levels than WT RTP801 (Figure 56), suggesting that ubiquitination of these two residues

RESULTS

affect protein stability.

Figure 56. RTP801 mutants protein levels in HEK293 cells. HEK293 cells were transfected with pCMSeGFP empty vector, pCMS-eGFP-RTP801, pCMS-eGFP-RTP801-K126R, pCMS-eGFP-RTP801-K152R,
pCMS-eGFP-RTP801-K185R, pCMS-eGFP-RTP801-K215R, pCMS-eGFP-RTP801-K216R, pCMS-eGFPRTP801-K217R or pCMS-eGFP-RTP801-KR. Twenty-four hours later, cells were harvested and RTP801
levels analysed by WB. Representative immunoblots are shown, along with densitometries (mean ± SEM)
of at least three independent experiments. One-way ANOVA with Bonferroni multiple comparison test,
*P<0.05, **P<0.01, ***P<0.001 versus eGFP and #P<0.05 versus RTP801.
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10.3

Ubiquitination of RTP801 at lysine 185 is necessary for RTP801 function
in NPC12 cells

Since the role of RTP801 depends on the cellular context, we next investigated the effects

of RTP801 and its mutants in non-proliferative differentiated cells. NPC12 cells were

transfected with empty vector, WT RTP801 or the different mutants. Twenty-four hours later,
cultures were fixed and cell survival was evaluated by scoring the number of eGFP+ living

cells under fluorescence microscopy. As previously reported, WT RTP801 induced around
50% of cell death136. The rest of the mutations also induced similar levels of cell death,
including the mutant KR (Figure 57). This mutant accumulated more than WT RTP801 in

HEK293 cells, but this protein elevation does not result in an increase of cell death. However,
protein levels need to be confirmed in NPC12 cells since can vary between cell types.
Interestingly, the mutant K185R abrogated almost completely the pro-apoptotic function of

RTP801 (Figure 57), suggesting that ubiquitination at lysine 185 is critical for function.
Indeed, this mutant presented lower protein levels than WT RTP801 in HEK293 cells (Figure

RESULTS

56).

Figure 57. K185R mutation abrogates pro-apoptotic function of RTP801 in NPC12 cells. NGFdifferentiated PC12 cells were transfected with pCMS-eGFP empty vector, pCMS-eGFP-RTP801, pCMSeGFP-RTP801-K126R, pCMS-eGFP-RTP801-K152R, pCMS-eGFP-RTP801-K185R, pCMS-eGFPRTP801-K215R, pCMS-eGFP-RTP801-K216R, pCMS-eGFP-RTP801-K217R or pCMS-eGFP-RTP801KR. Twenty-four hours later, cells were fixed and eGFP+ surviving cells were scored under fluorescence
microscopy. Graph represents mean ± SEM of at least three independent experiments in triplicate. One-way
ANOVA with Bonferroni multiple comparison test, ***P<0.001 versus eGFP.

In order to investigate whether RTP801 mutants toxicity directly correlate with their protein

levels, we studied protein accumulation in the same cell type, neuronal PC12 cells. For this
experiment, we focused on K185R mutant, because is the only one that does not promote
cell death, and on KR mutant, to corroborate its massive accumulation in NPC12 cells.
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Neuronal PC12 cells were transfected with pMCS-eGFP empty vector, WT RTP801, K185R

mutant or the non-ubiquitinable KR mutant during 20 hours. By WB, we observed that KR

mutant protein levels were significantly higher than WT RTP801, while K185R protein levels
were significantly lower (Figure 58). Therefore, protein levels correlated with cell death
abrogation in the case of K185R mutant, but an increase of protein levels did not exacerbate
cell death in the case of KR mutant.

RESULTS

Figure 58. RTP801 mutants protein expression
in NPC12 cells. NGF-differentiated PC12 cells
were transfected with pCMS-eGFP empty vector,
pCMS-eGFP-RTP801,
pCMS-eGFP-RTP801K185R or pCMS-eGFP-RTP801-KR. Twenty
hours later, cells were harvested and subjected to
WB. Membranes were incubated with antibodies
against RTP801 and α-actin as loading control. All
samples were immunoblotted in the same
membrane, but some irrelevant bands were
deleted. Graph represents mean ± SEM of at least
three independent experiments. One-way ANOVA
with Bonferroni multiple comparison test,
***P<0.001 versus eGFP and #P<0.05 versus
RTP801.

Since RTP801 mediates cell death by inactivating sequentially mTOR and Akt kinases, we

next explored the mTOR pathway status in NPC12 cells transfected with the RTP801 mutant
K185R. Neuronal PC12 cells were transfected with pCMS-eGFP empty vector, WT RTP801,

K185R mutant or KR mutant. Twenty hours post-transfection, cell cultures were harvested

and subjected to WB. We tested Akt phosphorylation at Ser473 as readout of mTORC2
complex activity193, and S6 ribosomal protein phosphorylation as readout of mTORC1
complex activity335. We also measured Akt phosphorylation at Thr308 to monitor the whole
Akt activity, and mTOR phosphorylation at Ser2448 as readout of mTOR kinase activity336–
338.

We confirmed that WT RTP801 significantly decreased phosphorylation of mTOR, S6 and
Akt at both residues, in comparison to control (eGFP transfected) cells (Figure 59). Similar
results were obtained in cells transfected with the KR mutant. Interestingly, mutant K185R
prevented from mTOR pathway repression, since it did not alter mTOR, S6 and pro-survival

kinase Akt phosphorylation (Figure 59). These results go in line with the previous survival
experiment where the K185R mutant did not induce cell death, while WT RTP801 and KR
mutant were similarly toxic.
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Figure 59. RTP801 mutant K185R does not inactivate mTOR signaling in NPC12 cells. NGFdifferentiated PC12 cells were transfected with pCMS-eGFP empty vector, pCMS-eGFP-RTP801, pCMSeGFP-RTP801-K185R or pCMS-eGFP-RTP801-KR. Twenty hours later, cells were harvested and resolved
in a WB. Membranes were incubated with antibodies against P-Akt (S473), P-Akt (T308), P-S6 (S235/236),
P-mTOR (S2448) and α-actin as loading control. Representative immunoblots are shown along with
densitometries (mean ± SEM) of at least three independent experiments in duplicate. One-way ANOVA with
Bonferroni multiple comparison test, **P<0.01, ***P<0.001 versus eGFP and #P<0.05, ##P<0.01, ###P<0.001
versus RTP801.

11. RTP801 PROTEOMIC ANALYSIS
RTP801 is a protein with no functional motifs or structural domains identified from its amino
acid sequence analysis. Recently, one group was able to crystallize a segment and they
found that RTP801 presents a unique topology282. Intriguingly, the only known function of

RTP801 is its ability to repress mTOR179,281, although the mechanism is not completely
understood180,282.

In this thesis, we have carried out proteomic analysis to identify new putative RTP801

interactors and proteins modulated by its overexpression. These studies were done in

collaboration with Dr. Enrique Santamaría and the Navarrabiomed proteomics unit
(Pamplona, Spain).

11.1

Putative RTP801 protein interactors

First, we performed a proteomic analysis to identify potential new RTP801 protein interactors

and to better comprehend its regulatory mechanisms over mTOR. For that purpose,
endogenous RTP801 was immunoprecipitated from untreated and 6-OHDA-treated cortical

neurons. The resulting immunocomplexes were resolved in a polyacrylamide gel that was

stained with SYPRO® Ruby to visualize protein bands (Figure 60). As negative controls, non95
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specific rabbit immunoglobulins (IgG) were added to cell extracts or RTP801 antibody was

added to lysis buffer alone (bands not shown in Figure 60). The numbered bands were cut

RESULTS

for further analysis (Figure 60).

Figure 60. Polyacrylamide gel of RTP801 immunocomplexes. DIV 12 rat cortical neurons were exposed
or not to 50 µM 6-OHDA. Sixteen hours later, cells were harvested, RTP801 was immunoprecipitated and
the resulting immunocomplexes were resolved in a SDS-PAGE gel. As negative controls, non-specific rabbit
immunoglobulins (IgG) were added to lysates or RTP801 antibody was added to lysis buffer. Gels were
stained with SYPRO Ruby® and some bands were numbered and cut for further tryptic digestion and mass
spectrometry analysis. A representative gel is shown of two independent experiments. Ut=untreated.

Excised bands were digested with trypsin and analysed by mass spectrometry to detect the

peptides. Identified putative RTP801 partners are summarized in Table 12, containing protein
name, accession number, molecular weight (M.W.), the obtained score and the number of

identified peptides. It is also specified whether potential RTP801 partners were detected in

one or two experiments (column n). Proteins detected both in negative controls and in

RTP801 immunocomplexes were excluded as nonspecific. In the case of band number 13,
apart from some potential interactors we also detected our bait protein, RTP801, confirming
proper immunoprecipitation.
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Accession
Number

M.W.
(KDa)

1a

G3V6S0

273,5

2a

E9PSZ3

4a

UNTREATED

5a

6a

Score

Peptides
(95%)

Protein Sptbn1, spectrin beta chain

1

16

8

284,7

Spectrin alpha chain, non-erythrocytic 1

D3ZN76

253,3

Protein Sec16a

F1M779

191,6

Clathrin heavy chain

2

Q9JLA3

176,4

UDP-glucose:glycoprotein glucosyltransferase 1

1

F1LSE6

133,4

Liprin-alpha-3

2

41
110

1

35

17

6,0

3

A0A0G2JYQ3

3a

n

Protein Name

D4A9D6

239,1

YLP motif-containing protein 1

13

18

9

94,4

Matrin-3

1

5,9

Q498R3

90,7

DnaJ homolog subfamily C member 10

F1M8L1

79,7

Kinesin-like protein

82,2

D3ZUY8

107,7

Q641Y8

82,5

P43244

B5DFC3

86,2

Adaptor protein complex AP-2, alpha 1 subunit

1

ATP-dependent RNA helicase DDX1

1

Protein Sec23a

1

Histone-arginine methyltransferase CARM1

1

Polypyrimidine tract-binding protein 1

1

Protein RUFY3

Adducin 1 (Alpha), isoform CRA_b

F1LPS8

33,7

Transcriptional activator protein Pur-alpha

53,1
34,2

Lactadherin
Protein Uprt
Sterol-4-alpha-carboxylate 3-dehydrogenase,
decarboxylating
Guanine nucleotide-binding protein G(o) subunit α
Glyceraldehyde-3-phosphate dehydrogenase
Protein Qpct

Q5PPL3

40,4

P59215
M0R590
D4AC85
P19945
P62138

Q6P9Y4
P62909

B5DF24

A0A0G2JV65
P68255
P61983
P00762
P68511

40,1
35,8
41,1
34,2
37,5

32,9
26,7
31,7
29
29
29
29
29

3

3

7

52,9

Q1PBJ1
D4ABC7

5

8

14

Q5FVJ0

33,5

11

1

Protein RGD1309586

F1LSL1

23

Protein Rabl6

72,3

55,2

3

16

D3ZN21

Q6AYT3

3

35

80,3

70,3

22
62

1

A0A0G2JSM7
D3ZKQ4

1

41

26

6,2

59,2

14a

2

1

D4A962

Protein Tjp2

F1LM18

13a

4

78

Heterogeneous nuclear ribonucleoprotein U-like 1

131,3

3

51

96,0

Q3ZB99

14

93

1

8a

12a

1

6

DEAH (Asp-Glu-Ala-His) box polypeptide 9

Q4AE70

11a

1

28

131,7

7a

10a

1

tRNA-splicing ligase RtcB homolog

Transcription factor Pur-beta

60S acidic ribosomal protein P0

1

1

1

1

1

14-3-3 protein gamma
Anionic trypsin-1

14-3-3 protein eta

6

20

11

4

2

5

3

9

5

1
1
1

5
4
4

2
2
1

1

1

1

14-3-3 protein theta

12

6

1
1

2

40S ribosomal protein S3
14-3-3 protein zeta/delta

12

3
3
6
5

1

Uridine-cytidine kinase

10

7
7
12
10

Serine/threonine-protein phosphatase PP1-alpha
catalytic subunit
ADP/ATP translocase 1

19

7

3

8

4

6

3

1

13

9

1

5

3

8

7

1

19

10

1

8

7

1
1
1

12

9

4

5

4

5
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P35213

25,8

14-3-3 protein beta/alpha
Protein Ttc9b

1

4

6

n

Score

Peptides
(95%)

45

22

5

2

1

Band

Accession
Number

M.W.
(KDa)

3b

F1LSE6

134

Liprin-alpha-3

1

26,7

40S ribosomal protein S3

1

2b

6-OHDA

D3ZTK0

29

13b
14b

F1M779

Q6P9Y4
P62909

A0A0G2JV65

192

32,9
26

Protein Name

Clathrin heavy chain

ADP/ATP translocase 1

14-3-3 protein zeta/delta

1

1

1

4

101
7

2

52

12

Table 12. RTP801 putative protein interactors in cortical neurons. Identified putative RTP801 partners
with their accession numbers (Uniprot database), molecular weight (M.W), number of times identified (n),
score and the number of peptides detected. Proteins displayed in orange need to be further confirmed as
specific, since from the corresponding band in controls any reliable identification could be determined.
Proteins displayed in yellow has been identified in two independent experiments.

To obtain a general overview of the results we grouped RTP801 partners with similar
functions. Some structural proteins were identified, such as α and β subunits of spectrin, that

is a cytoskeletal protein that plays a role in the maintenance of the cell membrane
structure341. Also, matrin-3, that is a nuclear matrix protein342. These findings can be

indicative of RTP801 localization at the membrane and nucleus, two subcellular localizations
that have been previously reported for RTP801284.

The vast majority of the identified putative RTP801 partners were proteins related to RNA

processing. There are some RNA helicases, enzymes that catalyze the unwinding of RNA,
such as DEAH box polypeptide 9, ATP-dependent RNA helicase DDX1 and RGD1309586

protein. Also single-stranded DNA-binding proteins such as transcriptional activator protein
Pur-alpha and the transcription factor Pur-beta, and some proteins related to splicing, such
as tRNA-splicing ligase RtcB homolog and polypyrimidine tract-binding protein 1.

Moreover, proteins related to endoplasmic reticulum (ER) were also detected. For instance,
UDP-glucose:glycoprotein glucosyltransferase 1 and DnaJ homolog subfamily C member 10
are involved in the correct folding of proteins343,344, and Sec16a and Sec23a proteins play a

role in the ER-Golgi trafficking345,346. This fact suggests the possibility that RTP801 could

also localize in the ER. Nevertheless, further investigations are in process to confirm these
binding partners.

Besides, we identified guanine nucleotide-binding protein G(o), a type of G protein, which
are activated by G protein-coupled receptors (GPCRs). Interestingly, RTP801 translocates

to the plasma membrane in response to GPCRs activation284. Hence, this interaction could
be involved in the observed RTP801 localization change.

Remarkably, several isoforms of 14-3-3 proteins have been detected in RTP801
immunocomplexes, but need to be further confirmed as specific. These regulatory proteins
can bind a broad range of partners to modulate several biological processes347. Importantly,
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RTP801-14-3-3 interaction has been previously proposed to be involved in mTOR
inhibition180. However, this hypothesis remains controversial282. Hence, it would be relevant

to determine whether 14-3-3 proteins are specific RTP801 partners in neurons to clarify
RT801 inhibition mechanism towards mTOR.

More interestingly, we identified several putative RTP801 interactors that play a relevant role
in neuronal processes. These proteins are RUFY3, which is exclusively expressed in the

brain and controls axon growth348, protein phosphatase 1 (PP1), which regulates

transcriptional events involved in long-term synaptic plasticity349, glyceraldehyde-3phosphate dehydrogenase (GAPDH), a protein that has been encountered in α-synuclein
aggregates in PD350 and Qpct, which has been identified as a potential druggable target for
Huntington’s disease351. These putative partners need to be further validated as RTP801

interactors, and also further studies are required to elucidate the physiological consequences
of their interaction.

were liprin-α-3 and clathrin (heavy chain). Liprin-α-3 is expressed in the brain and is involved

in synapse formation and maturation352. Clathrin is a protein that plays a major role in coated
vesicles formation for intracellular trafficking and endocytosis353. Interestingly, AP-2 adaptor
complex, a membrane protein involved in cargo internalization through clathrin-mediated
endocytosis was also encountered in the proteomic analysis as a RTP801 interactor.

This putative RTP801-clathrin or RTP801-AP-2 interaction suggests that RTP801 could be
internalized from the cell surface to endosomes through clathrin-coated vesicles. Moreover,

clathrin-mediated endocytosis regulates synaptic vesicle recycling354, a crucial process for
neurons. Hence, RTP801 could also have an active role in synaptic dynamics.

In cortical neurons exposed to 6-OHDA, all the identified RTP801 interactors were also

detected in untreated neurons. However, the intensity of bands 2b and 3b were markedly
different from their equivalent bands in untreated neurons, suggesting variations in the
abundance of detected proteins (Figure 60). In line with this, the intensity of the bands

correlate well with the number of peptides identified. For instance, band number 2 showed

higher intensity after 6-OHDA exposure and more clathrin peptides were identified in this
condition. On the other hand, the intensity of band number 3 decreased after 6-OHDA
treatment, while less liprin-α-3 peptides were detected (Table 13).
Clathrin (band 2)
Liprin-α-3 (band 3)

Untreated
41
62

6-OHDA
52
22

Table 13. Number of peptides identified for clathrin and liprin-α-3 in untreated and 6-OHDA-treated
neurons.
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The most relevant proteins with the highest score and number of peptides in the analysis

RESULTS
These differences in clathrin and liprin-α-3 abundance need to be further confirmed, but
would represent valuable information to investigate RTP801-related changes induced by 6OHDA exposure.

11.2

RTP801 and AP-2 co-immunoprecipitate in neurons

To further validate clathrin and AP-2 as RTP801 partners we performed coimmunoprecipitation assays. Endogenous RTP801 protein was immunoprecipitated from

cortical neurons and the obtained immunocomplexes were subjected to WB. Intriguingly, we
detected the presence of β-adaptin, a subunit of the AP-2 complex, but not the presence of
clathrin (Figure 61, left panel). We also immunoprecipitated endogenous clathrin from cortical
neurons. By WB, we detected β-adaptin (AP-2), that is a well-established clathrin partner355,

RESULTS

but we did not encounter RTP801 (Figure 61, right panel).

Figure 61. RTP801 and β-adaptin (AP-2) interact in neurons. RTP801 (left panel) and clathrin (right
panel) were immunoprecipitated from DIV 13 rat primary cortical neurons. Non-specific rabbit
immunoglobulins (IgG) and lysis buffer (LB) were used as negative controls. The resulting
immunocomplexes were analysed by WB with antibodies against clathrin, β-adaptin (a subunit of the AP-2
complex) and RTP801. Representative immunoblots are shown of at least two independent experiments.
IP=immunoprecipitation, LB= lysis buffer

So, we confirmed the RTP801-AP-2 interaction, but not the RTP801-clathrin interaction.
However, RTP801 and clathrin are connected through AP-2, since both proteins are AP-2

partners. After validating this protein interaction, further studies will be required to explore
the physiological consequences.

11.3

Proteome modulation by RTP801

To further explore RTP801 actions, we studied which proteins are upregulated or

downregulated by RTP801 overexpression. Neuronal PC12 cells were transfected with

RTP801 or pMCS-eGFP empty vector during 20 hours prior harvesting. The obtained
proteins were precipitated from cell extracts and digested for further identification and

quantification. A total of 1593 proteins were identified, of which 21 were differentially
expressed between the two conditions. Proteins downregulated by RTP801 are displayed in
green, while proteins upregulated by RTP801 are displayed in red (Table 14).
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Unfortunately, any of the proteins modulated by RTP801 overexpression was identified
previously as an RTP801 interactor. However, AP-3 complex and amphiphysin were
upregulated by RTP801. These proteins, like RTP801 interactor AP-2, are related with

clathrin-mediated endocytosis. Interestingly, AP-3, that is a clathrin adaptor protein like AP2, has been implicated in biogenesis of synaptic vesicles and in the sorting of proteins from

the Golgi to late endosomes or lysosomes356,357. Amphiphysin has been described to play a

role in clathrin-mediated endocytosis of synaptic vesicles and to directly interact with AP-2

and clathrin358–360. So, the modulation of these clathrin-related proteins suggests a role for
RTP801 in processes dependent on clathrin-coated vesicles dynamics. These events are
particularly important at synaptic level.

Glutaredoxin-1

Q9ESH6

Uncharacterized protein

A0A0G2KB77

70

Protein Ranbp1

D4A2G9

117

P43278

27

Transcription initiation factor IIA subunit 1
Protein Gse1

STE20-like serine/threonine-protein kinase

O08949

F1M4A7
O08815

Uncharacterized protein

M0R3V4

Protein Ppp1r13l

F1LW07

Histone H1.0

Confidence
Fold
score
Change
37
0,754
30

0,730

19

0,716

23

66

20

12

Protein Smarca2

A0A0G2JUS4

19

Protein LOC100362142

D3ZFY8

36

Q6P6T9

51

F1LPP0

34

Histone H2A

D4AEC0

Protein Sdf2

D4A4H5

Inositol monophosphatase 1

F1M978

Importin subunit alpha
Amphiphysin

Eukaryotic peptide chain release factor subunit 1
AP-3 complex subunit beta
7-methylguanosine phosphate-specific 5'nucleotidase
Coronin

Q5U2Q7
D4AE00

Q6AYP7
G3V624

59
9

13

10

32

29

49

0,720
0,716
0,693
0,690
0,678
0,678
0,663
0,595
0,575
0,570
0,558
1,305
1,324
1,326
1,450
1,575
1,602
2,143

P val

0,013
0,049
0,013
0,036
0,041
0,024
0,032
0,040
0,047
0,008
0,043
0,019
0,008
0,022
0,043
0,013
0,029
0,014
0,023
0,013
0,013

Table 14. Proteins modulated by RTP801 in NPC12 cells. NGF-differentiated PC12 cells were transfected
with pCMS-eGFP empty vector or pMCS-eGFP-RTP801 for 20 hours. Then, cells were lysed and proteins
were precipitated from cell extracts. The purified proteins were further digested with trypsin and the resulting
peptides concentrated and analysed by nano-HPLC coupled to mass spectrometry using a label-free
approach. A total of 1593 proteins were identified and quantified with the Progenesis Ql software. The table
shows the 21 proteins that were differentially expressed (P<0.05) in cells overexpressing RTP801 compared
to controls (the experiment was performed in triplicate). Protein name, accession number (Uniprot database),
the obtained confidence score, fold change and P value are displayed. Proteins that present a fold change
lower than 0.77 (in green) are downregulated by RTP801 (more expressed in control cells), while proteins
that present a fold change higher than 1.3 (in red) are upregulated by RTP801 (more expressed in cells
overexpressing RTP801).
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RNA polymerase II-associated protein 3

Accession
number
Q68FQ7

Protein names

RESULTS
The majority of the proteins modulated by RTP801 were related to transcription or translation.

In this group we found Histone H1.0, Histone H2A, Smarca2, RNA polymerase II-associated

protein 3, transcription initiation factor IIA and eukaryotic peptide chain release factor 1. Many
of the previous identified RTP801 interactors were also related to RNA processing (Table 3),
so a role for RTP801 at transcriptional level should be considered.

Some proteins downregulated by RTP801 were related to apoptosis, which is a known

RTP801 function in differentiated cells. This is the case of STE20-like serine/threonineprotein kinase and PPP1R13L protein (also known as iASPP). Interestingly, RTP801
overexpression downregulated iASPP, a protein that inhibits the apoptotic function of p53361.

Another protein downregulated by RTP801 was Glutaredoxin-1, a protein reported protective

in dopaminergic cells exposed to PD toxins362. Other differently expressed proteins were

RESULTS

nucleus related proteins, such as importin and Ranbp1.
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RTP801 is a pro-apoptotic protein induced in cellular and animal models of PD and in nigral

neurons from sporadic PD patients. It triggers death by a sequential mechanism in which
inactivates mTOR and the pro-survival kinase Akt136,137. So, RTP801 actions toward mTOR
signaling pathway may play a significant role in neurodegeneration and would represent a
potential therapeutic target.

One remarkable feature of RTP801 protein is its extremely short half-life (2-7 minutes)292,295,

suggesting that its synthesis and degradation are strictly and dynamically regulated. In our
group we have already identified parkin as a RING E3 ligase that ubiquinates RTP801

targeting it to proteasomal degradation296. However, other E3 ligases may be contributing to

RTP801 degradation and consequently be regulating its protein levels. Taking into account

that there is a harmful RTP801 elevation in several PD models136, it would be valuable to
identify new E3 ligases regulating RTP801 and to study its possible implication in this
neurodegenerative disease.

In this work, we show in neurons and in NGF-differentiated PC12 cells that there is a pool of

RTP801 that is degraded via lysosomal pathway. We also demonstrate that RTP801 is a

novel substrate for NEDD4 E3 ligase; both proteins interact physically in cells and NEDD4

enhances RTP801 polyubiquitination. We show that NEDD4 preferentially conjugates K63
ubiquitin chains to RTP801, a type of polyubiquitination associated with lysosomal

conditional knockout mouse model. We also provide evidence that NEDD4 protects against

RTP801 toxicity by polyubiquitinating it. Furthermore, NEDD4 levels are decreased in the 6OHDA PD cellular model and its restoration protects against 6-OHDA-induced cell death by
reducing RTP801 protein levels. Moreover, NEDD4 loss of function is toxic in cells due to

RTP801 elevation and the subsequent mTOR/Akt inactivation. A role for NEDD4 in PD is
supported by observation of diminished NEDD4 in nigral neurons from postmortem sporadic

PD brains. In line with these findings, the NEDD4 signaling inducer NAB2 reduces RTP801
protein levels in control and in 6-OHDA-treated cortical neurons. However, NAB2 is not

sufficient to confer protection against 6-OHDA toxicity, because the compound itself
represses mTOR signaling pathway compromising cell survival.

Besides, a putative crosstalk between NEDD4 and parkin E3 ligases have been identified.

Ectopic WT parkin overexpression significantly decreases overexpressed NEDD4, but it does

not affect endogenous NEDD4 in cells. Furthermore, NEDD4 levels are increased in parkin

knockout mouse brains and in human fibroblasts from AR-JP patients with parkin mutations.
We also provide evidence that ubiquitination is involved in RTP801 protein stability and
function. Different RTP801 mutants have been obtained by mutating each lysine (K) to

arginine (R), an amino acid that structurally resembles lysine but cannot be ubiquitinated.
Moreover, a non-ubiquitinable mutant (RTP801-KR) has been generated by mutating the six
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degradation. Importantly, NEDD4 regulates RTP801 protein levels in cultured cells and in the
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lysines present in RTP801 sequence. As expected, RTP801-KR mutant is massively
accumulated in cells, although its toxicity does not differ from WT RTP801, suggesting that
surpassed a determined threshold, increasing RTP801 levels does not exacerbate cell death.
In contrast, RTP801-K185R mutant displays lower levels than WT RTP801 and abolishes

the pro-apoptotic role of RTP801, pointing out that ubiquitination at lysine 185 is critical for
its toxicity. Supporting these observations, WT RTP801 and RTP801-KR similarly repressed
mTOR pathway, whereas RTP801-K185R prevented from mTOR signaling inactivation.

Finally, by performing proteomic analysis of RTP801 immunocomplexes, we have identified
a subset of potential new RTP801 protein interactors in neurons. Among these potential

partners, clathrin and liprin-α-3 were the ones displaying a highest score. Interestingly, AP-2
complex, a previously described clathrin partner involved in cargo internalization355, has been

also identified. These results suggest that RTP801 can be present in clathrin-coated vesicles.
To further explore RTP801 mechanism of action, another proteomic study allowed us to

identify proteins significantly upregulated or downregulated by RTP801 overexpression.
Interestingly, some of the identified RTP801-modulated proteins are related to clathrinmediated endocytosis process, supporting previous results. The rest of RTP801-modulated

proteins are related to various cellular functions, including apoptosis. These data have
provided new valuable information about RTP801 protein actions that need to be further
investigated.

1. RTP801 IS A NEW SUBSTRATE FOR NEDD4 E3 LIGASE
Here, we have confirmed that RTP801 protein is mostly degraded by the UPS in two different

neuronal cell types. In agreement with that, proteins displaying short half-lives are considered
more prone to be degraded by the proteasome363. However, our results reveal the existence

of a pool of total RTP801 degraded through lysosomes. This lysosomal fraction is markedly
higher in cortical neurons than in neuronal PC12 cells, pointing out that the amount of
RTP801 degraded by each pathway can vary between cell types.

Lysosomes are responsible for the degradation of membrane proteins through endocytosis,
as well as for the clearance of cytosolic proteins through autophagy51,76. Hence, the observed

RTP801 lysosomal fraction can arise from membrane RTP801 endocytosis or from cytosolic
RTP801 autophagy. Considering that RTP801 can be localized at the membrane180,284, one

can hypothesize that membrane-bound RTP801 is endocytosed and degraded via
lysosomes, while cytosolic RTP801 is degraded via proteasome. However, the possibility of

autophagy-mediated RTP801 degradation cannot be discarded. To further verify this issue,

it would be interesting to test whether downregulation of ESCRT components, which mediate
endosomal-lysosomal trafficking, alters RTP801 degradation.
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Importantly, dysfunction of proteasome and lysosome systems has been described in

PD69,70,364–366. Hence, both pathways could be contributing to the previously reported
RTP801 elevation in PD pathogenesis136.

We demonstrate that NEDD4 E3 ligase is able to ubiquitinate RTP801 in a cell-free system

and to enhance RTP801 polyubiquitination in cells, pointing out RTP801 as a novel NEDD4

substrate. Moreover, NEDD4 preferentially attaches K63-polyubiquitin chains to RTP801, a
type of chains that have lower affinity than K48-polyubiquitin chains for the 26S proteasome,

and that are widely associated with lysosomal degradation367. Therefore, NEDD4

Figure 62. NEDD4 ubiquitinates RTP801 preferentially with K63-polyubiquitin chains as a signal for
lysosomal degradation. Schematic representation of the final ubiquitination step by which NEDD4 E3
ligase conjugates ubiquitin to RTP801, the type of polyubiquitin chains formed and the subsequent
degradation via lysosomes.

Again, whether NEDD4-polyubiquitinated RTP801 is delivered to lysosomes through
membrane endocytosis or autophagy remains undetermined, since K63-polyubiquitin chains

can function as a signal for both pathways51,82. However, the fact that NEDD4 can be

localized at the membrane228, like RTP801, suggests that NEDD4 targets RTP801 for
endocytosis and subsequent lysosomal degradation. Supporting this notion, several of the

previously identified NEDD4 substrates are membrane proteins targeted to the endosomal-

lysosomal pathway246,271,368. In addition, NEDD4 membrane translocation has been reported
to stabilize the active conformation of this E3 ligase256.

Apart from NEDD4, only two E3 ligases have been described to ubiquitinate RTP801:
CUL4A-DDB1-ROC1-β-TRCP E3 ligase complex295 and parkin296, since HUWE1 seemed to
control RTP801 in a UPS independent manner, via a feedback loop controlled by
mTORC1369.
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ubiquitinates RTP801 and targets it to lysosomal degradation (Figure 62).
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Nonetheless, CUL4A-DDB1-ROC1-β-TRCP E3 ligase complex has been questioned by
others who claimed that RTP801 levels were not modified in cells treated with MLN4924
compound, an inhibitor of all cullin-RING E3 ligases370. Hence, RTP801 turnover might not

be regulated by any of the cullin-RING ligases, which represent about half of all cellular E3
ubiquitin ligases.

On the other hand, parkin was reported to mediate RTP801 ubiquitination and subsequent
proteasomal degradation296. Cellular and animal models along with human samples were

used to demonstrate that RTP801 is a real parkin substrate, and that PD-associated parkin
dysfunction contributes to RTP801 elevation296.

So, RTP801 can be ubiquitinated by both parkin and NEDD4 E3 ligases, although they differ

in the type of polyubiquitination and degradation. Parkin polyubiquitinates RTP801 with K48ubiquitin chains, targeting it for proteasomal degradation while NEDD4 appears to

polyubiquitinate RTP801 with K63-ubiquitin chains, targeting it to lysosomal degradation.

One can speculate that each E3 ligase regulates different pools of RTP801; NEDD4 would

most likely principally contribute to membrane RTP801 degradation, whereas parkin would
mostly contribute to cytoplasmic RTP801 degradation. It is important to highlight that other

unidentified E3 ligases could be also ubiquitinating RTP801 contributing to its posttranslational regulation.

Some global ubiquitination studies have determined that human RTP801 is ubiquitinated at
lysine 129 (K129)371–373. However, further investigations will be required to determine
whether this is the specific lysine ubiquitinated by NEDD4, or even parkin.

Supporting the role of NEDD4 as an E3 ligase for RTP801, we show that both proteins
physically interact in cells. Ectopic NEDD4 and RTP801 proteins co-immunoprecipitate in

HEK293 cells, and endogenous proteins co-immunoprecipitate in NPC12 cells, but only in

the presence of crosslinker DSP. This fact suggests that NEDD4 and RTP801 interact weakly

and/or transiently. In agreement with this finding, E3-substrate binding has been reported to
be transient315. Interestingly, the observation of both proteins colocalizing in the soma and
dendrites of neurons support the idea of their interaction.

As previously mentioned, the WW domains of NEDD4 are normally responsible for substrate
binding, via recognition of proline-rich motifs (PY), such as PPXY (X is any amino acid) and

PPLP, or phospho-serine/threonine residues [p(S/T)]238,374,375. RTP801 sequence does not

have any defined proline-rich motif, but at the N-terminal part of the amino acid sequence it
presents several serine and threonine residues susceptible for phosphorylation (see figure

15). Indeed, serine 19, threonine 23 and threonine 25 of human RTP801 have been identified
as phosphorylation sites for GSK3β295. Hence, these residues could represent a binding site
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for NEDD4 WW domains. An alternative way for RTP801 binding would be through action of
NEDD4 adaptor proteins NDFIP1 and NDIFP2258.

2. NEDD4 REGULATES RTP801 PROTEIN LEVELS IN CELLULAR AND ANIMAL
MODELS

We demonstrate that NEDD4 regulates RTP801 protein steady-state levels in cells. Ectopic
WT NEDD4 significantly reduces RTP801 protein levels in neuronal PC12 cells and in cortical

neurons, without altering its transcription. On the other hand, NEDD4-C867S mutant does
not modify RTP801 protein levels. The fact that RTP801 levels are not elevated by this

inactive mutant suggests that is not acting as a dominant negative by disrupting endogenous
NEDD4 activity in basal conditions.

Supporting this regulation, we show that knocking down NEDD4 in cortical neurons promotes
an increase of RTP801, along with a phosphorylation decrease of Akt pro-survival kinase

and an increase of caspase-cleaved α-spectrin fragment. Thus, NEDD4 depletion appears

to be detrimental for neurons. Taking into account that RTP801 functions as an mTOR/Akt
pathway repressor, a logic rationale would be that NEDD4 loss of function elevates the levels

of its substrate RTP801, which in turn, represses pro-survival Akt signaling leading to neuron
death.

elevation results indispensable for NEDD4 knockdown toxicity. In fact, knocking down

RTP801 at the same time as NEDD4 prevented the loss of phospho-Akt and phospho-S6
and the appearance of caspase-cleaved α-spectrin fragments. Hence, NEDD4 activity over

RTP801, which in turn is a negative regulator of Akt and mTOR, would be crucial to prevent
neurodegeneration.

Besides, NEDD4 has been directly related to IGF-1R/PI3K/Akt pathway at different levels;

NEDD4 polyubiquitinates phospho-Akt at the plasma membrane to modulate Akt subcellular
localization376; it binds Grb10 to regulate ubiquitination and stability of IGF-1R228,235 and it
downregulates PTEN248,249.

Importantly, we further corroborated that NEDD4 regulates RTP801 protein levels in vivo.
Cortical lysates from NEDD4f/f;Emx1Cre conditional knockout mice presented a 50%
reduction of NEDD4 levels and a significant increase of RTP801 protein levels. This partial

NEDD4 abrogation was expected, since its expression is abolished in cortex glutamatergic
neurons and glia cells, but not in other cell types254,320.

In contraposition to neurons, no significant changes are observed in Akt phosphorylation and
caspase-cleaved α-spectrin fragment in mice (data not shown). These events suggest that
the observed RTP801 elevation is not sufficient to induce neuronal death, probably due to
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This hypothesis was confirmed by a double knockdown experiment in which RTP801
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compensation effects of other redundant E3 ligases. Interestingly, parkin, a previously
described E3 ligase for RTP801, was not altered in these mice (data not shown). However,

other unexplored E3 ligases, such as NEDD4-2, the family member most closely related to
NEDD4223,225,262, could be compensating the lack of NEDD4. In addition, it should be

emphasized that pro-apoptotic effect of RTP801 have only been observed in non-proliferating
differentiated cells136,275, so the potential RTP801 accumulation in cortical glial cells would
not be toxic.

Little is known about NEDD4f/f;Emx1Cre conditional mice phenotype, but the similar
NEDD4f/f;NEXCre mice presenting abolished NEDD4 expression in cortical and hippocampal
glutamatergic neurons, showed smaller cerebrum and reduced dendrite branching of

hippocampal neurons254. A molecular mechanism involving Rap2a and TNIK was proposed
to explain this events254. Since RTP801 is also present at dendrites of hippocampal

neurons377, it would be interesting to investigate whether RTP801 levels are altered in neuron
projections from this mice and whether it plays a role in the alterations reported.

3. NEDD4 IS DECREASED IN 6-OHDA-TREATED CELLS AND IN NIGRAL
NEURONS FROM SPORADIC PD PATIENTS

PD toxin 6-OHDA is known to upregulate RTP801 in neuronal PC12 cells, both at gene and
at protein level136,296. In this work we confirm these results and we show that 6-OHDA

treatment increases RTP801 protein half-life, revealing an impairment in its protein
degradation. So, RTP801 accumulation may be the result of two additive events: DDIT4 gene
induction and altered RTP801 protein degradation.

In neuronal PC12 cells, we show that PD toxin 6-OHDA reduces NEDD4 protein levels,
without altering NEDD4 mRNA levels, an interesting finding that was yet not known.
Moreover, these observations were extended to cortical neurons, where similar RTP801 and

NEDD4 protein changes were induced by 6-OHDA. These findings suggest that NEDD4 is
sensitive to 6-OHDA-associated oxidative stress and that its reduction could contribute to
RTP801 elevation, by impairing its protein degradation rate.

Similarly to PD toxin 6-OHDA, the hypoxia-mimetic agent CoCl2 significantly elevates

RTP801 and reduces NEDD4 protein levels in neuronal PC12 cells. This RTP801 elevation
was expected, since hypoxia has been described to induce DDIT4 transcription179,275 and
particularly CoCl2 has been shown to upregulate RTP801286,322.

However, the NEDD4

reduction induced by this hypoxia-mimetic compound was yet not described. These new data
provides valuable knowledge about how NEDD4 is regulated in response to different cellular
stressors.
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Both compounds, PD toxin 6-OHDA and hypoxia-mimetic agent CoCl2, have in common that
generate ROS inducing oxidative stress. Also, they equivalently regulate NEDD4 and
RTP801 protein levels in neuronal PC12 cells. Thus, our results suggest that oxidative stress
promotes a significant NEDD4 decrease that could contribute to the observed RTP801
elevation.

Contrary to our findings, another group reported that oxidative stress elevated NEDD4 in
cultured primary cortical neurons245. Neurotoxic agents H2O2, ZnSO4 and camptothecin, all

known to produce ROS, upregulated NEDD4 protein levels. In the case of H2O2 exposure,
NEDD4 gene was induced by FOXM1B transcription factor245.

Hence, oxidative stress induced by different agents can have contrary effects in NEDD4
expression, suggesting that each compound can trigger activation of different pathways.

Otherwise, the exposure time to the compounds was markedly different between both studies

and could also influence results. While NEDD4 upregulation was showed after 4 hours,

NEDD4 reduction by 6-OHDA and COCl2 was measured after 16 hours of treatment. In view
of NEDD4 potential neuroprotective role, one possibility would be that oxidative stress
induces its expression at early time points as a protective mechanism to cope with stress
and deal with RTP801 upregulation, while at later time points NEDD4 expression decays,
contributing to RTP801 elevation and toxicity.

transcription prompted the question of which events alter its protein stability. It is well
established that 6-OHDA neurotoxin induces caspases and calpains activation132,324,325, and

also that NEDD4 can be cleaved by caspases378. Consistent with this, our results show that

6-OHDA activates both type of proteases. Moreover, we show that not only caspases but

also calpains participate into NEDD4 proteolysis in NPC12 cells. Still remains unexplored
whether other processes could contribute to NEDD4 protein reduction.

In this direction, we demonstrate that 6-OHDA exposure increases NEDD4 protein levels in
the exosomal-enriched extracellular fraction. Two exosomal markers, TSG101 and flotillin-1,
are also elevated in this fraction after 6-OHDA treatment, suggesting that this toxin increases
the release of total extracellular microvesicles. In agreement with that, 6-OHDA has been

reported to trigger an increase of cytosolic calcium331, an event described to enhance
exosomal release in different cell types327–330.

Consistent with the toxicity induced by the loss of NEDD4 in cultured neurons, we found in
human PD brains that the percentage of NEDD4-stained nigral neurons from SN is lower in
PD cases than in age-matched controls. This result correlates with the previously reported
elevation of RTP801 in nigral neurons from sporadic PD cases136.
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The fact that PD toxin 6-OHDA decreases NEDD4 protein levels without modifying its gene
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Conversely, Tofaris et al. (2011) described that NEDD4 was strongly expressed in pigmented

neurons containing LBs in the LC and SN from patients with LB pathologies271. This NEDD4
elevation was proposed to be a neuroprotective mechanism in response to accumulation of

its toxic substrate α-synuclein271. According to literature, only 15% of the remaining nigral

neurons contains LB379. The fact that we considered solely PD cases and all the remaining
nigral neurons could explain the differences between these two works. Whether RTP801
levels are altered in the LC has not been yet explored.

Supporting a role for NEDD4 in neurodegeneration, Kwak et al. (2012) reported increased
expression of NEDD4 in the forebrain of Parkinson’s disease (PD), Alzheimer’s disease (AD)

and Huntington’s disease (HD) patients245. However, this study is not comparable to ours,
since the forebrain comprises other brain regions different from the SN.

Thus, NEDD4 is emerging as an important protein in PD pathogenesis, and in the process
of neurodegeneration.

4. NEDD4 IS NEUROPROTECTIVE IN PD CELLULAR MODELS BY REGULATING
RTP801 LEVELS

Previous studies demonstrated that RTP801 overexpression is sufficient to promote
approximately 50% of death in NGF-differentiated PC12 cells and in cultured neurons136,296.

Interestingly, we show that ectopic WT NEDD4, apart from decreasing endogenous RTP801

levels, partially prevents from RTP801 overexpression toxicity. As anticipated, NEDD4-

C867S inactive mutant does not prevent from RTP801-induced cell death. This mutant
neither aggravates cell death, supporting the perception that probably is not acting as a
dominant negative.

Furthermore, RTP801 ubiquitination results necessary for NEDD4 protective actions, since
it cannot prevent toxicity against RTP801-KR, a mutant with all six lysines exchanged to

arginines. This mutant cannot be ubiquitinated and subsequently degraded via UPS or

lysosomes. Consequently, it gets more accumulated than WT RTP801, although its toxicity

is not higher. RTP801-KR mutant retains its ability to repress mTOR/Akt pathway, so it seems
that surpassed a threshold, higher RTP801 levels do not exacerbate cell death. In addition,

it should be considered that RTP801-KR polyubiquination smear was not completely
abolished. The low signal observed could be attributed to endogenous RTP801 or even to
non-canonical ubiquitination at other residues380.

In cellular PD models, RTP801 was described to mediate death, since knocking down its
expression was protective against 6-OHDA toxicity136. In this study, we demonstrate that

ectopic NEDD4 prevents from 6-OHDA-induced RTP801 elevation, conferring protection
against this neurotoxin in neuronal PC12 cells and cortical neurons. The direct correlation
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between NEDD4 and RTP801 in mediating neuronal survival/death is clearly evident in the
aforementioned double knockdown experiment.

Interestingly, a similar NEDD4 protective role has previously been reported against α-

synuclein toxicity, a protein extensively associated with PD pathogenesis271,272. NEDD4 also
preferentially ubiquitinated α-synuclein with K63-polyubiquitin chains targeting it to

endosomal-lysosomal degradation271. In this case, NEDD4 protected against overexpressed
WT α-synuclein in Drosophila, and against A53T mutant in rat dopaminergic neurons272.

Controversially, NEDD4 has been described to underlie neurodegeneration by mediating
HSF1 (heat shock transcription factor 1) degradation via UPS. HSF1 induces heat shock

proteins, which represent a protective mechanism against misfolded proteins or aberrant
accumulation of proteins314.

Taken together, our results point out that NEDD4 neuroprotective effects are at least in part
due to RTP801 degradation. Under oxidative stress induced by 6-OHDA exposure, RTP801

gets accumulated and mTOR/Akt kinases inactivated, leading to neuronal death. This toxicity
can be partially reversed by NEDD4 overexpression, which enhances RTP801 degradation,

DISCUSSION

leading to mTOR/Akt phosphorylation recovery (Figure 63).
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Figure 63. Schematic representation of the hypothesized NEDD4 regulation towards
RTP801/mTOR/Akt in neuronal cells. In physiological conditions, RTP801 levels are low and NEDD4
normally contributes to its degradation. Hence, mTOR and Akt kinases are active promoting neuronal
survival. In a PD context, when neurons are under 6-OHDA-induced stress, RTP801 is transcriptionally
induced and NEDD4 protein levels are decreased. This NEDD4 reduction impairs RTP801 degradation rate
contributing to its elevation. The resulting RTP801 accumulation is responsible for mTOR/Akt
dephosphorylation and the subsequent neuronal death. This toxicity can be partially counteracted by ectopic
NEDD4, which enhances RTP801 degradation rate decreasing its levels. Consequently, mTOR/Akt activity
is partially recovered promoting neuronal survival.
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5. THE NEDD4 SIGNALING INDUCER NAB2 REGULATES RTP801 PROTEIN
LEVELS IN NEURONS

In neurons, we have further validated NEDD4 regulation towards RTP801 by using NAB2, a

compound described to function as a NEDD4 signaling inducer. However the specific
mechanism by which NAB2 activates NEDD4 remains unknown.

Here, we show that NAB2 does not modify NEDD4 protein levels, but it enhances NEDD4

polyubiquitination, suggesting that it induces NEDD4 catalytic activity instead of increasing
its expression levels. One possibility would be that NAB2 interacts with NEDD4 releasing its
autoinhibitory intramolecular interaction, thus promoting its active conformation256.

Interestingly, Tardiff et al. (2013) reported that NAB2 was protective in various cell types

against the toxic actions promoted by α-synuclein, a NEDD4 substrate273. Although α-

synuclein toxicity is generally dependent on its levels35,78, NAB2 reversed several αsynuclein-induced pathological phenotypes, such as defects in ER-to-Golgi and endosomal
trafficking, without altering its protein levels273,274.

Unlike α-synuclein, we show that NAB2 alters the expression of another NEDD4 substrate.
NAB2 significantly reduces RTP801 protein levels in control and 6-OHDA-treated neurons
without altering its transcription. Thus, this reduction in RTP801 protein levels could be

enhance NEDD4-dependent endosomal trafficking events leading to an increased RTP801
endocytosis and lysosomal degradation.

Even though NAB2 reduces 6-OHDA-induced RTP801 elevation, this compound was not
sufficient to confer protection against 6-OHDA toxicity in cortical neurons. Unexpectedly,

NAB2 itself results toxic and inactivates mTOR/Akt pathway in control neurons. Thus,

reduced RTP801 levels are not accompanied by an mTOR/Akt signaling induction,
suggesting that NAB2 may affect this signaling pathway in another way compromising cell
survival.

NAB2 toxic actions could be the consequence of alterations in other NEDD4 substrates

and/or non-specific modifications affecting NEDD4-independent signaling pathways. These
alterations may have higher influence in mTOR/Akt pathway and cell survival than the

observed RTP801 reduction. More investigations are needed to establish the exact
mechanism of action for NAB2 and thus understand its effects over NEDD4 activity and its
substrates.
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attributed to an enhanced NEDD4-mediated RTP801 degradation. Most likely, NAB2 would
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6. PUTATIVE CROSSTALK BETWEEN NEDD4 AND PARKIN E3 LIGASES
In this work, we have identified a putative crosstalk between parkin and NEDD4, two E3

ligases reported to ubiquitinate RTP801 targeting it for degradation296. We demonstrate that

ectopic WT parkin, but not inactive parkin mutants, decrease overexpressed NEDD4 protein

levels in a dose-dependent manner. Thus, parkin E3 ligase activity is required for NEDD4
downregulation. On the other hand, ectopic NEDD4 does no modify levels of overexpressed

parkin, revealing that this putative regulation is occurring only in one direction, being parkin
upstream of NEDD4.

We also show that overexpressed WT parkin does not affect endogenous NEDD4 levels,
thus questioning the physiological relevance of this putative regulation. However, NEDD4
protein levels were found elevated in parkin knockout mouse brains and in human fibroblasts
from AR-JP patients with parkin mutations, again supporting the notion that parkin could

regulate NEDD4. To further corroborate this regulation it would be interesting to knockdown
parkin with specific ShRNA and analyse NEDD4 protein levels. Moreover, it would be
valuable to extend this study to other cell types different from HEK293 cells, particularly to
neurons.

One could think that the observed NEDD4 elevation in animal and human samples is due to

compensation effects, since lack of parkin could be restituted by elevation of other E3 ligases.
Nevertheless, our previous results showing that parkin overexpression promotes a reduction
of ectopic NEDD4 protein levels support the idea of a direct regulation between both E3

ligases. If that is the case, the most logical scenario would be that parkin ubiquitinates
NEDD4 targeting it for degradation (Figure 64). This putative NEDD4 modulation by parkin
would add a degree of complexity in RTP801 regulation.

In fact, E3 ligases degradation can be regulated by themselves or by the action of external

ligases332. To date, parkin has not been described to target other ligases for degradation, but
NEDD4 has been described to be targeted by SCFβ-TRCP in a CKI-dependent manner249.

Several other E3 ligases displayed this ability. For instance, NEDD4 and Itch E3 ligases have
been reported to target Cbl (Casitas B-lineage lymphoma) to proteasomal degradation381 and

E6-AP (E6-associated protein) has been reported to ubiquitinate and target Ring1b ubiquitinligase to degradation382.
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7. RTP801 UBIQUITINATION AFFECTS ITS HOMEOSTASIS AND FUNCTION
A total of seven rat RTP801 mutants have been generated to study how ubiquitination affects
RTP801 protein homeostasis; six mutants were obtained by mutating each lysine (K) of

RTP801 amino acid sequence to arginine (R) and an extra non-ubiquitinable mutant was

obtained by mutating all six lysines to arginines. These constructs were validated by
transfection in HEK293 cells, obtaining similar efficiencies and no significant morphological
changes in transfected cells.

According to bibliography, RTP801 overexpression is not toxic in non-differentiated
proliferative cells275. In line with this, overexpression of WT RTP801 or its mutants in HEK293

cells does not promote cell death. In the same cell type, some of the mutants display
significant differences in the levels of expression compared to WT RTP801. As anticipated,
given that is a non-ubiquitinable mutant form, RTP801-KR is more accumulated than WT

RTP801. On the other hand, RTP801-K185 and RTP801-K215R present reduced protein
levels compared to WT RTP801.

This result is surprising, since if we think in ubiquitination as a degradative protein signal, we

expected that all mutants accumulated equal or more than WT protein. We suspected that
preventing ubiquitination of a specific lysine would provoke two possible outcomes: RTP801
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Figure 64. Putative crosstalk between parkin and NEDD4 E3 ligases. Parkin and NEDD4 have been
identified as E3 ligases that ubiquitinate RTP801 targeting it to degradation. Some evidences point out that
parkin could be also regulating NEDD4 protein levels, most likely by ubiquitin-mediated degradation.
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protein elevation if the mutated lysine is usually ubiquitinated (with polyubiquitin chains that
target protein for degradation) or no alteration in RTP801 protein levels if the mutated lysine
is not commonly ubiquitinated or it is ubiquitinated with a non-proteolytic type of

ubiquitination. Some types of ubiquitination are associated with protein trafficking, such as
monoubiquitination383, but localization changes within the cell seems unlikely to change
protein levels in cell lysates.

One feasible explanation for the obtained results would be that ubiquitination at residues

K185 or K215 somehow enhances RTP801 protein stability, and thus mutating them would
decrease its protein levels. However, RTP801-KR mutant, which contains these two lysines

mutations, shows higher stability than WT RTP801, revealing that non-ubiquitination of other
lysines can counteract the effect that K185 or K215 exert in the protein.

Unlike in HEK293 cells, WT RTP801 and the vast majority of RTP801 mutants induce similar
levels of cell death in neuronal PC12 cells. This RTP801 toxicity in differentiated non-

proliferative cells was previously described by others136,137,275. Of note, RTP801-K185R is
the unique mutant that completely abrogated RTP801 toxicity, suggesting that ubiquitination

at lysine 185 is critical for its pro-apoptotic function. Again, RTP801-KR, which also contains

this K185R mutation among others, does not abolish cell death, indicating that mutation at
other lysines can compensate this protective effect.

These viability results are in agreement with the degree of mTOR/Akt pathway activity in
neuronal PC12 cells. Both WT RTP801 and RTP801-KR similarly reduce phosphorylation of

mTOR, Akt and S6 when compared to control cells, while RTP801-K185R does not alter
phosphorylation of these proteins.

Interestingly, RTP801-K185R mutant also presents significant lower protein levels than WT
RTP801 in NPC12 cells, as previously observed in HEK293 cells. So, it seems that RTP801
protein levels are directly associated with its pro-apoptotic function, being less toxic when its

levels are reduced. Nonetheless, RTP801-KR mutant displays higher protein levels but

similar toxicity compared to WT RTP801. These findings suggest that RTP801 toxic actions
are proportional to its protein levels until a threshold is reached, where higher amounts of
protein does not aggravate cell death.

The fact that RTP801-K185R is less accumulated suggests that is a more unstable protein
than WT RTP801. A possible explanation for this observation would be that lysine 185

exchange to arginine destabilizes RTP801 protein structure, making it more insoluble or
prone to aggregate. However, these two amino acids structurally resemble each other and

this type of mutation is widely used in several studies384–387, prompting us to think that this is

not the most reasonable scenario. Another explanation would be that this mutant is degraded
at a higher rate. To further evaluate this option it would be decisive to study its ubiquitination
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levels and to measure its protein half-life. Furthermore, blocking its degradation in cells by

using proteasome and lysosomal inhibitors would tell us whether this mutant becomes toxic
when gets accumulated, and therefore, would confirm whether RTP801 toxicity is
proportional to its protein levels.

Taken together, our results suggest that ubiquitination at lysine 185 of rat RTP801 is

important for mTOR/Akt repression and subsequent cell death, most likely because this

mutation (K185) decreases RTP801 protein stability, leading to lower protein accumulation.
However, non-ubiquitination at all other lysine residues can counteract this loss of function,
as judged by RTP801-KR accumulation and survival assays.

In agreement with that, a structural/functional study of RTP801 human protein revealed two

segments required for function: RTP80185-193 and RTP801207-225 282. In RTP801 sequence

alignment (Figure 15), lysine 185 of rat RTP801 corresponds to lysine 188 of human RTP801,
an amino acid localized in one of these two segments required for function. So, a point
mutation in these regions could affect RTP801 activity.

On the other hand, lysine 188 was not identified to form part of the suggested surface patch
identified by sequence conservation studies based on crystal structure:
218KKKLYSSE225.

138EPCG141

and

Nevertheless, mutations of individual surface patch residues, such as

observation would correlate with the results obtained with RTP801-K216R mutant, being

lysine 216 its equivalent residue in rat sequence, which maintained RTP801 pro-apoptotic
function.

Although the stretch of lysines
mitochondria and

218KKK220

membrane284,285,

was reported important for RTP801 localization to

mutation of each individual lysine seems to not impair

RTP801 function. In addition, RTP801-KR, the mutant form with all lysines mutated, also
retains the ability to repress mTOR pathway.

Unfortunately, these mutants have not provided information about which RTP801 lysine

might be ubiquitinated by NEDD4 or parkin. The fact that any of the single lysine mutants is
significantly more accumulated than WT RTP801 reveals that more than one lysine may be
normally ubiquitinated with chains that target RTP801 for degradation. The generation of

RTP801 mutants with all lysines mutated except one would be more useful to study this
issue.
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lysine 219 mutation to alanine, only resulted in modest functional impairment282. This
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8. RTP801 PROTEOMIC ANALYSIS
RTP801 protein presents a unique topology with no functional motifs identified282. To date,

the only known function of RTP801 is to repress mTOR signaling pathway, although the exact
mechanism remains controversial179,281. Here, we have performed various proteomic

analyses in neuronal cells that led us to identify new potential interactors and proteins
modulated by RTP801 overexpression.

The obtained list of putative RTP801 interactors in cortical neurons displays a remarkable
variety of proteins. Numerous proteins are related to RNA processing, but also some
structural proteins and ER-related proteins have been detected. The fact that cytoplasmic,

membrane and nuclear proteins have been identified, confirms previous observations that
this protein can localize at all these sites283,284.

Different 14-3-3 isoforms have been detected as putative RTP801 partners, although they
need to be further confirmed as specific. In 6-OHDA-treated neurons, a 14-3-3 isoform has

also been identified. Interestingly, this interaction was previously described and implicated in
mTOR repression mechanism. It was proposed that RTP801 binds and sequesters 14-3-3,
thus disrupting the inhibitory function of this protein towards TSC2180. Other studies

confirmed this interaction by co-immunoprecipitation assays388–390. However, RTP801 and
14-3-3 interaction hypothesis was rejected by others, who were not able to detect binding of
both proteins in a variety of experimental systems282. Hence, it would be important to confirm

whether these proteins interact in neurons and to investigate its implication in mediating
mTOR inhibition.

However, the most interesting partners from our point of view were the ones known to
develop relevant functions in neurons. Within this group we find RUFY3, PP1, GAPDH, Qpct,

liprin-α-3 and clathrin. Remarkably, liprin-α-3 and clathrin have been detected in two
independent experiments with the highest scores, suggesting that could be relevant RTP801
interactors.

Liprin-α are scaffold proteins implicated in the regulation of synaptic formation and
transmission352. Interestingly, they were originally identified as partners of receptor protein

tyrosine phosphatase LAR (Leukocyte common antigen-related), which regulate axon
guidance391. In particular, liprin-α-3 is one of the most abundant liprin isoforms in the
hippocampus392.

On the other hand, clathrin is a protein that plays a key role in the formation of coated

vesicles. These clathrin-coated vesicles are responsible for protein transport between the

trans-Golgi network, endosomes, lysosomes and the plasma membrane393. Clathrin
molecules combine to form a spherical “clathrin lattice” structure that function as a
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mechanical scaffold. However, adaptor proteins are needed to bind membrane components
and select cargo393.

Interestingly, AP-2 complex, one of these clathrin-adaptor proteins, has also been identified

as a putative RTP801 partner. AP-2 participates in the formation of vesicles that are
endocytosed from the plasma membrane to fuse with early endosomes394,395. The fact that

we have identified clathrin and AP-2 as potential RTP801 interactors supports the notion that

RTP801 can be endocytosed from the plasma membrane through clathrin-coated vesicles.
In neurons, clathrin-mediated endocytosis is crucial for synaptic vesicle recycling in the
presynaptic site354.

Thus, RTP801 could be actively implicated in synaptic dynamics and in axon formation. In

fact, RTP801 has been found enriched in synaptosomal fractions prepared from different
brain regions377.

In the case of 6-OHDA-treated neurons, all detected RTP801 interactors were also identified

in untreated neurons. However, evidence suggests some differences in clathrin and liprin-α3 protein abundance, as judged by band intensities and the number of peptides obtained.

Exposure to 6-OHDA seems to increase clathrin and decrease liprin-α-3 abundance in
RTP801 immunocomplexes. It would be important to confirm this differences by WB and to

All these potential RTP801 partners need to be further validated with additional experiments.
So far, only AP-2 complex has been corroborated as an RTP801 interactor by co-

immunoprecipitation assay. Once confirmed, it would be interesting to address the functional
consequences and the physiological relevance of their interaction with RTP801 in neuronal

cells. These investigations might provide new insights into RTP801 biological functions in
neurons.

Unfortunately, among the putative RTP801 partners we have not identified NEDD4 E3 ligase.
This fact does not invalidate our previous reported NEDD4-RTP801 interaction, since it was
shown to be a weak interaction that required the crosslinker DSP for being detected.

On the other hand, we have detected 21 proteins significantly modulated by RTP801 in
NPC12 cells; 14 are downregulated while 7 are upregulated. Again, these proteins are
related to diverse cellular functions. Although any of them was previously identified as a

putative RTP801 interactor, we detected two upregulated proteins directly associated with
clathrin-coated vesicles: amphiphysin and AP-.3 complex.

AP-3 complex is, like AP-2 complex, a clathrin-adaptor protein. Specifically, it has been

implicated in cargo-selective protein transport from the Golgi to late endosomes or
lysosomes396. Moreover, studies in neuronal cells have revealed a role for AP-3 in the
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study whether these proteins have a role in RTP801-related actions in these conditions.
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biogenesis of synaptic vesicles from endosomes357,397,398. Amphiphysin is a protein highly
expressed in the brain that plays a major role in clathrin-mediated endocytosis of synaptic

vesicles, particularly in the invagination and fission steps. Interestingly, this protein interacts
with clathrin359 and AP-2360.

These findings confirm a link between RTP801 and clathrin-mediated processes and support

the idea that RTP801 could play a role at synaptic level by regulating synaptic vesicles
formation and recycling. This hypothesis needs to be further investigated. Indeed, the role of
RTP801 at synaptic level is currently being studied in our group.

Of note, some of the modulated proteins by RTP801 are related to apoptosis, a known
outcome of its overexpression in differentiated cells. Interestingly, RTP801 downregulates
two proteins, iASPP and glutaredoxin-1, known to be protective against pro-apoptotic

stimuli361,362. Hence, apart from repressing mTOR activity, RTP801 could regulate alternative
signaling pathways that mediate toxicity in cells.

These proteomic studies have provided a large amount of valuable information regarding
RTP801 potential interactors and proteome modulation. Moreover, they suggest novel

functions for RTP801 that they have never been described so far. These preliminary data
need to be confirmed by performing further experiments. In addition, future investigations will
be important to determine which proteins are relevant in mediating RTP801 functions.

9. RTP801

AND

NEDD4

PARKINSON’S DISEASE

AS

POTENTIAL

THERAPEUTIC

TARGETS

IN

PD is characterized by the loss of SN dopaminergic neurons5. Unfortunately, current
treatments ameliorate PD symptoms but do not prevent neuron death. Therefore, is crucial

to study the molecular mechanisms underlying neurodegeneration to identify proteins
involved in PD pathogenesis and design new therapeutic approaches able to halt or at least
delay neuron death (reviewed in 42).

Interestingly, RTP801 has emerged as an important protein in PD pathogenesis, since it can

promote neuron death by repressing mTOR/Akt signaling pathway136,137,292,296. Hence,
strategies able to block RTP801 toxic accumulation or modulate mTOR/Akt activity can
become potential therapeutic targets (reviewed in 399).

Indeed, some compounds that modulate RTP801/mTOR/Akt axis have been already
reported protective in PD pathogenesis. FLZ (8-methyl-6-phenoxy-2-(tetrahydro-2H-pyran4-ylamino)pyrido[2,3-d]pyrimidin-7(8H)-one), a synthetic compound derived from a Chinese

herb, conferred protection in cellular and animal models of PD400–402 by inhibiting RTP801

expression and maintaining Akt pro-survival kinase activity402,403. Rapamycin, an allosteric
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inhibitor of mTOR, was also protective in cellular and animal PD models88,292,404. The

neuroprotection conferred by rapamycin has been attributed to its ability to suppress certain
mTOR activities.

It only represses the translation of a subset of transcripts, including

RTP801, leading to the maintenance of Akt survival signaling by preserving phosphorylation

at threonine 308292. In addition, rapamycin protective effects have also been attributed to its
ability to enhance autophagy and restore lysosomal levels88.

Another valuable strategy would be to block RTP801 expression with small interfering RNAs

(SiRNAs) or microRNAs (miRNAs). To date, these molecules have not been investigated as

therapeutic agents for PD treatment, but a SiRNA against RTP801 is being evaluated in

clinical trials for retinopathy treatment405–408. Moreover, taking into account that RTP801K185R mutant does not promote cell death, it would be also useful to target this residue with

small molecules to inhibit its ubiquitination. However, first it would be necessary to further

explore why this mutant is not toxic, in order to understand its mechanism of action and
properly design a therapeutic strategy.

Importantly, we have identified NEDD4 E3 ligase as a protein able to regulate RTP801
protein levels. Moreover, we have shown that NEDD4 is reduced in PD nigral neurons and

that can protect against RTP801 toxicity. Hence, any compound able to induce NEDD4
In fact, NEDD4 has already been described protective in animal models against the toxicity
induced by one of its substrates, α-synuclein272. In line with this, NAB2, a NEDD4 signaling

inducer, is also neuroprotective against α-synuclein toxicity273,274. In this work, we have

tested this compound in neurons, but it did not confer protection against PD toxin 6-OHDA,
although it prevented RTP801 elevation. In our model, NAB2 itself resulted toxic, so maybe
other experimental conditions or models must be tested to further explore its potential
protective actions.

Considering NEDD4 regulation mechanisms, other strategies could be valuable to increase
its stability. For instance, D4476, a CKI pharmacological inhibitor, significantly increased

NEDD4 expression in 293T cells, by disrupting its phosphorylation and subsequent SCFβTRCP-mediated

degradation249. Moreover, p34 stabilized NEDD4 in cancer cell lines by

directly binding to its WW1 domain409. Hence, it would be interesting to study these NEDD4
stabilization mechanisms in neuronal cells.

In addition, compounds or strategies able to disrupt NEDD4 autoinhibitory state would
enhance its E3 ligase activity (see figure 13). NDFIP adaptor proteins or c-Src-mediated
phosphorylation are described to shift NEDD4 to an active conformation257,258, and could be
further explored as potential PD therapeutic targets.
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expression or activity can also represent a potential PD therapeutic target.
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1. RTP801 is degraded by the lysosomal pathway, along with the ubiquitin-proteasome
system (UPS) in neuronal cells.

2. NEDD4 interacts with RTP801 and mediates its polyubiquitination and lysosomal
degradation by preferentially conjugating K63-ubiquitin chains.

3. RTP801 protein levels are regulated by NEDD4 in cultured neuronal cells and in a mouse
model.

4. NEDD4 loss of function is toxic to neurons due to RTP801 elevation and the subsequent
mTOR/Akt signaling repression.

5. NEDD4 is protective against ectopic RTP801-induced toxicity or against 6-OHDA
exposure.

6. PD toxin 6-OHDA decreases NEDD4 protein levels as a result of caspases and calpains-

mediated proteolysis and increased release to the exosomal-enriched extracellular
fraction.

7. NEDD4 is diminished in SNpc nigral neurons from human sporadic PD brains.
8. NAB2, a NEDD4 signaling inducer, reduces RTP801 protein levels but does not prevent

9. Parkin E3 ligase regulates ectopic NEDD4 in cells and endogenous NEDD4 in parkin

knockout mouse brains and in human fibroblasts from AR-JP patients with parkin
mutations.

10. RTP801 ubiquitination at lysine 185 affects protein stability and is necessary for function
in neuronal PC12 cells

11. Proteomic studies have led to the identification of several putative RTP801 partners and
proteins modulated by its overexpression.
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from 6-OHDA-induced cell death in cortical neurons.
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