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1. HUNTINGTON’S DISEASE AND PARKINSON’S DISEASE AS 

NEURODEGENERATIVE DISEASES 

Neurodegenerative diseases are characterized by the progressive and selective loss of 

neuronal subpopulations and the appearance of aberrant synaptic transmission. Even 

though these disorders are diverse in their etiology and pathophysiology, all have in 

common that there are no treatments to completely prevent their progression. 

Neurodegeneration courses along with the clinical manifestations which can include 

motor and cognitive impairment and psychiatric symptoms. In this thesis we have 

focused on the study of common molecular mechanisms and targets altered in the basal 

ganglia disorders such as Huntington’s disease and Parkinson’s disease.  

1.1 Huntington’s disease 

Huntington’s disease (HD) was first described by George Huntington in 18721 and is the 

most common monogenic neurodegenerative disorder. HD has a variable prevalence 

between individuals of different geographical localizations and is more prevalent in 

Western populations. Of note, the prevalence in the Caucasian population is 10.6-13.7 

cases per 100,000 individuals2–4.  

HD clinical symptomatology is manifested with a triad of signs. Patients exhibit severe 

motor dysfunction, particularly characterized by involuntary movements (chorea), 

cognitive impairment and neuropsychiatric disorders. Onset generally occurs in the 

adulthood, between the fourth and the fifth decade, although approximately 5% of cases 

have a juvenile onset5. The fatal neurological deterioration progresses toward premature 

death 15-20 years after diagnosis6. At early stages of the disease, in addition to choreic 

movements in adult-onset HD patients, progressive gait instability and oculomotor 

disturbances emerge. During the progression, other somatomotor manifestations arise 

such as bradykinesia, ataxia, dystonia, dysarthria and dysphagia complicating the 

clinical course. Like motor impairment, cognitive and psychiatric symptomatology 

progress gradually. At late stages of the disease, patients become severely rigid and 

display irreversible dementing syndromes. Most frequently, HD patients finally die from 

complications of dysphagia, aspiration or pneumonia7,8.  
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1.1.1 Etiology 

HD is an autosomal dominant neurodegenerative disease characterized by a dynamic 

mutation on the chromosome 4p16.39,10 of the IT15 (Interesting Transcript 15) gene, 

which encodes for the huntingtin (htt) protein11. The mutant gene contains an expansion 

of unstable trinucleotide repeat, cytosine-adenine-guanine (CAG), within the exon-1. 

Expanded CAG leads to a lengthening of the polyglutamine (polyQ) sequence located at 

the N-terminus of the htt protein and, as consequence, it exhibits toxic properties that 

eventually promote neuronal dysfunction and death (Figure 1). Mutant htt (mhtt) protein 

shows altered folding and higher propensity to aggregate and form fibrils and oligomers. 

Furthermore, htt protein can be subjected to several post-translation modifications 

including proteolytic cleavage, phosphorylation and myristylation. Proteolytic 

fragmentation through caspases, calpains and other endoproteases results in N-terminal 

fragments which contain the polyQ stretch12–16 and are prone to aggregate17–20.  

 
Figure 1. Representation of the IT15 gene and the impact of CAG repeats on the onset of HD. Healthy 
individuals show between 6 to 35 CAG repeats, despite individuals with 29 to 35 CAG are at risk that 
descendants inherit the mutated form. Between 36 and 40 CAG repeats the penetrance of HD is incomplete. 
People with the adult-onset form of HD typically have 40 to 50 CAG repeats, and the juvenile onset is 
associated to those individuals with more than 60 repeats. The CAG repeat tract is translated into a 
polyglutamine stretch in the htt protein. Toxicity elicited by full-length mhtt or N-terminal fragments lead to 
neurodegeneration. Adapted from Rego A. & de Almeida L., et al. (2005)21. 
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Importantly, the number of CAG triplets has been related to the onset of the disease22–

24. In the non-affected population, CAG repeats are in a range of 6 to 35 units, whereas 

HD patients display a number of repeats above 40. Moreover, CAG repeats between 36 

and 39 units are considered of intermediate length and show incomplete penetrance, 

meaning that some of these individuals would manifest the disease while others would 

be unaffected. Indeed, there is an inverse correlation between the number of triplet 

repeats and the age at onset of the disease11,22,25. Therefore, more units of CAG repeats 

cause earlier HD onset and higher severity of the symptomatology. Juvenile or early-

onset HD is associated with more than 60 CAG repeat units, whereas adult-onset 

typically correlates with repeats of 40-50 units25,26. Despite this inverse correlation, the 

number of CAG repeats only explains approximately the 56% of the variation in the age 

at onset of symptoms26,27. Although the entire modifiers of age at onset are not well 

elucidated, genetic factors have been attributed to play a role in the interindividual 

variability. Accordingly, several candidate genes and single nucleotide polymorphisms 

(SNPs) of different pathways have been associated to the onset of symptoms but not 

with enough statistical strength (reviewed in 27).  

Interestingly, haplotypes in the IT15 gene with different average of CAG repeats have 

been related to the prevalence variability between populations. For instance, the average 

of CAG repeats is higher in Europeans descendent population (18.4-18.7 repeats) than 

in Asian (17.5-17.7 repeats) or African (16.9-17.4 repeats) populations28,29.  

1.1.2 Neuropathology 

Structural and functional brain alterations in HD occur before the onset of symptoms. 

Although htt is expressed ubiquitously in the body, some brain areas show enhanced 

susceptibility to the toxicity of the mutant form than other brain structures or even tissues. 

Striatal medium spiny neurons (MSNs) of the dorsal striatum, composed by caudate 

nucleus and putamen in humans, are the most vulnerable neuronal subpopulation30,31. 

Even though mhtt toxicity severely affects striatal neurons, this is not the only neuronal 

subpopulation that undergoes neuronal degeneration during the disease. Atrophy and 

thinning of the cortex due to neuronal loss and shrinkage is another hallmark of the 

disease32. Other brain areas, including hippocampus, amygdala or cerebellum display 

neuronal atrophy and/or neuronal death depending on the disease stage33,34 (Figure 2A). 

The postmortem brain analysis reveals a different severity of striatal neurodegeneration 

which closely correlates with clinical and motor disability of the patients. In 1985 the 

neurologist Jean Paul Vonsattel developed a scale to grade the striatal neuropathology 
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in 5 grades from 0 (no anatomical abnormalities) to 4 (severe pathology) based on 

microscopic and macroscopic evidence (Figure 2B)30. 

 
Figure 2. HD brain pathology. (A) Human brain coronal section showing a normal brain on the left and an 
advanced HD brain on the right. In the image representation the areas that undergo neurodegeneration are 
highlighted. Image obtained from Harvard Brain Tissue Resource Center 
(https://hbtrc.mclean.harvard.edu/about/tour/slideview.php?page=41). (B) Schematic illustrations 
representing progressive striatal neuropathology in the Vonsattel grade scale. Brain in grade 0 shows normal 
gross aspect, although 30-40% of neurons are already lost. The neuropathology progresses to grade 4 with 
progressive atrophy of first the caudate nucleus and then the putamen, along with astrogliosis and neuronal 
loss (95% in grade 4). Figure adapted from Rüb U., Vonsattel JP., Heinsen H. and Korft HW., et al. (2015)1 
and Reiner A., Dragatsis I., and Dietrich, P., et al. (2011)35. Abbreviations: AC, nucleus accumbens; CN, 
caudate nucleus, IC, internal capsule; Gr; Vonsattel grade; HD, Huntington’s disease; PT, putamen.  

i. Basal ganglia pathophysiology in HD 

The striatum is a key component of the basal ganglia circuitry. Basal ganglia consist of 

a variety of subcortical nuclei which control the motor function and learning, executive 

functions as well as behavior and emotions36–38. The main components of the circuitry 

that control the motor function are the dorsal striatum (caudate nucleus and putamen), 

the globus pallidus pars externa (GPe) and interna (GPi), the subthalamic nucleus (STN) 

and the substantia nigra pars compacta (SNpc) and pars reticulata (SNpr)39. Additionally, 

the limbic functions are associated to other basal ganglia components that include the 

ventral striatum, specifically nucleus accumbens, ventral pallium and ventral tegmental 

area. MSNs represent the 90-95% of total striatal neuronal population, and their 

excitability is modulated by interneurons which represent the remaining 5-10%40,41. 

Striatum acts as a convergence point of activation by glutamatergic innervation from the 

cortex and dopaminergic projections from the SNpc. Regarding the intrinsic circuitry of 

the basal ganglia, two major striatal projections have been reported: a direct pathway 

https://hbtrc.mclean.harvard.edu/about/tour/slideview.php?page=41
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which project to GPi and SNpr and an indirect pathway which projects to SNpr through 

GPe and STN. The SNpc dopaminergic inputs are responsible for the balance 

maintenance between the direct and indirect pathway42 (Figure 3). 

Figure 3. Simplified basal ganglia circuit 
diagram. The direct pathway is shown in red 
and the indirect path in blue. Abbreviations: 
DA, dopamine; GPe, globus pallidus pars 
externa; GPi, globus pallidus pars interna; 
STN, subthalamic nucleus; SNpr, susbtantia 
nigra pars reticulata, SNpc, substantia nigra 
pars compacta. Figure obtained from 
Calabresi P., et al. (2014)43.  

 

 

 

 

 

 

According to the canonical model, cortical activation induces the release of glutamate 

that activates MSNs projecting to the SNpr and GPi, which represents the direct pathway 

(Fig 3 in red). As GABAergic cells, MSNs exert an inhibitory action on their target 

neurons. The inactivation of SNpr lead to a disinhibition of the thalamic glutamatergic 

neurons which project and, thus, activate glutamatergic neurons in the cortex resulting 

in the facilitation of locomotor activity, gating of working memory and motor responses 

to specific stimuli. On the contrary, in the indirect pathway MSNs project to SNpr via the 

GPe and the STN (Figure 3 in blue). Through the activation of MSNs, GABAergic 

neurons of the GPe result inactivated which leads to a disinhibition of the glutamatergic 

neurons of the STN. Activation of STN, in turn, activates SNpr GABAergic neurons 

projecting to the thalamus. Finally, the activation of the indirect pathway results in the 

reduction of locomotor activity and thereby inhibition of specific motor programs based 

on associative learning (reviewed in 43,44).  

Furthermore, the two populations of MSNs that project to different target structures are 

characterized by differential expression of dopamine (DA) and acetylcholine receptors 

subtypes and peptide content45. MSNs of the direct pathway express mainly dopamine 

D1 and muscarinic M4 receptors and colocalize with substance P, meanwhile MSNs of 

the indirect pathway express mainly dopamine D2 receptor and colocalize with 

enkephalin46–49. The two dopamine receptors are associated with distinct G proteins that 
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are linked to different intracellular signaling pathways and, therefore, different 

biochemical responses after DA activation. In fact, DA arising from the SNpc activates 

D1-expressing MSNs (direct pathway) and inhibits D2-expressing MSNs (indirect 

pathway)45,50,51.  

Importantly, MSNs of the indirect pathway are more vulnerable in early stages of HD 

pathogenesis and are the ones that degenerate earlier52,53. Since in physiological 

conditions the indirect pathway inhibits the locomotor and voluntary motor activity, its 

degeneration leads to hyperkinetic and choreic movements. As the disease progresses, 

neurodegeneration affects MSNs of the direct pathway and motor symptoms evolve to 

hypokinetic movements and bradykinesia since this pathway is responsible for the 

activation of motor function50,54,55 (Figure 4). Other areas of this circuitry, specially GP 

and STN, also become atrophic during the progression of the HD pathogenesis30.  

 

Figure 4. Basal ganglia circuitry in early and late stages of HD. Representation of basal ganglia activity 
at early (left panel) and late (right panel) of HD. At early stages of HD pathogenesis, MSNs of the indirect 
pathway that project to the GPe degenerate resulting in the inactivation of STN and the consequent 
disinhibition of the thalamus and finally increased stimulation of the motor cortex which results in chorea. 
Later in HD, MSN of the direct pathway that project to GPi also degenerate which enhances the inhibition of 
the thalamus and decreases the activation of the motor cortex, responsible for the hypokinetic phenotype. 
Dashed arrows indicate neurotransmitter signal loss, thick arrow enhance signal and thin arrow normal 
neurotransmitter signal. Abbreviations: GPe, globus pallidus pars externa; GPi, globus pallidus pars 
interna; STN, subthalamic nucleus; ENK, enkephalin; subs P, substance P. Figure adapted from 
Ramaswamy S., et al. (2007)56.  

1.1.3 Mechanisms underlying striatal neurodegeneration in HD 

The presence of mhtt leads to multiple cellular dysfunctions which eventually triggers 

death of MSNs. These mechanisms include altered gene transcription, protein 

misfolding, impaired protein degradation, excitotoxicity, mitochondrial dysfunction and 
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neurotrophic and synaptic dysfunction. Recent studies suggest that neurodegeneration 

in HD results from combined effects of a gain of function in the mutated form of htt along 

with loss of function in the wild-type htt (reviewed in 57,58).  

i. Protein misfolding and aggregation 

Inclusions of polyQ fragments are a key early step in the HD pathogenesis. Fragments 

can be detected in several HD mouse models as well as in human postmortem brains of 

affected individuals17,59–61. Indeed, mhtt aggregates seem to precede the onset of 

symptoms in both transgenic mice and in human brain18,61. Besides, mhtt is not only 

prone to aggregate by itself but also has the tendency to aggregate with other proteins62–

64, suggesting that mhtt additionally exerts its toxic properties by sequestering and 

impairing the function of others. 

ii. Impaired protein degradation 

Intracellular components have two main systems of degradation, the ubiquitin-

proteasome system (UPS) and the lysosomal-autophagy system. The proteasome is 

responsible for rapid protein turnover, whereas autophagy typically degrades proteins 

with long half-life and other intracellular components such as organelles or lipid 

deposits65,66. In HD, both systems are affected, triggering the accumulation and 

aggregation of proteins. Inclusions of mhtt colocalize with proteasome subunits67,68 as 

well as with components of the autophagy pathway69–72. Importantly, autophagy is the 

main degradation pathway for aggregated proteins associated to neurodegenerative 

disorders72–74. Pharmacological approaches that enhance autophagic activity have been 

shown to be protective in HD and to ameliorate symptoms in HD mouse models72,75. 

iii. Trans-synaptic spreading of mhtt 

The aggregation of polyQ fragments through seeding suggest the possibility of mhtt cell-

to-cell transmission76,77. In fact, cells can efficiently take up small fibrils of polyQ proteins 

that can then recruit endogenous polyQ-containing proteins, such as htt exon-1, into 

aggregates and finally trigger cell death78,79. Moreover, mhtt was found to be present in 

transplanted grafts of striatal tissue in different HD patients80 which arises the hypothesis 

that mhtt can be spread between neurons. In fact, transneuronal spreading of mhtt has 

been demonstrated to occur in organotypic brain slices of an HD mouse model, in the 

corticostriatal pathway in vivo81, in the mouse brain82 and by exosomes in cell models82,83. 
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iv. Transcriptional dysregulation 

Transcription dysregulation is a central pathogenic mechanism in HD84 which may occur 

before the onset of symptoms85. On one hand, mhtt interacts abnormally with several 

nuclear proteins and transcription factors, recruiting them into polyQ aggregates and 

inhibiting their transcriptional activity57,58,84. Some examples of this aberrant regulation 

are p5363,86, TATA-binding protein64, cyclic-adenosine monophosphate response 

element-binding protein (CREB)63,64, specificity protein 1 (SP1)87,88 and TATA-binding 

protein-associated factor II130 (TafII130)88. On the other hand, mhtt can fail to interact 

with other transcription factors such as repressor‐element‐1 transcription factor–neuron‐

restrictive silencer factor (REST-NRSF). REST-NRSF binds to DNA elements in 

neuronal genes promoters like in the brain-derived neurotrophic factor (BDNF) gene and 

represses their expression. Wild-type htt interacts with this transcription factor in the 

cytoplasm, thereby reducing its availability in the nucleus to repress transcription. 

Conversely, mhtt fails to interact with REST-NRSF, therefore the transcription factor is 

translocated into the nucleus and represses the expression of neuronal-specific genes 

including BDNF89. Furthermore, mhtt also interferes in chromatin structure blocking the 

activity of histone acetyltransferase enzymes that open chromatin for transcription90,91.  

v. Neurotrophic dysfunction 

Neurotrophins are growth factors that promote the development and survival of neurons 

and induce the activation of survival signaling pathways92. Among neurotrophins, BDNF 

has emerged as a major regulator of synaptic activity and neuronal survival93,94. Indeed, 

deficiencies in BDNF-mediated signaling are sufficient to cause dendritic abnormalities 

and neuronal loss in the cortex and striatum95,96 and, particularly, striatal neurons are 

highly dependent on BDNF supply for their function and survival95,97,98. In HD, BDNF 

downregulation is a widespread phenomenon in different brain regions of HD mouse 

models and in human HD patients99,100. Moreover, BDNF levels regulate the onset and 

severity of cognitive and motor symptoms in HD mouse models101–103 and treatments 

focused on BDNF levels recovery improve cognitive and motor function as well as striatal 

neuronal survival101,104–108.  

The action of BDNF, among the other neurotrophins, is mediated by the Tropomyosin-

receptor kinase (Trk) proteins. BDNF preferentially binds to TrkB receptor and to the p75 

neurotrophin receptor (p75NTR). To mediate its functions, BDNF firstly binds to the 

receptor causing the dimerization of homo- and/or heterodimers between TrkB and 

p75NTR receptors and the autophosphorylation of their cytoplasmic domains109,110. The 

homodimerization of TrkB activates different signaling cascades, including the PI3K-Akt, 
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Ras-MAPK and PLCγ-PKC, which results in neuroprotective signals111,112. In contrast, 

the role of p75NTR in the nervous system has been shown to be more complex depending 

on the receptor dimerization. p75NTR homodimerization activates pro-apoptotic signals in 

the nervous system109,113–115, whereas heterodimerization of p75NTR can also act as a co-

receptor along with Trk and signal for neuronal survival116–119. Of note, reduced TrkB 

expression has been reported in HD cellular and mouse models as well as in HD 

patients100,120,121. Moreover, p75NTR mRNA and protein levels are diminished in different 

cellular and animal models of HD and in affected brain areas of HD patients100,122–124. 

Consequently, p75NTR/TrkB receptor imbalance along with decreased BDNF support 

increase the striatal vulnerability and both contribute to neurodegeneration.  

1.1.4 Treatment of HD 

Currently, there is no therapy that modifies the course of the disease or prevents its 

onset. In consequence, the management of HD is mainly focused on treating 

symptoms. The only drug specifically licensed by the US Food and Drug 

Administration (FDA) in HD patients is tetrabenazine, which is indicated to treat the 

chorea associated to the disease. Tetrabenazine reversely inhibits vesicular 

monoamine transporter 2, resulting in a reduced uptake of monoamines (dopamine, 

serotonin, norepinephrine and histamine) into synaptic vesicles125. Neuropsychiatric 

symptoms of HD are treated with non-specific HD drugs, such as antidepressants or 

antipsychotics, which are also occasionally administered to manage involuntary 

movements (reviewed in 126). Physical and occupational therapies are also 

recommended to ameliorate the symptoms and help patients to cope. 

Strategies to silence mhtt expression or block the protein product have been recently 

proposed as therapeutic treatment for HD127. Currently, two ongoing clinical trials 

include the use of antisense oligonucleotide targeting the pre-mRNA transcript of httt, 

the first one being allele nonselective and the second, being allele specific, with the 

final goal of reducing the production of mhtt protein128,129.   
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1.2 Parkinson’s disease  

Parkinson’s disease (PD) was first described in 1817 by the neurologist James 

Parkinson130,131 who reported the main clinical features which later were redefined by 

Jean-Martin Charcot131. Worldwide prevalence of PD trends to increase with age, 

suggesting that age is the greatest risk factor for PD. Thus, PD prevalence is estimated 

in 41 per 100,000 in individuals of 40 to 49 years; 173 per 100,000 in individuals of 55 to 

64 and 1,903 per 100,000 individuals over age 80132. These data reveal PD as the 

second most common neurodegenerative disorder after Alzheimer’s disease (AD).  

Most of PD cases are idiopathic since its cause is unknown. However, a percentage 

between 5 and 10% of PD cases are considered familial (or monogenic) because they 

are caused by mutations in specific genes which are inherited133–135. Whereas in 

idiopathic PD the onset is after 60 years, in monogenic PD the onset is normally before 

the fifth decade133,134. For this reason, some forms of familial PD are also mentioned as 

young-onset PD.  

The classical parkinsonian motor symptoms include bradykinesia, muscular rigidity, rest 

tremor, postural and gait impairment, flexed posture and freezing. The clinical diagnosis 

of PD is established by the presence of at least two of these motor symptoms, being one 

of them bradykinesia or tremor at rest, and the absence of absolute exclusion 

criteria135,136. Although the diagnosis is made in base of motor alterations, non-motor 

symptoms are also common in PD and are associated with impaired quality of life137,138. 

Non-motor signs include autonomic dysfunction, olfactory dysfunction, cognitive 

impairment, psychiatric symptoms, sleep disorders, pain and fatigue135,137,139,140. These 

symptoms are also frequently exhibited before the onset of motor symptoms. This 

premotor or prodromal stage can be prolonged for 12-20 years before the final diagnosis 

of PD (Figure 5). Dementia and depression also occur in advanced stages of the disease 

since 75-80% and 40% of patients, respectively, experienced them during the 

neuropathological progression141,142.  
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Figure 5. Clinical symptoms and time course of PD progression. Diagnosis of PD occurs with the onset 
of motor symptoms (time 0 years), but it is usually preceded by a premotor period characterized by non-
motor symptoms. As the disease progress, non-motor and motor symptoms are developed causing clinically 
disability. Complications of long-term therapy dopamine replacement also contribute to disability. 
Abbreviations: EDS, excessive daytime sleepiness; MCI, mild cognitive impairment; RBD, REM sleep 
behavior disorder. Obtained from Kalia L.V. and Lang A.E., et al. (2015)135.  

1.2.1 Etiology 

PD is idiopathic in a 90-95% of cases and the etiology in this high percentage of patients 

is unknown. Nowadays, it is widely accepted that PD is a multifactorial disease which 

combines environmental risk factors, genetics and aging (Figure 6). Actually, aging is the 

strongest risk factor for the development of PD and both prevalence and incidence 

increase nearly exponentially with age3,135. Gender is another well-stablished risk factor, 

being males more often affected than females with a ratio of approximately 3:2143–145. 

Other PD risk factors include environmental exposures. Factors that increase the risk of 

suffering PD are pesticide exposure, prior head injury, rural living, β-blocker use, 

agricultural occupation and well-water drinking. Otherwise, some environmental factors 

such as coffee drinking, non-steroidal anti-inflammatory drugs use, calcium channel 

blocker use or alcohol or tobacco consumption (decreased responsiveness to nicotine) 

are associated to reduced risk of PD135,146–148 (Figure 6 in blue).  

Genetics also play an important role modulating the risk and the onset of PD, and several 

haplotypes, or in some cases mutations, of genes have been associated to increase or 

reduce the risk of PD. For instance, one of the greatest genetic risk factors identified are 

mutations in GBA gene which encodes the lysosomal enzyme β-glucocerebrosidase. 

GBA mutations increase the risk of developing PD149–153 and enhances the PD 

susceptibility approximately 5-fold149,150. SNPs in SNCA154–158, LRRK2159–162 and 

MAPT155,156,158,163–165 genes have also been linked to increase risk of PD or PD age at 

onset in the case of SNCA gene166–168 (Figure 6 in red). 
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Figure 6. Risk factors for PD development. Epidemiological studies have revealed several environmental 
exposures that increase or decrease the risk of PD (in blue, left panel). Genome-wide association studies 
have also identified genetic variants which polymorphisms modulate the risk of PD (in red, right panel). 
Adapted from Kalia L.V. and Lang A.E., et al. (2015)135.  

 

The other 5-10% of PD cases are attributed to genetic mutations and are thereby 

monogenic forms of the disease134,135,169. At least, 22 loci in different genes are 

associated to PD with classic mendelian inheritance and of these out six are 

unequivocally linked to PD inheritance (Table 1). Those mutations that trigger the onset 

of the disease between 20 and 50 years are considered early-PD onset. SNCA which 

encodes for alpha(α)-synuclein, was the first gene to be associated with familial PD. 

Mutations in LRRK2 (LRRK2 protein) and PRKN (parkin protein) are the most common 

causes of dominant and recessive monogenic PD, respectively134,135. The functional 

characterization of the protein products of PD-related genes have raised the knowledge 

that mitochondrial dysfunction and impaired protein or organelle degradation play key 

roles in the neurodegeneration process associated to PD.  
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 Loci Gene Protein Inheritance Age at onset 

PARK1 SNCA α-synuclein 
AD 

Rarely sporadic 

Early 

Rarely Late 

PARK2 PRKN Parkin E3 ubiquitin ligase 
AR 

sporadic 
Early 

PARK3 Unknown Unknown AD Late 

PARK4 SNCA α-synuclein 
AD 

Rarely sporadic 

Early 

Rarely Late 

PARK5 UCHL1 
Ubiquitin C-terminal 

hydrolase L1 
AD Late 

PARK6 PINK PTEN-induced kinase AR Early 

PARK7 DJ-1 DJ-1 AR Early 

PARK8 LRRK2 
Leucine-rich repeat kinase 

2 

AD 

sporadic 
Late 

PARK9 ATP13A2 
Cation-transporting ATPase 

13A2 
AR Early 

PARK10 Unknown Unknown Unclear Unclear 

PARK11 GIGYF2 
GRB10 interacting GYF 

protein 2 
AD Late 

PARK12 Unknown Unknown Unclear Unclear 

PARK13 Omi/HTRA2 Serine peptidase 2 AD Late 

PARK14 PLA2G6 Phopholipase A2, group 6 AR Early 

PARK15 FBXO7 F-box protein 7 AR Early 

PARK17 VPS35 Vacuolar protein sorting 35 AD Late 

PARK18 EIF4G1 
Eukaryotic translation 

initiation factor 4 gamma, 1 
AD Late 

PARK19 DNAJC6 
DNAJ subfamily C member 

6 
AR Early 

PARK20 SYNJ1 Synaptojanin-1 AR Early 

PARK21 SNAJC13 
DNAJ subfamily C member 

13 
AD Early 

PARK22 CHCHD2 
Coiled-coil-helix-coiled-coil-

helix domain 2 
AD Late 

PARK23 VPS13C 
Vacuolar protein sorting 

13C 
AR Early 

 

Table 1. Common familial PD-related genes and loci. Early PD onset is considered between 20-50 years-
old and late PD onset after 50 years. Abbreviations: AD, autosomal dominant; AR, autosomal recessive. 
Adapted from Karimi-Moghadam A., et al. (2018)134.  
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1.2.2 Neuropathology 

The crucial pathological hallmark of PD is the loss of dopaminergic neurons within the 

SNpc. As a remarkable feature, the vast majority of these neurons contain a cytoplasmic 

conspicuous dark pigment termed neuromelanin170. Consequently, the loss of nigral 

neurons results in the SNpc depigmentation which is a classical neuropathological 

observation (Figure 7). Indeed, the degree of depigmentation correlates proportionally 

with the neuronal loss as well as with the PD severity171.  

 
Figure 7. Coronal section through the midbrain of a control and a PD patient. Arrows indicate SNpc 
brain area. Loss of neuromelanin pigmentation in the PD specimen underlying nigral dopaminergic 
degeneration. Image adapted from http://www.angelfire.com/art3/parkinsonsvoice/page3.html  

Dopaminergic neuronal bodies at the SNpc project to the dorsal putamen of the striatum 

assembling the nigrostriatal pathway responsible for movement control. Degeneration of 

dopaminergic neurons eventually leads to a considerable reduction of DA support to the 

putamen triggering the onset of parkinsonian motor symptoms172. Specifically, at early 

stages of the disease approximately 60% of DA neurons in the SNpc have been lost and 

80% of DA has been depleted in the putamen173,174. The mesolimbic dopaminergic 

neurons are much less affected in PD173,175 and, consequently, DA reduced supply in the 

caudate is less significant173. Despite the critical degeneration in the SNpc, neuronal loss 

also occurs in other brain regions, including the locus coeruleus, nucleus basalis of 

Meynert, raphe nucleus, dorsal motor nucleus of the vagus, amygdala, and 

hypothalamus176. Pathology is not restricted to the brain but can also be found in the 

spinal cord and peripheral nervous system, including the vagus nerve, sympathetic 

ganglia, cardiac plexus, enteric nervous system, salivary glands, adrenal medulla, 

cutaneous nerves and sciatic nerve, all leading to dysautonomia177–182.  

Another important hallmark of PD is Lewy pathology. Protein aggregation is a common 

feature in neurodegenerative disorders, and in PD the most abundant protein associated 

to these inclusions is α-synuclein183,184. In a misfolded state, α-synuclein becomes 

insoluble and aggregates to form intracellular inclusions within the neuronal cytoplasm, 

http://www.angelfire.com/art3/parkinsonsvoice/page3.html
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Lewy bodies (LBs) and processes, Lewy neurites185 (Figure 8A). Lewy pathology can 

also be found in the spinal cord and different structures of the peripheral nervous 

system185. LBs are found in 10% of pigmented neurons in the SNpc and more than 50% 

of those in the locus coeruleus186. 

Lewy pathology has been hypothesized to progress in a stereotyped pattern from the 

peripheral to the central nervous system in a caudal-to-rostral direction over PD 

pathogenesis. Braak et al. (2004) proposed six different progressive stages which 

temporally and spatially correlate with the clinical course of PD187. Stages 1 and 2 would 

correspond with the pre-motor or prodromal phase, stage 3 with the onset of motor 

symptoms and stages 4-6 would correlate with the non-motor symptoms associated to 

advanced stages of the disease (Figure 8B). Recent hypotheses also suggest that α-

synuclein plays a key role in transmitting the disease pathology transcellularly between 

susceptible neuronal populations in a prion-like process188.  

 

Figure 8. Lewy pathology in PD. (A) Lewy body presence in a dopaminergic neuron. Lewy bodies 
generally measure between 5-25 µm in diameter and are characterized by a spherical dense hyaline core 
surrounded by a clear halo. Arrow indicates a Lewy body in a neuromelanin (brown dark pigmentation) 
positive dopaminergic neuron. Image adapted from http://neuropathology-
web.org/chapter9/chapter9dPD.html. (B) Illustration of Braak staging in PD. According to his hypothesis, 
Lewy body pathology appears first in the olfactory bulb and brainstem regions. As the disease progresses, 
pathology spreads to the midbrain and basal forebrain before finally reaching the cortex. Image adapted 
from https://media.nature.com/full/nature-assets/nrneurol/journal/v8/n6/images/nrneurol.2012.80-f1.jpg.  

https://media.nature.com/full/nature-assets/nrneurol/journal/v8/n6/images/nrneurol.2012.80-f1.jpg
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i. Basal ganglia pathophysiology in PD 

The basal ganglia circuitry receives signaling inputs from both glutamatergic neurons of 

cortex and dopaminergic neurons of SNpc. These dual glutamatergic and dopaminergic 

projections converge onto dendritic spines of the same striatal MSN to regulate 

movement execution (Figure 3).  

In PD, degeneration of nigral neurons reduces DA receptor stimulation in the putamen 

which leads to an imbalance between the direct and indirect pathways. As stated before 

(section 1.1.2i) neurons from the direct and indirect pathway express different DA 

receptors subtypes. MSNs of the direct pathway express preferentially D1 receptor which 

enhances corticostriatal transmission, meanwhile activation of D2 receptor in MSNs of 

the indirect pathway prevents their cortical activation50,51. Hence, DA deficiency in PD 

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

indirect pathway. This imbalance inhibits the thalamocortical signaling activation leading 

to parkinsonian motor symptoms (Figure 9).  

 

Figure 9. Basal ganglia circuitry in PD. Representation of basal ganglia circuitry in physiological conditions 
(left panel) and in PD due to SNpc neuronal loss (right panel). Neurodegeneration of DA neurons triggers 
enhance activation of the indirect pathway and, as consequence, STN inhibition is reduced. In parallel, DA 
support to MSN of the direct pathway decreases their activation which in turn enhances the inhibition of the 
thalamus and decreases the activation of the motor cortex. This reduced activation is responsible for 
parkinsonian motor symptoms. Dashed arrows indicate neurotransmitter signal loss, thick arrows enhance 
signal and thin arrows normal neurotransmitter signal. Abbreviations: GPe, globus pallidus pars externa; 
GPi, globus pallidus pars interna; STN, subthalamic nucleus; ENK, enkephalin; subs P, substance P. 
Figure adapted from Wichmann T., DeLong M.R., Guridi J. & Obeso J.A., et al. (2007)42.  
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1.2.3 Mechanisms underlying dopaminergic neurodegeneration in PD 

Diverse potential mechanisms have been implicated in PD pathogenesis, even so, the 

cause underlying neuronal death remains poorly understood. To date, impairment in 

cellular processes involved in the regulation of protein homeostasis including protein 

misfolding and aggregation, protein degradation and intracellular and transcellular 

trafficking have been described. Moreover, aberrant synaptic structure along with 

mitochondrial dysfunction and oxidative stress are also involved in the nigral loss 

(reviewed in 135,173,189).  

i. Protein misfolding and aggregation 

Aggregation of proteins has been associated to PD pathogenesis since LBs were found 

in affected brain regions183,187. Besides α-synuclein as the main component of LBs, many 

other proteins belonging to up to ten different protein families have been shown to 

aggregate in PD186. Protein aggregates that cannot be cleared out by the neuron can 

hamper its physiology eventually leading to degeneration190–192.  

ii. Impaired protein degradation 

The presence of misfolded proteins points out a deficient protein degradation. As it has 

been shown in the pathology of HD (section 1.1.3ii), protein degradation is mediated by 

two pathways involving the UPS and autophagy-lysosomal system, and both are also 

affected in PD. Concerning the proteasome, many components of this complex have 

been found in LBs186,193,194. Moreover, pharmacological inhibition of the system promotes 

the formation of α-synuclein inclusions and induces dopaminergic neuronal death195–198. 

In PD patients, proteasome structure and activity is selectively altered in several brain 

areas, including the SNpc193,194.  

Regarding the autophagy-lysosomal pathway it is crucial to maintain synaptic function 

since neurotransmission requires a fine-tuned regulation of synaptic vesicles recycling 

and degradation199 through the endosomal system. Interestingly, changes in the activity 

on endo-lysosomal enzymes are found in the cerebrospinal fluid (CSF) of idiopathic PD 

patients200. Additionally, autophagy clears out selective cellular structures and its 

impairment induces the gathering of abnormal proteins and damaged organelles201,202. 

Of note, accumulation of autophagic vacuoles are observed in the SNpc of PD 

patients203,204. Autophagy is important for α-synuclein degradation and, conversely, 

mutant forms of the protein can hamper the autophagy-lysosomal pathway. The 
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protective role of autophagy in PD is further supported by a delay in dopaminergic 

neurodegeneration when autophagy is enhanced in cell and animal models205–207. 

iii. Trans-synaptic spreading of α-synuclein 

Evidences from four separate cases of PD patients who received transplants of 

embryonic mesencephalic neurons into their putamen showed LB inclusions within the 

grafted neurons, 15-20 years after the procedure208–210. This finding suggests that 

spreading of PD pathology could be mediated by a prion-like transmission of α-synuclein 

between neurons. Moreover, injection of α-synuclein fibrils into various brain regions of 

mice leads to the formation of LB-like inclusions211–213. Injection of LB-enriched 

homogenates from the SNpc of PD patients into SN or striatum of mice or macaque 

monkeys also causes the progressive nigrostriatal neurodegeneration214. Furthermore, 

α-synuclein spreading may be mediated by different pathways, including perforation of 

the plasma membrane215, tunneling nanotubes216,217 and exosomes218–220.  

iv. Mitochondrial dysfunction and oxidative stress 

Abnormal function of the mitochondria has been proposed as a pathogenic mechanism 

in PD221. Mitochondria dysfunction results in insufficient ATP production and reactive 

oxygen species (ROS) generation. Remarkably, findings revealed decreased activity of 

the mitochondrial complex I in the SNpc of PD patients222. Mutations underlying 

monogenic PD confirm the importance of a proper mitochondria function. Parkin and 

PINK1 are implicated in mitophagy once the organelle is damaged223,224, whereas DJ-1 

protects mitochondria from oxidative stress225,226. Furthermore, exposure to neurotoxins 

reported to affect mitochondria, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) or 6-hydroxydopamine (6-OHDA), mimics several PD features227–229.  

Mitochondrial dysfunctions are not the only source of ROS generation. In addition, DA 

metabolism and autoxidation can also generate different ROS species, all leading to a 

state of oxidative stress that finally affects dopaminergic viability230,231. To this end, many 

biological markers linked to oxidative stress are upregulated in the SNpc of PD patients, 

while the levels of antioxidants are reduced232,233.  

Besides the aforementioned pathological mechanisms, neuroinflammation, calcium 

deregulation and impaired kinase signaling mediate also toxicity, which finally leads to 

aberrant synaptic transmission and dopaminergic neuronal death in PD.  
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1.2.4 Treatment of PD 

Up to now, no therapy has demonstrated to be effective in preventing neuronal loss, 

therefore PD treatment is focused on counteract motor and non-motor symptoms. 

Current therapies are classified in three groups: medication, surgery and physical 

therapy234.  

Pharmacological treatment of PD does not slow or stop the underlying 

neurodegenerative process and is targeted at symptomatic relief. Treatment of motor 

signs is based on DA replacement therapy and drugs that enhance intracerebral DA 

concentrations or stimulate DA receptors are used. These drugs include levodopa (L-

DOPA), which is the immediate precursor of DA, dopamine agonists, monoamine 

oxidase B (MAO-B) inhibitors and, less commonly, amantadine235. They can be 

administered alone or in combination to improve efficacy and reduce side effects235,236. 

Currently, levodopa remains the most effective pharmacological treatment in PD, but 

long-term use is associated with motor complications (dyskinesia and motor fluctuations) 

which appear in almost half of PD patients after 5 years of L-DOPA treatment174,234. To 

delay the onset of these side effects, DA agonists and MAO-B inhibitors are usually 

considered. However, DA receptor agonist can potentiate the development of 

hallucinations and impulsive control disorders235,236.  

The progression of L-DOPA treatment includes increasing frequency and dosages over 

the disease. The course of treatment is often characterized by “on” periods, where 

patients experience a good response to medication, and “off” periods, where symptoms 

re-emerge due to fluctuations in DA concentrations. Moreover, peak DA levels can lead 

to dyskinesia which is characterized by involuntary and choreic movements and it can 

be as disabling as parkinsonian classical symptoms (Figure 10). To reduce fluctuations 

in DA levels, levodopa is combined with DA agonists or inhibitors of MAO-B or catechol-

O-methyltransferase (COMT) to enhance its half-life236. 
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Figure 10. Motor fluctuations and dyskinesia induced by levodopa treatment in PD patients. Long-
term levodopa intake induces motor fluctuations which are composed by an “on” state in which motor 
function is restored (blue, therapeutic window) and an “off” state in which parkinsonian symptoms reappear 
(pink). As PD progresses the therapeutic window for levodopa narrows and dyskinesia emerges as a side-
effect of the drug treatment. Image adapted from http://memobik.tk/behe/levodopa-parkinson-disease-
jyx.php.  
 

In those patients whose parkinsonian motor symptoms respond to L-DOPA but whose 

motor fluctuations and dyskinesia become disabling, deep brain stimulation is an optional 

surgical treatment. Deep brain stimulation of either the STN or the GPi has been shown 

to be effective in moderate-to-severe PD237. Other non-motor features can also improve 

with deep brain stimulation, although further studies are needed238. 

i. Levodopa-induced dyskinesia  

Half of the patients that receive DA replacement therapy develop L-DOPA-induced 

dyskinesia (LID) after 3-5 years the onset of pharmacological treatment, and this 

percentage increases up to nearly 90% after 10 years239. The molecular mechanisms 

that trigger the onset of LID are still unclear. Emerging evidence suggests that the 

loss of nigral dopaminergic neurons induces synaptic plasticity abnormalities in the 

connectivity between the striatum and the motor cortex, establishing a disturbance in 

basal ganglia circuitry that can eventually lead to the onset of involuntary and choreic 

movements. Several molecular alterations affecting the presynaptic and postsynaptic 

neurons have been described (reviewed in 240–242) but, nonetheless, the complete 

http://memobik.tk/behe/levodopa-parkinson-disease-jyx.php
http://memobik.tk/behe/levodopa-parkinson-disease-jyx.php
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knowledge of how neuronal striatal signals give rise to dyskinesia is far from being 

understood (Figure 11).  

 

 

Figure 11. Major molecular mechanisms underlying LID. LID symptomatology may reflect maladaptive 
neuronal plasticity occurring both at presynaptic and postsynaptic compartments. At the presynaptic level, 
the degeneration of DA neurons (in grey) increases the role of serotonergic terminals (in red) which mediates 
levodopa conversion to DA. Besides, the storage and clearance of exogenously derived striatal DA are 
impaired, leading to fluctuations in extracellular DA. Two other potentially presynaptic mechanisms involve 
endocannabinoid CB1 receptor and metabotropic glutamate receptors expressed in glutamatergic terminals. 
Endocannabinoids reduce glutamate release from glutamatergic neurons into the striatum. At the 
postsynaptic level, different molecular alterations are involved, including downstream cascades triggered by 
NMDA receptor activation (by receptors expressing NR2B subunits), D1 receptors and metabotropic 
glutamate receptors (mGluRs). Downstream receptor signaling increases intracellular calcium 
concentrations that in turn modulate ERK pathway, whose activation results in several different physiological 
outcomes. Abbreviations: AC, adenylyl cyclase; Ca2+, calcium ion; CB1, endocannabinoid receptor 1; 
pCREB, cAMP response element-binding protein; D1= D1 DA receptor; PPP1R1B, protein phosphatase 1, 
regulatory (inhibitor) subunit 1B; eCB, endogenous cannabinoid; ERK, extracellular signal-regulated kinase; 
Glu, glutamate; mGluR, metabotropic glutamate receptor; PKA, protein kinase A, PKC, protein kinase C. 
Figure obtained from Calabresi P., et al. (2010)243. 

 

At a clinical level, different scales are used to assess LID severity but one of the most 

commonly applied is the unified Parkinson’s disease rating scale section IV (UPDRS-

IV)244. Accordingly, LID severity is categorized as “0” (no LID), “1” (slight or very mild 

LID; ≤ 25% of on-time), “2” (mild LID; 26-50% of day-time), “3” (moderate LID; 51-75% 

day-time), and “4” (severe LID; ≤ 75% of day-time). Nevertheless, the onset and severity 

of LID display a huge variability between PD patients.  
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There are many epidemiological factors responsible for LID (reviewed in 245). Levodopa 

dosage and longer duration of treatment are key factors for developing dyskinesia. 

Moreover, PD age at onset and duration of the disease also arise as important risk 

factors. At a genetic level, polymorphisms of dopamine receptors, DRD2, dopamine 

transporter, SL6CA3, and BDNF genes have been identified as risk factors246–248.  
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2. THE MTOR SIGNALING PATHWAY IN HUNTINGTON’S AND 

PARKINSON’S DISEASES 

The impairment of cellular processes occurring in neurodegenerative diseases can 

trigger deregulation of important signaling cascades. In this thesis, we have focused on 

mechanistic target of rapamycin (mTOR) pathway and its implication in neuronal death 

and plasticity. This signaling cascade integrates both intra and extracellular cues to 

regulate major cellular functions, thus maintaining cellular homeostasis. As a regulator 

of these diverse cellular processes, mTOR plays important roles in brain physiology and 

pathology (reviewed in 249,250). 

2.1 Mechanistic target of rapamycin 

Rapamycin is a macrolide produced by Streptomyces Hygroscopicus bacteria that was 

first isolated from a soil sample of the Easter Island, or Rapa Nui as is called by the 

aboriginal Polynesian inhabitants251,252. This molecule was found to be a specific inhibitor 

of a novel kinase that was named mechanistic target of rapamycin (mTOR). mTOR is an 

atypical serine/threonine protein kinase that belongs to the phosphoinositide 3-kinase 

(PI3K)-related kinase family. It is an extremely large protein of 289 kDa, highly conserved 

throughout evolution and ubiquitously expressed in all tissues and cell types253.  

mTOR kinase interacts with different proteins to form two distinct complexes named 

mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC 2). The differential protein 

composition defines the variable sensitivities to upstream inputs and downstream 

outputs of each mTOR complex and therefore their function (Figure 12). Both complexes 

share the catalytic mTOR subunit, and also assemble mammalian lethal with sec-13 

protein 8 (mLST8 or GβL), likewise termed G protein beta subunit-like (GβL), DEP 

domain containing mTOR-interacting protein (DEPTOR), and the Tt1/Tel2 complexes. In 

contrast, regulatory-associated protein of mammalian target of rapamycin (Raptor) and 

proline-rich Akt substrate 40 kDa (PRAS40) are specific of mTORC1, whereas 

rapamycin-insensitive companion mTOR (Rictor), mammalian stress-activated MAP 

kinase-interacting protein 1 (mSin1) and protein observed with Rictor 1 and 2 (protor1/2) 

are only part of mTORC2249,250,253. 
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Figure 12. Composition and regulation of mTORC1 and mTORC2 complexes. The mTOR kinase is the 
key component of two distinct complexes named mTORC1 and mTORC2. The protein components of each 
complex and their interaction sites are depicted. Brown boxes indicate the stimulus that trigger mTORC1/2 
activation and green boxes their functions. Figure adapted from Laplante M. and Sabatini D.M., et al. 
(2012)249 and Bockaert J. and Marin P., et al. (2015)250.  

Regulatory components of mTORC1 and mTORC2 not only determine specific 

regulation of their functions but also dictate substrate specificity. mTORC1 senses 

oxygen, amino acids, stress, energy and growth factors to modulate macromolecular 

biosynthesis, cell cycle progression, growth, metabolism and autophagy. In contrast, 

mTORC2 responds to growth factors to regulate metabolism, cytoskeletal organization 

and cell survival249,250,253.  

Furthermore, mTORC1 and mTORC2 show different sensitivities to the inhibitory 

compound rapamycin. Rapamycin interacts with the intracellular 12-kDa FK506-binding 

protein (FKBP12) which only binds to raptor-bound mTOR, inhibiting mTORC1 kinase 

activity by probably compromising its structural integrity and reducing its kinase activity. 

Although mTORC2 was initially known as rapamycin insensitive, prolonged rapamycin 

exposure also inhibits this complex in eukaryotic cells by disrupting its assembly254. 

2.2 mTOR signaling pathway 

Several growth factors, such as insulin and insulin-like growth factor 1 (IGF1) can 

stimulate the PI3K and Ras pathways through its effector kinases protein kinase B (PKB 

or also known as Akt), extracellular-signal-regulated kinase 1/2 (Erk1/2) and ribosomal 

S6 kinase (S6K). Both pathways converge into TSC2 phosphorylation which inactivates 

the heterodimer TSC1/2 (tuberous sclerosis 1 and 2) complex and thus activate 

mTORC1255–258. Recently Tre2-Bub2-Cdc16 (TBC) 1 domain family, member 7 

(TBC1D7) was identified as a third subunit of this complex, although its function within 
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the TSC1/2 is not well stablished259. TSC1/2 is a key upstream regulator of mTORC1 

and functions as a GTPase activating protein (GAP) towards Rheb (Ras homolog 

enriched in bran), promoting its conversion into the inactive state (Rheb-GDP)257,260. 

Hence, inactivation of TSC1/2 complex triggered by growth factors stimulates the 

formation of the active Rheb-GTP form. Rheb-GTP directly interacts with mTORC1 and 

strongly stimulates its kinase activity260–262. Even though mTORC2 is less characterized 

than mTORC1, Rheb-GTP also seems to induce mTORC2 activity263–265 (Figure 13).  

Like growth factors, many cellular stresses also regulate mTOR activity through TSC1/2 

complex. For instance, hypoxia induces the expression of transcriptional regulation of 

DNA damage response 1 (Redd1 or RTP801) which enhances TSC2 function, leading 

to mTOR signaling repression266,267.  

 
Figure 13. mTOR signaling pathway. Schematic representation of the key upstream regulators and 
downstream effectors of mTORC1 and mTORC2 and their signaling interrelation. mTORC1 controls CAP-
dependent protein translation via 4E-BP1/2 (eukaryotic translation initiation factor 4E binding protein 1 and 
2) and S6 kinase phosphorylation, autophagy via ULK1 (Unc-51 like autophagy activating kinase) complex 
inhibition and lipogenesis by phosphorylating Lipin-1, SREBP1 (sterol regulatory element-binding protein 1) 
and PPARγ (peroxisome proliferator-activated receptor gamma). Besides, mTORC1 also regulates cellular 
metabolism and ribosome biogenesis. mTORC2 phosphorylates PKC (protein kinase C) to control actin 
polymerization, and altogether with phosphorylation of Akt and SGK1 (serum and glucocorticoid regulated 
protein kinase 1) promotes cell survival. Figure adapted from Laplante M. and Sabatini D.M., et al. (2012)249.  
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Akt protein is a crucial component of the mTOR pathway due to the regulation of 

numerous cellular processes, including cell survival, proliferation and metabolism268,269. 

Akt is phosphorylated by phosphoinositide-dependent kinase 1 (PDK1) at threonine 

residue 308 (Thr308) and by mTORC2 at serine residue 473 (Ser473), requiring 

phosphorylation at both sites to be fully active. Furthermore, Akt is upstream mTORC1 

and activates it by phosphorylating and inhibiting TSC1/2255,270,271. Akt also signals to 

mTORC1 independently from TSC1/2 by phosphorylating PRAS40, an mTORC1 

component inhibitor, and inducing its dissociation from raptor272–275.  

In the central nervous system, mTOR pathway has emerged as a critical hub by 

integrating signals that controls autophagy, survival and protein translation. Accordingly, 

the mTOR/Akt pathway is essential for survival maintenance in several neuronal 

contexts264,276–280 since Akt kinase inactivates several pro-apoptotic downstream targets, 

such as Bad, Bax, Bim and JNK278,281. Moreover, protein synthesis is critical for the 

formation and consolidation of synaptic contacts and neuronal plasticity282–284. 

Because both Akt and mTOR are associated to neuronal survival and maintenance of 

synaptic contacts, mTOR/Akt pathway has been extensively studied in 

neurodegenerative diseases. Remarkably, impairment of the mTOR pathway is a 

hallmark of many neurodegenerative disorders including HD and PD. Indeed, rapamycin 

has been described as pharmacological treatment to reverse or ameliorate the 

symptoms of these diseases in animal models203,206,285,286.  

2.2.1 mTOR/Akt signaling alterations in HD 

As the central kinase of mTORC1 and 2 complexes, phosphorylation at Ser2481 and at 

Ser2448 are considered as markers of intrinsic mTOR catalytic activity. In this regard, 

phospho(P)-mTOR Ser2448 is increased in the striatum of HD mouse models but not in 

human striatal samples287. In HD models, the inactivation of mTOR by rapamycin72,75 or 

other rapalogs288,289 has been suggested to be beneficial by the activation of autophagy, 

and therefore clearance of mhtt. In fact, it has been proposed that combined inhibition of 

both mTORC1 and mTORC2 is necessary for increasing autophagy and degrading mhtt 

aggregates289. Nevertheless, overexpression of Rhes, which, like Rheb, increases 

mTORC1 activity and decreases autophagy promoting neuroprotection in HD models290, 

is able to enhance autophagy in neurons by interacting with Beclin-1 and promoting 

neuroprotective effects in an mTOR-independent manner291. Rhes is the Rheb variant 

specifically expressed in the striatum and displays an additional function of SUMO (small 

ubiquitin-like modifier) E3 ligase. By this alternative function, Rhes is able to stimulate 

the sumoylation of mhtt, which leads to cytotoxicity by enhancing its aggregation292. 
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Relative to this function, the deletion of Rhes protein delays the striatal damage in a 

pharmacological model of HD293 and is also able to delay motor symptoms293,294.  

Concerning Akt function, increased phosphorylation levels of striatal P-Akt Ser473 are 

detected in different HD murine models295,296 and in HD patient’s brain296. In correlation 

with these results, PHLPP1 (PH domain leucine-rich repeat protein phosphatase 1) 

shows decreased levels in the striatum of these animals due to reduced gene 

expression296. PHLPP1 is a key regulator of Akt activity since it mediates the 

dephosphorylation of the Ser473 residue in Akt and thus partially inactivates it297,298. 

Moreover, mTORC2-regulator protein Rictor, but not mTORC1-regulator protein Raptor, 

is elevated in the striatum of HD mouse models and in the putamen of HD patients287, 

which would reinforce the increasing phosphorylation of Akt at Ser473 residue. These 

results arise the hypothesis that increased Rictor and decreased PHLPP1 levels allow 

to maintain Akt hyperactivation counteracting mhtt toxicity and delaying neuronal death. 

Interestingly, in an acute rat model of HD showing massive cell death, decreased P-Akt 

Ser473 levels were observed during cell dysfunction, just before neurodegeneration 

occurs299.  

Despite these conflicting results, evidences show that mTOR pathway displays an 

aberrant signaling over the HD pathogenesis, although it is not clearly defined whether 

these alterations could be toxic or neuroprotective. To clarify the role of mTOR/Akt 

pathway in HD more studies should be performed.  

2.2.2 mTOR/Akt signaling alterations in PD 

As we have seen in HD, studies regarding PD pathology indicate that inactivating 

mTORC1 and promoting autophagy would preserve DA neurons viability, by probably 

enhancing α-synuclein aggregation removal300,301. Actually, α-synuclein degradation is in 

part mediated by the autophagy-lysosomal pathway system73,302. Thus, compounds 

which enhance autophagy by the inhibition of mTORC1, such as rapamycin, are able to 

delay neurodegeneration in vitro and in vivo205–207 and to prevent memory deficits in a 

mouse model of PD303.  

In contrast, activation of mTORC1 is protective in in vitro and neurotoxin-induced murine 

models of PD. Neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP), 6-hydroxydopamine (6-OHDA) or rotenone induce oxidative stress and 

subsequent degeneration specifically in DA neurons (reviewed in 304). Besides, PD 

mimetic treatments induce mitochondrial dysfunction which leads to impaired calcium 

homeostasis, and, finally, inhibit mTOR activity228,305,306. In these pharmacological 
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models, increasing mTORC2 activity by constitutively active forms of Akt307,308, Rheb309 

or deletion of PTEN310 prevented, or at least, delayed DA neuronal death. Moreover, in 

cells exposed to PD toxins, inhibition of downstream mTORC1 effectors S6K and 4E-

BP1 contribute to neuronal death311,312. 

On the other hand, alterations in Akt kinase activity have also been reported in PD. 

Indeed, phosphorylation levels of Akt at both residues Ser473 and Thr308 are 

significantly reduced in the 6-OHDA in vitro model and, importantly, in nigral neurons 

from postmortem PD brains264. Supporting this evidence, overexpression of mTOR or 

constitutively active Akt are able to rescue cell death in front of 6-OHDA toxicity264. In the 

same cellular model, rapamycin also results neuroprotective by blocking mTORC1-

dependent protein translation306. In this context, neuroprotective properties of rapamycin 

arise from its capacity to block S6K activation, responsible for CAP-dependent protein 

synthesis, and preventing the loss of Akt phosphorylation at the residue Thr308. 

Rapamycin reduces the translation of RTP801, a protein inhibitor of mTOR pathway267,313 

which promotes neuronal loss by suppressing the activation of mTOR complexes and 

therefore Akt pro-survival kinase263.  

2.2.3 mTOR/Akt signaling in synaptopathies  

The mTOR pathway regulates key functions in the formation and maintenance of 

synapsis (reviewed in 314). mTORC1 controls the initiation of translation which is crucial 

for protein synthesis-dependent synaptic plasticity283,284,315. For instance, during 

development, mTORC1 activation is necessary to promote the growth of neuronal 

processes and the arborization of dendrites but, an hyperactivation of the complex can 

lead to the onset of neurological diseases such as autism316,317. In the synaptic 

transmission of the adult brain, mTORC1 regulates long-term potentiation (LTP) and 

depression (LTD) in response to NMDA ionotropic glutamate receptor and to 

metabotropic glutamate receptor activation318–321. Furthermore, mTORC1 promotes the 

synthesis of the AMPA receptor subunits GluA1 and GluA2 and their localization at the 

cell surface322,323, upregulating synaptic activity323. Neurotrophic factors as BDNF 

activate the PI3K/PDK1/Akt pathway through TrkB receptor. Stimulation of TrkB receptor 

in turn activates mTORC1324 enhancing AMPA receptor synthesis325 and decreasing 

internalization rate of this surface receptors, by inhibiting GSK3326–328. 

Moreover, regulation of actin cytoskeleton by mTORC2 allows the dynamic remodulation 

that underlie morphological changes at neuronal synapses329,330. Regulation of actin 

polymerization by mTORC2 is, in fact, required for long-term memory consolidation, and 
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the knockdown of Rictor, essential component of mTORC2, impairs synapse 

formation330.  

HD and PD are considered synaptopathies since synaptic dysfunction is a common 

hallmark for both diseases. Neurons affected in these neurodegenerative disorders 

display alterations in neurotransmitter release, synaptic vesicle endocytosis and 

dynamics, and synaptic transmission alterations which contribute to clinical symptoms 

(reviewed in 331).  

Dissecting PD pathology, LID onset is elicited by aberrant forms of plasticity in the 

striatum of PD patients (previously mentioned in section 1.2.4i). Administration of L-

DOPA to 6-OHDA-lesioned mice activates mTORC1 pathway in the striatum, probably 

by the activation of those MSN that express D1 receptor332,333. Moreover, LID severity 

shows a significant correlation with the magnitude of mTORC1 increase activity, based 

on phosphorylation levels of S6K and S6332. Strikingly, rapamycin or other mTOR 

inhibitors prevent the development of LID without affecting the therapeutic efficacy of L-

DOPA332,334.   
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3. RTP801/REDD1 AS A NEGATIVE REGULATOR OF THE 

MTOR/AKT PATHWAY 

RTP801, also known as Redd1 (regulated in development and DNA damage responses 

1) or Dig2 (dexamethasone-induced gene 2) is a stress responsive protein encoded by 

the gene DNA-damage-inducible transcript 4 (DDIT4). This gene was initially identified 

by two groups simultaneously in 2002, under hypoxia266 or DNA damage335.  

3.1 DDIT4: a stress responsive gene 

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

transcription factors (Figure 14). For instance, DDIT4 is upregulated by hypoxia through 

hypoxia inducible factor 1 (HIF-1) and Sp1 transcription factor266,336, by DNA damage in 

a p53-manner335 and by oxidative and endoplasmic reticulum (ER) stress under the 

control of activating transcriptional factor 4 (ATF4)337,338. Other cell stresses like energy 

depletion339, glucocorticoid treatment340,341 and overexpression of toxic proteins such as 

β-amyloid peptide342 also induce DDIT4 expression.  

 

 

Figure 14. DDIT4 gene-induction by cellular stress. Distinct types of stressors induce the expression of 
DDIT4 gene, which is translated to an increase of RTP801 protein. Abbreviations: ER, endoplasmic 
reticulum; DNA, deoxyribonucleic acid.  
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3.2 RTP801 protein 

RTP801 protein is ubiquitously expressed in several human tissues at low levels, and it 

only increases in response to cell stresses that rapidly and sharply induce its 

transcription266. Within the cell, this protein can be localized at the cytoplasm335,343,344, the 

nucleus343,344, the plasma membrane313,344 and also associated to mitochondria345,346. In 

neurons, results from our laboratory show that RTP801 is localized at both the soma and 

the dendrites and that it is highly enriched at the synaptic compartment of human and rat 

brain (unpublished data). 

3.2.1 RTP801 protein sequence and structure 

RTP801 open reading frame (ORF) encodes for 232 amino acid (aa) in humans, with 

orthologs in rat, mouse, Xenopus and Drosophila displaying evolutionary sequence 

conservation at the carboxyl terminus (C-terminus)335. Rat and mouse RTP801 ORF 

encodes for a 229 aa protein which sequence is highly homologous to human 

RTP801266,347 (Figure 15). Interestingly, there is a related transcript termed RTP801-like 

or Redd2 of 193 aa in human and mouse, that displays 50% of sequence homology and 

similar functions compared to RTP801335,348. 

Regardless a predicted molecular weight of 25 kDa, RTP801 usually migrates at 34 kDa 

by western immunoblot. This altered migration is probably caused by the presence of 

multiple lysine residues (K) positively charged at the C-terminus of the sequence335.  

The analysis of RTP801 aa sequence did not revealed any functional motif or structural 

domain. RTP801 exhibits a poorly preserved NH2 terminus (N-terminus) and highly 

conserved C-terminus. In consequence, N-terminus seems not to be necessary for 

RTP801 to exert its function. The 84 aa at the N-terminus of human RTP801 are neither 

necessary to maintain its inhibitory action towards mTOR, whereas only few residues 

could be omitted from the C-terminus without disturbing the function. Studies with 

different RTP801 truncated forms finally concluded that there are two RTP801 segments 

required for its function: from residues 85 to 193 and from 207 to 225347. 
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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-terminus sequence of 
Xenopus l. and Drosophila m. are not included. Lysine residues are highlighted in bold. The degree of 
conservation is represented in orange color as higher darkness indicate higher homology. The partial 
sequences that are necessary for its inhibitory function over mTOR are indicated in discontinuous red boxes. 
Figure adapted from Vega-Rubin-de-Celis S., et al. (2010)347.  

 

Furthermore, a segment of human RTP801 protein containing from the 89 to the 226 

residues with a deletion of the hydrophobic region 200FLPGF204 was crystallized 

(RTP80189-226∆Ф) (Figure 16A). This RTP801 mutant form maintained its function and was 

more soluble. The resulting structure displayed a novel topology characterized by a two-

layered α-helix/β-sheet sandwich with a psi-loop motif where the beta(β)-sheet is 

composed of four strands ordered β2-β1-β3-β 4347 (Figure 16B).  

 

Figure 16. RTP801 tridimensional structure show a unique topology. (A) Representation of the 
RTP801189-226∆Ф structure colored in rainbow mode from the N- to the C-terminus. The discontinuous dotted 
line represents a disordered region and the black arrowhead indicates the location of the hydrophobic 
200FLPGF204 deletion. (B) Diagram of RTP801 topology. Images obtained from Vega-Rubin-de-Celis S., et 
al. (2010)347. 
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Importantly, two separated segments, 138EPCG141 and 218KKKLYSSE225, adjacent in the 

three-dimensional structure were suggested to be critical for RTP801 function. Moreover, 

the sequence 218KKK220 has been reported necessary for targeting RTP801 to 

mitochondria345 and plasma membrane344. Nevertheless, the mutation of this stretch did 

not impair RTP801 function although 218KKK220 stretch is necessary for RTP801 

ubiquitination and degradation349.  

3.2.2 RTP801 function and regulation 

The only known function of RTP801 is its ability to repress mTOR activity267,348. Under 

stress conditions, downregulation of mTOR activity requires the quick expression of 

RTP801 which may be crucial for coping stress and maintaining cellular homeostasis 

and viability263,350.  

Up to now, the RTP801 inhibitory mechanism towards mTOR pathway has not been 

completely elucidated. It has been proposed that RTP801 suppresses mTOR activity 

through the activation of TSC1/2 complex263,267,339, although RTP801 does not interact 

physically with either TSC1 or TSC2347. In fact, evidences seem to indicate that RTP801 

binds and sequesters 14-3-3 protein351–353 and therefore disrupts the inhibitory function 

of this protein against TSC2 promoting the inactivation of mTOR313. Nevertheless, this 

direct interaction of RTP801 and 14-3-3 has been questioned, since the supposed 14-3-

3 binding motif (133RLAYSEP139) is not conserved within species and the crystallized 

RTP801 structure analysis does not reveal any established domain for 14-3-3 binding347. 

In parallel, RTP801 promotes protein phosphatase 2 (PP2A) dependent 

dephosphorylation of Akt at Thr308 residue, preventing TSC2 phosphorylation, 

attenuating Rheb-GTP loading and leading to the subsequent mTOR signaling 

repression354 (Figure 17).  
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Figure 17. Proposed model for RTP801 mechanism of action. Insulin and other growth factors can 
activate mTOR signaling through Akt-mediated phosphorylation of TSC2, which promotes TSC2/14-3-3 
interaction and inhibits TSC1/2 function. In response to cell stresses, RTP801 is upregulated and binds 14-
3-3 protein, resulting in TSC2/14-3-3 dissociation, TSC1/2 activation and mTOR inhibition. Akt pro-survival 
kinase is dephosphorylated at both residues, at Ser473 due to mTORC1 blockade and at Ther308 due to 
PP2A overactivation which is also induced by RTP801. Dashed arrows indicate signal loss, thick arrow 
enhance signal. Figure adapted from DeYoung M.P., et al. (2008)313.  

 

Strikingly, RTP801 has a dual role depending on the cellular context. In proliferating cells, 

RTP801 exerts a protective role and results anti-apoptotic in front of several toxic 

environmental stimuli, like H2O2-induced oxidative stress266, dexamethasone 

treatment340,341, serum deprivation355 or DNA damage335. In contrast, in non-proliferating 

and differentiated cells, such as NGF-differentiated PC12 cells and sympathetic and 

cortical primary neurons, RTP801 has a pro-apoptotic function increasing their sensitivity 

to oxidative stress and promoting degeneration263,266,349. In accordance with its dual 

function, RTP801 has been identified as regulator of cortical neuronal differentiation and 

migration. In embryonic cortical neuroprogenitors, RTP801 is increased without being 

toxic, whereas in newborn and mature neurons RTP801 gradually decreases 

contributing to the progression of neuronal migration and maturation. Indeed, sustained 

accumulation of RTP801 in differentiating neurons becomes pro-apoptotic356.  

Besides RTP801 rapid gene induction under cell stress, RTP801 proteostasis also 

determines its stability and thereby its regulatory function towards mTOR. Both RTP801 

mRNA340 and RTP801 protein306,357,358 display extremely short half-lives between 2 and 

7 minutes. Hence, RTP801 is a highly unstable protein with a fine-tuned post-

translational regulation.  
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Ubiquitylation of lysine residues tags proteins mostly to be degraded. In fact, RTP801 

protein when ubiquitylated with K48 Ubiquitins at its lysine residues is rapidly degraded 

by the proteasomal system349,359. To date, only three E3 ligases have been described to 

poly-ubiquitinate RTP801. The first one described was CUL4A-DDB1-ROC1-β-TRCP E3 

ligase complex which mediates RTP801 proteasomal degradation in a GSK3β-

phosphorylation dependent manner358. Additionally, our group described that parkin, a 

RING E3 ligase, also poly-ubiquitinates RTP801 mediating its proteasomal 

degradation359. Interestingly, our group also identified the existence of a pool of RTP801 

that, when ubiquitinated with K63 Ubiquitins at its lysine residues, is degraded through 

the lysosomal pathway and this degradation is, at least in part, mediated by the E3 ligase 

NEDD4349.  

3.3 RTP801 implication in neurodegenerative diseases 

RTP801 behaves like many other stress-induced genes, where a slight increase may be 

beneficial but a chronic and sustained elevation is detrimental for neuronal survival. 

Interestingly, since RTP801 represses protein translation, through mTORC1 inhibition, 

and survival, via mTORC2 and the neuronal survival kinase Akt, its pro-apoptotic role 

may be relevant to neurodegenerative diseases. Indeed, RTP801 has been involved in 

the pathogenesis of neurodegenerative disorders such as PD or Alzheimer’s disease 

(AD). RTP801 has been identified as an amyloid- β-peptide responsive gene. Besides, 

silencing RTP801 expression protects neuronal cells from amyloid-β-induced toxicity, 

whereas RTP801 overexpression increases cell sensitivity towards amyloid-β toxicity342. 

Further studies confirmed its association to AD neurodegeneration. Lymphocytes of AD 

patients show increased levels of both RTP801 mRNA and protein when compared to 

age-matched controls360. Nevertheless, no implications of RTP801 in HD were yet 

described. 

3.3.1 RTP801 in PD 

RTP801 protein has been related to PD since in 2005 was described as the most induced 

transcript in a Serial Analysis of Gene Expression (SAGE) performed in a cellular model 

of the disease361. RTP801 transcript resulted in a 98-fold increase in those NGF-

differentiated PC12 cells treated with the PD mimetic 6-OHDA. This finding identified 

RTP801 as a candidate to be considered to trigger neuronal death in PD.  

RTP801 transcriptional elevation was further confirmed and extended to protein level in 

other cell and animal PD models. RTP801 protein is also increased in NGF-differentiated 
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PC12 exposed to PD toxins 6-OHDA, MPTP and rotenone, and at SNpc DA neurons of 

the MPTP mouse model. Interestingly, RTP801 elevation is not only observed at in vivo 

and in vitro PD models but also at nigral neurons from both idiopathic and mutant parkin 

PD patients brains263,349,359. Moreover, RTP801 upregulation mediates 6-OHDA-induced 

cell death in models of PD since silencing its expression is protective in NGF-

differentiated PC12 cells and in sympathetic neurons. On the other hand, overexpression 

of RTP801 is sufficient to induce neuronal death263. Based on these results, RTP801 

upregulation may be toxic for nigral neurons in PD patients.  

RTP801 increase triggers cell death through mTOR repression since mTOR 

phosphorylation at Ser2448 is reduced263. Indeed, RTP801 also suppresses the 

phosphorylation of Akt at Ser473 and Thr308 residues264,281. RTP801-induced neuronal 

loss under 6-OHDA exposure can be rescued by TSC2 knockdown, mTOR 

overexpression or constitutively active Akt263,264,306. Remarkably, the loss of mTOR and 

Akt phosphorylation is also observed in DA neurons of postmortem PD brains264,306. As 

previously described (section 2.2.2), rapamycin is protective in PD animal and cellular 

models by blocking RTP801 translation and by preserving Akt phosphorylation at Thr308 

residue306.  

Importantly, RTP801 gene induction and impairment of its degradation lead to RTP801 

increase in PD. In the context of PD, two different E3 ubiquitin-protein ligases, Parkin 

and NEDD4, have been described to mediate RTP801 protein degradation. Parkin 

dysfunction due to mutations, since PRKN gene contains a PD causative loci (Table 1), 

or oxidative/nitrosative stress has been linked to PD362–364. Thus, increased RTP801 is 

observed at parkin knockout mice brains, postmortem brains and fibroblasts of parkin 

mutant PD patients. Additionally, ectopic wild-type parkin, but not its mutant forms, 

protects neuronal cells from 6-OHDA-induced death by mediating proteasomal 

degradation of RTP801359. Furthermore, NEDD4 E3 ligase is impaired in PD contributing 

to RTP801 elevation. NEDD4 protein levels are decreased at DA neurons from human 

postmortem idiopathic and parkin mutant PD brains and, interestingly, 6-OHDA 

diminishes its levels in neuronal models. Moreover, NEDD4 protects NGF-differentiated 

PC12 cells from both 6-OHDA and RTP801-induced toxicity by promoting RTP801 

lysosomal degradation349. These findings suggest that both parkin and NEDD4 loss of 

function in PD may contribute to toxic accumulation of RTP801 and subsequent 

neurodegeneration in PD.  

Based on these data, a working model has been suggested350. It is proposed that at early 

stages of neurodegenerative diseases, RTP801 induction by cellular stresses may 
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contribute to mTOR suppression in an attempt to preserve neuronal function and viability. 

However, at more advanced stages, mTOR sustained inhibition by RTP801 can 

eventually promote neuronal death though Akt inactivation (Figure 18).  

 
Figure 18. 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 
thereby protein translation and neuronal survival (left panel). However, when neurons are exposed to cell 
stress RTP801 is increased promoting mTORC1 and mTORC2 inhibition and subsequently Akt repression. 
This sequential mTOR/Akt suppression contributes to abrogate protein synthesis and survival signaling. If 
this situation is sustained over time neuronal death occurs (right panel). Image adapted from Canal M., et al 
(2014)350.  
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4. TRANSNEURONAL COMMUNICATION VIA EXOSOMES 

The secretion of extracellular vesicles was initially described in 1987 as a mechanism to 

remove unneeded compounds from the cell365. Nevertheless, novel evidences show that 

extracellular vesicles are more than just waste carriers and have the capacity to 

exchange components between cells and to act as signaling vehicles to maintain cell 

homeostasis or as consequence of pathological alterations366–369. 

4.1 Classification of extracellular vesicles  

Extracellular vesicles are produced by virtually any cell type and represent a highly 

heterogeneous population which can change dynamically in number and content in 

response to physiologic and environmental conditions370,371. In the brain, extracellular 

vesicles are released from neuronal progenitor cells372,373, neurons374,375, 

astrocytes376,377, oligodendrocytes378–382 and microglia383,384 as well as Schwann cells in 

the peripheral nervous system385,386. Importantly, healthy neurons secrete extracellular 

vesicles that activate microglia phagocytosis for the clearance of inactive synapses and 

toxic proteins387,388. Nevertheless, neuronal vesicles can also accumulate toxic proteins 

such as tau, β-amyloid, α-synuclein and prion protein which are associated with neuronal 

degeneration219,220,389,390.  

The different types of extracellular vesicles differ in their mechanism of biogenesis and 

distinct cargoes, which can vary from nucleic acids to lipids and proteins. Based on the 

current knowledge of their biogenesis, extracellular vesicles can be broadly classified 

into two main categories: exosomes (50 to 150nm in diameter), which are formed from 

multivesicular bodies, and microvesicles and ectosomes (50nm to 1µm in diameter), 

which bud from the cell surface (reviewed in 391) (Figure 19). In addition, during 

apoptosis, dying cells can release apoptotic blebs (500nm to 2µm in diameter)367,368,392. 
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Figure 19. Categorization of extracellular vesicles. Extracellular vesicles are formed either by seeding of 
the plasma membrane, in which case they are referred to as microvesicles, or within the lumen of 
multivesicular endosomes and then fuse with the plasma membrane to release vesicles that are then named 
exosomes. Additionally to the main types, the pool of extracellular vesicles also include apoptotic bodies, 
membrane particles which directly bud from the plasma membrane resembling the budding of viruses, and, 
finally, exosome-like vesicles which are basically composed from ESCRT-related proteins393. Their cargo 
composition is cell-type specific and is mainly determined by the origin of the biogenesis394,395. Abbreviations: 
ESCRT, endosomal sorting complex required for transport; mRNA, messenger RNA; miRNA, microRNA; 
MVB, multivesicular body, TSG101, tumor susceptibility gene 101; nm, nanometers. Image adapted from 
the website http://docs.abcam.com/pdf/general/secreted_extracellular_vesicles_web.pdf . 

4.1.1 Exosomes  

In the central nervous system, exosomes are the most extensively studied subtype of 

extracellular vesicles. Exosomes show the singularity that their cargo composition is 

influenced by the physiological or pathological status of the donor cell as well as the 

stimuli that modulate their production and release394,395. Consequently, exosomes have 

emerged as possible biomarkers for the clinical use in neurodegenerative diseases. 

Moreover, exosomes can be used as cargo vehicles for the targeted delivery of 

compounds to modulate neuronal behaviors391.  

i. Exosome biogenesis, release and internalization 

Exosomes are generated as intraluminal vesicles (ILVs) within the lumen of endosomes 

during their maturation into multivesicular bodies (MVBs), in a process that involves the 

endosomal sorting complex required for transport (ESCRT) machinery.  
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ESCRT consists of four different protein complexes, ESCRT-0, -I, -II -III, that work in 

a stepwise manner391,396 (Figure 20). ESCRT-related proteins are associated with 

other accessory proteins, such as ALG-2 interacting protein X (Alix) or sorting-

associated protein 32 (VPS4)396,397. The inactivation of ESCRT or associated proteins 

affects either efficiency and composition of secreted exosomes398. Remarkably, 

exosomes can also be originated in an ESCRT-independent manner revealed by the 

formation of ILVs upon the depletion of ESCRT complexes399. The most studied 

ESCRT-independent mechanism of exosome biogenesis requires the production of 

ceramide by neutral type II sphingomyelinase (nSMase2), which hydrolyses 

sphingomyelin to ceramide400. Ceramide may then allow the generation of membrane 

subdomains which impose a spontaneous negative curvature on the membrane that 

triggers the formation of ILVs391,401.  

Once released into the extracellular space, exosomes can reach recipient cells and 

deliver their contents to induce functional responses and promote signaling changes 

that will affect the cell homeostasis391,402,403. Exosome-induced intercellular 

communication can be mediated by different mechanisms, including docking at the 

plasma membrane, activation of surface receptors and intracellular signaling, vesicle 

endocytosis or fusion with the target cell. However, the complete mechanism that 

underlies exosome intercellular communication is not fully uncovered since it appears 

to be dependent on exosome origin and target cell type391. Moreover, the signaling 

pathways that are stimulated or the trophic support that is provided is determinant by 

the mode of interaction and the fate of exosomes in case of being internalized391,404.  

Of note, exosomes are taken up by microglia nonspecifically by macropinocytosis379, 

whereas neurons mainly mediate their internalization by clathrin- and dynamin-

dependent endocytosis381,405. The ultimate, and probably the most frequent fate of 

exosomes, is targeting to lysosomes, leading to the degradation of exosomal proteins 

and lipids. This degradative pathway would offer a relevant source of metabolites to 

the target cells providing trophic support406.  
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Figure 20. Biogenesis of exosomes. Exosomes are generated as ILVs in MVBs by mechanisms that 
are ESCRT dependent or independent. Proteins that are transported from the Golgi or that are 
internalized from the cell surface are ubiquitylated on their cytosolic domains. The ESCRT-O complex 
recognizes ubiquitylated proteins on the cytosolic side of endosomes or MVBs and binds the ESRT-I 
complex, which in turn recruits ESCRT-II subunits initiating the budding of ILVs within MVBs. Following, 
cytosolic RNAs and proteins have direct access into the inner part of forming vesicles. Next, the ESCRT-
II recruits the ESCRT-III subunits for cleaving into free ILVs. Other mechanism of sorting into ILVs is 
independent of the ESCRT machinery through raft-based microdomains that are enriched in 
sphingolipids which is transformed into ceramide by sphingomyelinases. Ceramide then induces ILVs 
formation by the invagination of microdomains. The MVBs follow either the secretory or the degradative 
pathway. In the degradative pathway, MVBs release ILVs into lysosomes to digest and clear their 
components. In the secretory route, MVBs traffic to the cell periphery and fuse with the plasma 
membrane releasing ILVs, now termed exosomes. The release of exosomes can be constitutively or 
mediated by surface receptors that trigger calcium influx. RABs, actin and SNARE protein are involved 
in final steps of exosomal release. Abbreviations: ER, endoplasmic reticulum; miRNA, microRNA; RABs, 
Ras-related proteins in brain; t-SNARE, target SNAP receptor, v-SNARE, vesicle SNARE. Figure adapted 
from Robbins P.D. and Morelli A.E., et al. (2014)402.  
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ii. Exosome composition 

One of the decisive factors in exosomal composition is their biogenesis pathway, so 

both ESCRT-dependent and -independent routes contribute to the cargo variability 

between different subpopulation of exosomes391,398. Yet, a canonical exosome model 

has been proposed as a lipid-enclosed vesicle containing various types of cytosolic 

and membrane proteins (Figure 21).  

 
Figure 21. Canonical composition of exosomes. Schematic representation of the molecular 
composition (proteins, lipids and nucleic acids) of exosomes. Examples of each subtype of proteins are 
listed. Abbreviations: ARF, ADP ribosylation factor; ESCRT, endosomal sorting complex required for 
transport; LAMP, lysosome-associated membrane protein; MHC, major histocompatibility complex; MFGE8, 
milk fat globule–epidermal growth factor-factor VIII; RABs, Ras-related proteins in brain; TfR, transferrin 
receptor. Figure obtained from Colombo M., Raposo G. and Théry C., et al. (2014)366.  

 

Exosomes are composed by a lipid bilayer which protects their cargo from plasma and 

immune components and helps to deliver it to recipient cells without compromising its 

intrinsic function404,407,408. The composition of the exosomal bilayer differs from the 

lipid composition of the plasma membrane of the donor cell. Exosomal membrane is 

enriched in sphingomyelin, cholesterol and saturated fatty acids409–411. Moreover, 

ceramide and its derivates are enriched in exosomes400,410,412. Proteins associated to 

lipid rafts, such as flotillins or glycosylphosphatidylinisotol-anchored proteins, are also 

highly expressed in exosomes411.  
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The protein content of exosomes is heterogeneous but specific. The heterogeneity is 

based on a non-homogeneous exosomal population whose protein composition can 

differ depending on the exosomal origin and the status of the recipient cell366,403,413. 

However, several exosomal protein markers have been described to be widely 

present. Specific transmembrane or membrane associated proteins, like flotillins, 

tetraspanines or integrins, components of the ESCRT machinery, such as alix, tumor 

susceptibility gene 101 (TSG101), or cytosolic proteins as heat shock protein 70 kDa 

(Hsp70) are common exosomal markers. They also carry a variety of cytoskeletal 

proteins including actin and tubulin and some metabolic enzymes as pyruvate kinase 

or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Most of exosomes do not 

contain proteins associated to mitochondria, nucleus, ER or Golgi (reviewed in 391,398). 

Moreover, it has been proposed that some cytosolic proteins modified by ubiquitylation 

are segregated in ILVs and then secreted within exosomes414. Proteins highly 

enriched in neurons such as L1 cell adhesion molecule (L1-CAM)375,415, AMPA, but 

not NMDA, receptors374, and NEDD4416 have also arise as specific markers for 

neuronal exosomes.  

Apart from proteins and lipids, exosomes also carry nucleic acids, including RNAs 

(mRNAs, microRNAs and long-non-coding RNAs)417,418 and DNA sequences only 

under tumorigenesis419,420. 

4.2 Neuronal-derived exosomes in physiology and pathology  

Exosomes are released from the soma and the dendrites of mature neurons375. Their 

release can be enhanced by depolarization mediated by glutamate excitatory 

neurotransmitter through the activation of AMPA and NMDA receptors. Indeed, 

calcium influx is determinant for boosting exosomal secretion in neurons374,375. Further 

studies confirmed that release of exosomes by neurons is dependent on synaptic 

activity416,421 and participates in the neuron-to-neuron communication (reviewed in 422) 

(Figure 22).  
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Figure 22. Role of exosomes in neurons. (A) Depolarization of neurons results in the release of 
neurotransmitters from synaptic vesicles and of exosomes. Exosomes released from the presynaptic 
neuron are taken up by postsynaptic neurons modulating synaptic strength and retrograde signaling. 
Exosomes can also stimulate other neural cells as microglia to activate phagocytosis for the clearance 
of inactive synapses. (B) In neurodegenerative diseases, exosomes act as vehicle carriers for the 
extracellular release of toxic proteins, cell-to-cell spreading and finally the accumulation of those toxic 
proteins in the recipient cell eventually promoting neurodegeneration. Abbreviations: MVB, 
multivesicular body; NT, neurotransmitter; PrPSC, prion protein scrapie; SOD1, superoxide dismutase 1; 
SV, synaptic vesicle, TDP-43, TAR DNA-binding protein 43. Figure adapted from Zappulli V., et al. 
(2016)403. 

 

Exosomes play crucial roles in neuronal physiologic processes but also contribute to the 

development of disease states. Neurodegenerative disorders, including HD, PD, AD and 

prion diseases, are characterized by the aggregation of misfolded proteins that become 

toxic for the neuron. However, exosomes appear to act at cross-purposes in 

neurodegeneration, particularly in their clearance function. On the one hand, exosomes 

are used as vehicles to transneuronally spread the toxic proteins across different regions 

of the brain219,220,389,423,424. On the other hand, exosomes play a crucial role for 

disassembling and clearing toxic proteins by microglial cells379,387,425–427. Even though 

exosomes have been extensively studied regarding the propagation of prion protein and 

amyloid and Tau proteins in AD387,389,424,427,428, they have also been involved in other 

neurodegenerative disorders describing the spreading of PD-associated proteins and 

mhtt in HD.  

Recently, the propagation of mhtt by exosomes has been uncovered. Indeed, both 

expanded repeat RNA and polyQ-mhtt protein are found in exosomes derived from HD 

cell models. Nevertheless, no toxicity emerged after exposing primary neurons to those 

exosomes83. Another study also revealed that propagation of full-length mhtt occurs in 



INTRODUCTION 

85 
 

vivo suggesting that, at least in part, its spreading is mediated by exosomes. Additionally, 

injection of exosomes carrying mhtt to wild-type mice triggers the development of 

pathological and behavioral HD phenotype82.  

The accumulation and cell-to-cell transmission of α-synuclein has been also 

demonstrated to occur in part via exosomes and, additionally, its spreading affects the 

viability of neighboring neurons218–220. Furthermore, exosomal release is enhanced by 

lysosomal impairment associated to PD pathogenesis and the inhibition of lysosomal 

function leads to an increase in the secretion of exosomal α-synuclein and its spreading 

to recipient cells429. In agreement with this data, exosomal α-synuclein is also found in 

the cerebrospinal fluid (CSF) of PD patients and its levels correlate with the severity of 

cognitive impairment in those individuals219. However, the levels of exosomal α-synuclein 

in the plasma are lower in PD patients compared to controls430 and there is an inverse 

significant correlation between plasma exosomal α-synuclein and PD severity431. All 

these findings support the hypothesis that α-synuclein aggregates can be spread from 

neuron to neuron promoting the gradual progression of the disease. Besides α-synuclein, 

other PD-related proteins including deglycase DJ-1 and leucine-rich repeat kinase 2 

(LRRK2) have been found in blood-, CSF- or urine-derived exosomes in patients with 

PD432–435.  
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Both HD and PD are devastating neurodegenerative diseases characterized by the death 

of selective neuronal subpopulations. As a modulator of numerous cellular processes, 

the mTOR pathway is fine-tuned regulated to maintain neuronal survival and synaptic 

plasticity. One of the proteins that modulates this signaling cascade is RTP801. RTP801 

is induced in response to cellular stressors and its increase triggers neuronal death by 

negatively regulating the mTOR/Akt pathway. RTP801 upregulation in PD has been 

extensively studied, nonetheless RTP801 function in HD pathogenesis has never been 

explored. Thus, identifying RTP801 as a new target in HD would be valuable to design 

new therapies to block neurodegeneration.  

Interestingly, exosomes have recently emerged as a key mechanism to maintain trophic 

support between neural cells and as vehicle for the clearance of toxic proteins from 

neurons. Since RTP801 is upregulated under stressful conditions, its propagation by 

exosomes may allow the neuron-to-neuron spreading of RTP801 toxicity through the 

modulation of mTOR/Akt pathway.  

Importantly, impaired protein functions of the mTOR pathway are a common hallmark in 

many neurodegenerative diseases, including HD and PD. However, little is known about 

the contribution of genetic variants of the genes belonging to the mTOR pathway to the 

risk of PD and how they influence the interindividual variability response to 

pharmacological treatment with L-DOPA.  

 

 

 

 

 

 

 

 

 

 

 

 



AIMS  

90 
 

Hence, the specific aims of this thesis are (Figure 23): 

AIM 1. To characterize whether RTP801 is upregulated in Huntington’s disease and 

whether it is a downstream effector of mutant huntingtin-induced toxicity. 

1.1 To study the contribution of RTP801 to mutant huntingtin-induced cell death. 
 

1.2 To analyze the participation of RTP801 in motor learning deficits in Huntington’s 

disease.  

AIM 2. To investigate whether RTP801 is propagated by exosomes and whether it is 

able to modulate transneuronally the mTOR/Akt pathway in cellular models of 

Parkinson’s disease and Huntington’s disease.  

AIM 3. To assess whether genetic variations in the mTOR pathway contribute to 

Parkinson’s disease pathogenesis and response to pharmacological therapy. 

3.1 To explore whether interaction of SNPs in the mTOR pathway influences risk and 

age at onset of PD. 
 

3.2  To study whether interaction of SNPs in the mTOR pathway modulates 

levodopa-induced dyskinesia onset and severity in PD patients. 

 

 

Figure 23. Scheme indicating the 
different aims developed in this thesis. 
In this work we have studied the 
contribution of the mTOR pathway to HD 
and PD neurodegenerative diseases, from 
a protein and genetic approximation. On 
one hand, we have explored the implication 
of RTP801 as a negative regulator of 
mTOR in the pathogenesis of HD (aim 1) 
and its propagation by exosomes spreading 
its toxicity to other neurons in models of the 
aforementioned diseases (aim 2). On the 
other hand, we have analyzed the 
contribution of genetic variants in mTOR-
related genes to the onset of PD and the 
response to the pharmacological treatment 
with L-DOPA (aim 3).  
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1. CELL CULTURE  

1.2 HEK293T cells 

Human Embryonic Kidney 293T cell (HEK293T) is a human cell line originally derived 

from human embryonic kidney cells which are commonly used for the production of 

lentiviruses436. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) medium supplemented with 10% Fetal Bovine Serum and 1% 

Penicillin/Streptomycin (all from Thermo Fisher Scientific) in a 5% CO2 atmosphere at 

37ºC. Medium was replenished every other day and before transfection. Cells were 

reseeded when confluent.  

1.2 PC12 cells 

PC12 cells is a cell line originally derived from a pheochromocytoma of the rat adrenal 

medulla437. They are characterized by the presence of catecholaminergic vesicles which 

can be stored and released. Upon the exposure to nerve growth factor (NGF), PC12 

cells respond exiting the cell cycle and differentiating into a neuron-like phenotype. NGF-

differentiated PC12 cells are characterized by the presence of branched neurites and 

the expression of several neuronal markers. Moreover, they are electrically excitable and 

release neurotransmitters, mostly dopamine438–441. Thus, NGF-differentiated PC12 cells 

have widely been used in neurobiological and neurochemical studies.  

Proliferating naïve PC12 cells were maintained in RPMI 1640 medium (Thermo Fisher 

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

FBS and 1% Penicillin/Streptomycin in a 7.5% CO2 atmosphere at 37ºC. Cells were 

reseeded when confluence was reached on plates treated with collagen type I rat tail 

(Corning). To obtain neuronal-like NGF-differentiated PC12 cells, standard medium was 

replaced for differentiation medium containing RPMI 1640 supplemented with 1% heat-

inactivated horse serum, 1% penicillin/streptomycin and 50 ng/ml recombinant human β-

NGF (Alomone Labs). Cells were differentiated for 6-7 days prior performing 

experiments. Medium was changed every other day and before transfection. 

1.3 Striatal neuronal progenitor cell line 

Conditionally immortalized wild-type STHdhQ7/Q7 and mutant STHdhQ111/Q111 striatal 

neuronal progenitor cell line expressing endogenous levels of normal and mutant htt with 

7 and 111 glutamines, respectively, were used. These cells were originally derived from 
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striatal precursors isolated from HdhQ7 and HdhQ111 mice at embryonic day 14, and 

after were immortalized with the SV40 Large T antigen containing the tsA58/u19 

temperature-sensitive mutations and the neomycin resistance gene442.  

Cultures were grown in DMEM medium supplemented with 10% FBS, 1% 

penicillin/streptomycin and 400 μg/ml neomycin analogue G418 (Geneticin; Gibco, 

Thermo Fisher Scientific) in a 5% CO2 atmosphere at 33ºC. Medium was replenished 

every other day and before transfection. Cells were reseeded when confluent.  

1.4 Cortical primary neurons 

Primary cultures of cortical neurons were performed from rat or mice depending on the 

experiment. Experiments were performed at day-in-vitro (DIV) 14 or 21.  

Rat primary cortical cultures were performed from Sprague-Dawley rats at embryonic 

day 18 (E18). Cortices were dissected out, dissociated in 0.05% trypsin (Sigma-Aldrich) 

and maintained in Neurobasal medium supplemented with B27 and 2mM GlutaMAXTM 

(all from Thermo Fisher Scientific) in a 5% CO2 humified atmosphere at 37ºC. For 

imaging experiments, neurons were plated at a density of 300 cells/mm2 on poly-L-lysine-

coated (Sigma-Aldrich) in seeding medium containing MEM medium supplemented with 

100 mM pyruvic acid (all from Thermo Fisher Scientific), 10% heat-inactivated serum 

and 20% glucose (all from Sigma-Aldrich). After 60 minutes, medium was replaced for 

supplemented Neurobasal. For biochemistry experiments, neurons were plated at a 

density of 750 cells/mm2 on poly-L-lysine-coated plates in supplemented Neurobasal. 

Medium was replenished one third every 7 days.  

Mouse primary cortical cultures were obtained from E16.5 B6;129 embryos, dissociated 

in 0.05% trypsin and plated at a density of 500 cells/mm2 on poly-D-lysine-coated plates 

for biochemical analysis. Neurons were maintained in Neurobasal medium 

supplemented with B27 and 2mM GlutaMAXTM in a 5% CO2 atmosphere at 37ºC. One 

third of the medium was replenished every 3 days.  

2. CELLULAR TREATMENTS 

All treatments were performed in NGF-differentiated PC12 cells at day 6-7 after 

differentiation or in rat cortical primary neurons DIV13-14. Before treatment, medium was 

totally replaced for NGF-differentiated PC12 cells and half-replaced for neuronal 

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

(Source) 
Function Cell type Concentration 

Exposure 

time 

Cycloheximide 

(Calbiochem) 

Protein 

synthesis 

inhibitor 

NGF-

differentiated 

PC12 cells 

10µg/ml 10’ or 60’ 

Actinomycin 

(Gibco) 

RNA synthesis 

inhibitor 

NGF-

differentiated 

PC12 cells 

3µg/ml 10’ or 60’ 

6-OHDA (Tocris 

Bioscience) 
PD neurotoxin 

Rat cortical 

neurons  
50µM 16h 

.  

Table 2. Compounds used for cellular treatments.  

3. MOLECULAR BIOLOGY 

3.1 DNA plasmid amplification and purification 

All DNA plasmids used in this thesis were amplified by bacterial transformation and then 

purified following the next steps:  

3.1.1 Bacterial transformation  

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

and amplify the DNA content of plasmids and ligation products. Vector DNA was added 

to bacterial competent cells, mixed and incubated for 15 minutes at 4ºC. To induce 

transformation by heat shock, the mixture was placed at 42ºC for 2 minutes and placed 

back at 4ºC for 5 minutes. Next, S.O.C. medium (Thermo Fisher Scientific) was added 

and incubated at 37ºC for 60 minutes to grow transformed bacterial. Finally, bacteria 

were seeded on lysogeny-broth agar (Panreac) plates supplemented with 100µg/ml of 

ampicillin (Thermo Fisher Scientific) or 50µg/ml of kanamycin (Sigma Aldrich), 

depending on the antibiotic resistance gene of the plasmid. LB-agar plates were 

incubated overnight at 37ºC.  

3.1.2 Plasmid DNA amplification and purification 

A single copy colony was selected from the lysogeny-broth agar plate and inoculated in 

Terrific Broth medium (Thermo Fisher Scientific) containing 100µg/ml of ampicillin or 

50µg/ml of kanamycin. The bacterial culture was grown overnight at 37ºC and 300 rpm. 
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The commercial kit HiPure plasmid Maxiprep kit (Thermo Fisher Scientific) was used to 

isolate plasmid DNA. Final DNA concentration was measured using a NanodropTM One 

Spectrophotometer (Thermo Fisher Scientific).  

3.1.3 Plasmid DNA sequencing 

All new and ceded plasmid constructions were analyzed by DNA sequencing. DNA 

sequencing was performed at the Servei de Genòmica from the Universitat Autònoma 

de Barcelona.  

3.2 DNA subcloning 

In this thesis, a short hairpin RNA (shRNA) sequence against RTP801 and a scrambled 

shRNA were subcloned into the lentirviral vector pLL3.7 (Addgene). For this purpose, 

the following steps were performed:  

3.2.1 ShRNA sequence design 

Validated shRNA targeting human, rat and mouse RTP801 sequence263,356 and a 

scrambled control sequence were used to design new oligonucleotides which were 

flanked by HpaI and XhoI restriction sites. Prior ligation, oligonucleotides were 5’ 

phosphorylated and annealed. The scrambled (shCtr) and shRTP801 sequence were:  

shCtr: 5’-GTGCGTTGCTAGTACCAAC-3’ 

shRTP801:  5’-AAGACTCCTCATACCTGGATG-3’ 

3.2.2 Vector linearization 

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

England Biolabs) at 37ºC for 2 hours. To dephosphorylate the linearized vector and avoid 

its recircularization, calf-intestinal alkaline phosphatase (New England Biolabs) was 

added to the digestion products and incubated at 37ºC for 60 minutes.  

3.2.3 DNA extraction from agarose gel 

Digested pLL3.7 vector was separated by electrophoresis in a 1% agarose gel containing 

0,5 µg/ml of ethidium bromide to visualize DNA. DNA samples were mixed with DNA 

loading dye (Thermo Fisher Scientific) and gels were run in TAE buffer (Thermo Fisher 

Scientific). DNA bans were visualized under ultraviolet light and bands corresponding to 
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linearized vector were cut from the gel. DNA bands were purified using QIAquick Gel 

Extraction Kit (QIAGEN) following manufacturer’s instructions.  

3.2.4 Ligation 

The linearized pLL3.7 vector purified from agarose gel and the annealed oligonucleotides 

were ligated using a molar ratio of 1:2. Vector and insert DNA were mixed with T4 DNA 

Ligase and T4 DNA Ligase Buffer (all from New England Biolabs). The reaction was 

incubated overnight (18 hours approximately) at 16ºC and after inactivated at 65ºC for 

20 minutes. Escherichia coli DH5α were transformed with the ligation products and the 

resulting colonies were grown in Terrific Broth medium (all from Thermo Fisher Scientific) 

and the sequence was verified by sequencing the vector (see section 3.1.3).  

3.3 Description of plasmids  

All constructs used in this thesis and their specifications are listed below (Table 3): 
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Backbone/Empty vector Construct Source 

pcDNA3.1-eGFP 

Obtained from Addgene 

• Ampicillin resistance 

• Expresses eGFP under the control of 

CMV promoter443 

pCDNA3.1-Q25-eGFP 
Provided by Dr. 

G.M. Lawless 

 (Cure HD Initiative, 

Reagent Resource 

Bank of the Hereditary 

Disease Foundation) 

pCDNA3.1-Q72-eGFP 

pCDNA3.1-Q72-eGFP 

pEGFP-C1bos 

Provided by Dr. Giovanna Bossi 

• Kanamycin resistance 

• Expresses eGFP under the control of 

Bos promoter 

pEGFP-C1bos-CD63 

Provided by Dr. 

Giovanni Bossi 

(University of Oxford) 

pEGFP-C3 

Provided by Dr. Clarissa Waites (Columbia 

University) 

• Kanamycin resistance 

• Expresses eGFP or the insert fused 

to eGFP under the control of CMV 

promoter  

pEGFP-C3-RTP801 
Subclonned by Dr. 

Joan Romaní  

pCMS-EGFP 

Provided by Dr. Lloyd Greene (Columbia 

University) 

• Ampicillin resistance 

• Expresses eGFP under the control of 

SV40 promoter 

pCMS-eGFP-shG 

Provided by Dr. 

Cristina 

Malagelada263,356 

pCMS-eGFP-

shRTP801 1 

pCMS-eGFP-

shRTP801 4 

pLL3.7 

Obtained from Addgene 

• Lentiviral vector. Ampicillin resistance 

• Expresses eGFP under the control of 

CMV promoter and the inserte under 

the control of U6 promoter 

pLL3.7-shCtr Subcloning   

(section 3.2) 

 
pLL3.7-shRTP801 

rAAV2/8 

Provided by the Viral Vector Production Unit 

(Universitat Autònoma de Barcelona) 

• Adenoassociated virus serotype 2/8 

• Expresses eGFP under the control of 

CMV promoter  

rAAV2/8-shCtr 

Provided by the 

Viral Vector 

Production Unit 

(Universitat Autònoma 

de Barcelona) 

(section 11) 
rAAV2/8-shRTP801 

 

Table 3. List of constructs used. SV40=Simian Virus 40; CMV=Cytomegalovirus, Bos= EF-Bos Taurus 
promoter.  
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4. PROTEIN EXPRESSION IN CELL CULTURES 

4.1 Liposome-mediated transfection 

Transient transfections were carried in different cell cultures using the lipid reagent 

Lipofectamine 2000 ® (Thermo Fisher Scientific).  

4.1.1 Transfection of HEK293T, NGF-PC12 and STHdh cells  

Briefly, cell culture was grown up to 70-90% of confluence, and 30 minutes before 

transfection medium was replaced for transfection medium (medium without serum and 

antibiotics). Plasmidic DNA and Lipofectamine 2000 ® were mixed and added to cells 

following manufacturer’s instructions. Four hours later, medium was replaced by fresh 

complete medium (supplemented with serum and antibiotics).  

4.1.2 Transfection of rat cortical primary cultures 

Coverslip-plated cortical neurons were transfected for 24- or 48-hours prior 

paraformaldehyde fixation (section 6.1) for imaging experiment at DIV14 or DIV21, 

respectively. Coverslip were first transferred into a new plate with conditioned and fresh 

neurobasal medium in a 1:2 ratio. Plasmidic DNA and Lipofectamine 2000 ® mixtures 

were prepared and added to cultures as indicated by the manufacturer. Four hour later, 

coverslips were transferred back to the plate containing conditioned medium. We 

referred to conditioned medium, neurobasal supplemented medium which have been 

previously cultivated within cell.  

4.2 Lentiviral transduction 

Rat cortical primary neurons were transduced with lentiviral particles packaging a shRNA 

construct against RTP801 (pLL3.7-shRTP801) or a scrambled control sequence 

(pLL3.7-shCtr). Lentiviral transductions were performed with a MOI (Multiplicity Of 

Infection) of 2 at DIV 6-7 and six days later (DIV 13-14) cultures were harvested. 

4.2.1 Lentiviral particles production 

To produce lentiviral particles, 10 cm plates containing HEK293T at 70-80% of 

confluency were transfected with Lipofectamine 2000 ® as described in section 4.1.1. 

Cultures were transfected with 5 µg of pMDL/pRRE, 5 µg of pRSV-REV, 5 µg of pMD2.G 

(all form Addgene) and 10 µg of the target vector (pLL3.7-shCtr or pLL3.7-shRTP801).  



METHODOLOGY  

100 
 

Lentiviruses were purified using polyethylene glycol (PEG) precipitation. Seventy-two 

hours post-transfection, cell medium was collected and centrifuged 5 minutes at 5,000g 

to remove cell debris. Then, supernatant was mixed with 8,5% PEG 6000 and 0.5 M 

NaCl and incubated 90 minutes at 4ºC with occasional mixing every 20-30 minutes. 

Finally, the resulting mix was centrifuged at 7,500g for 15 minutes in a SS-34 fixed angle 

rotor in a Sorvall R5-5C Superspeed Centrifuge. The pellet-containing lentiviruses was 

resuspended with PBS-Ca2+/Mg2+ and stored at -80ºC. Viral titer was assessed by 

transduction of several viral dilutions.  

5. GENE EXPRESSION ANALYSIS 

The gene expression of RTP801 was quantified by reverse transcription quantitative 

polymerase chain reaction (RT-qPCR). Total RNA was isolated from NGF-PC12 cells or 

extracted from 12-week old wild type and R6/1 mice striatal samples using the High Pure 

RNA Isolation Kit (Roche Diagnostics Corporation) following manufacturer’s instructions. 

Transcriptor Strand cDNA Synthesis Kit (Roche Diagnostics Corporation) was used to 

reverse transcribe cDNA from 1 µg of total RNA. Specific primers for quantitative PCR 

(qPCR) were used as follows: rat RTP801 forward primer, 5’-

GCTCTGGACCCCAGTCTAGT-3’; rat RTP801 reverse primer, 5’-

GGGACAGTCCTTCAGTCCTT-3’; mouse RTP801 forward primer, 5’-

ACCTGTGTGCCAACCTGAT-3’; mouse RTP801 reverse primer, 5’-

TAACAGCCCCTGGATCTTG-3’; rat/mouse actin forward primer, 5’-

GGGTATGGGTCAGAAGGACT-3’; rat/mouse actin reverse primer, 5’-

GAGGCATACAGGGACAACAC-3’.  

Quantitative PCR was performed with SYBR® master mix (Thermo Fisher Scientific) in 

a 7500 Real Time PCR System (Applied Biosystems) using equal amounts of cDNA 

templates. RTP801 expression results were normalized by actin and analyzed using the 

comparative quantification.  

6. IMMUNOFLUORESCENCE  

6.1 Immunocytofluorescence  

NGF-differentiated PC12 cells and cortical neurons were both fixed with 4% 

paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 minutes at room 

temperature. Next, NGF-differentiated PC12 cells were blocked and permeabilized with 

SuperBlockTM (PBS) Blocking Buffer (SuperBlock-PBS; Thermo Fisher Scientific) 



METHODOLOGY 

101 
 

containing 0.3% Triton X-100 (Sigma Aldrich) for 60 minutes at room temperature. In 

contrast, primary cultures were firstly permeabilized with PBS containing 0.25% Triton 

X-100 for 5 minutes and then blocked with SuperBlock-PBS for 30 minutes at room 

temperature. Primary antibodies were diluted in Superblock-PBS and incubated 

overnight at 4ºC (Table 4):  

Antibody Host specie Dilution Source 

eGFP Mouse monoclonal 1:1000 Santa Cruz Biotech 

MAP2 Mouse monoclonal 1:500 Abcam 

RTP801 Rabbit monoclonal 1:150 Proteintech 
 

Table 4. Primary antibodies used for immunofluorescence of cultured cells. 

 

After primary antibody incubation, cells were incubated with the corresponding 

secondary antibody diluted 1:500-1:1000 in SuperBlock-PBS for 2 hours at room 

temperature. The secondary antibodies used were goat anti-Mouse IgG (H+L) 

conjugated to AlexaFluorTM 488 or goat anti-Rabbit IgG (H+L) conjugated with Alexa 

Fluor ® 568 or AlexaFluorTM 647 (all from Thermo Fisher Scientific). For nuclear staining, 

nuclei were revealed with Hoescht 3342 (Thermo Fisher Scientific) diluted 1:5000 along 

with the secondary antibody incubation. In the case of actin filamentous labelling, 

AlexaFluorTM 568 Phalloidin diluted 1:10000 was incubated along with the secondary 

antibody and Hoescht 3342. Cells were washed in PBS between different steps, after 

secondary antibody incubation and a final wash with MiliQ water was performed pior 

coverslip mounting. Finally, coverslips were mounted onto a slide with the mountant 

liquid ProLongTM Gold Antifade Mountant (Thermo Fisher Scientific).  

Coverslips were observed with by epifluorescent microscopy (Leica AF6000) or by 

confocal microscopy (Leica TCS SP5) at Centres Científics i Tecnològics de la 

Universitat de Barcelona, Campus Clínic-Casanova.  

6.2 Immunohistofluorescence of mouse brain sections 

Animals were deeply anesthetized with dolethal (Vétoquinol) (60 mg/kg) and 

intracardially perfused with 4% paraformaldehyde in PBS buffer (pH=7.2-7.4). Brains 

were removed and post-fixed for 18-24h. Then, brains were cryoprotected through 

sucrose gradient: 10%, 20% and 30% sucrose solutions in PBS 0.02% sodium azide for 

18-24 hours each step. Finally, brains were frozen in chilled 2-methyl butane (Sigma 

Aldrich) at -20ºC and stored at -80ºC. Serial cryostat 25 µm-thick sections were collected 
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in PBS 0.2% sodium azide as free-floating sections and processed for 

immunohistofluorescence.  

Sections were washed with PBS and incubated with 50 mM NH4Cl for 30 minutes to 

block aldehyde free-induced fluorescence. Tissue was blocked with SuperBlock-PBS 

containing 0.3% Triton X-100 for 2 hours at room temperature. After, slices were 

incubated overnight at 4ºC with the primary antibodies anti-GFP chicken polyclonal 

(Synaptic Systems) diluted 1:500 in SuperBlock-PBS 0,3% Triton X-100. 

After primary antibody incubation, sections were washed in PBS and incubated for 2 

hours at room temperature with the secondary antibody goat anti-Chicken IgY (H+L) 

conjugated to AlexaFluorTM 488 diluted 1:500 in SuperBlock-PBS 0.3% Triton X-100. For 

nuclear staining, nuclei were revealed with Hoescht 3342 diluted 1:5000 along with the 

secondary antibody incubation. Slices were washed with PBS before being mounted with 

ProLongTM Gold Antifade Mountant on SuperFrostTM Plus Adhesion Slides (Thermo 

Fisher Scietific).  

Stained mouse brain sections were observed by epifluorescent microscopy.  

7. WESTERN BLOTTING 

Western blotting or western immunoblot (WB) was used to quantify the protein content 

of cellular extracts or tissue homogenates.  

Whole cell extracts were collected in Cell Lysis Buffer (Cell Signaling Technology; 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 b-glycerophosphate, 1 mM Na3VO4 ,1 µg/ml leupeptin) 

supplemented with 1mM phenylmethanesulfonyl fluoride (Sigma Aldrich; PMSF) as 

protease inhibitor. Samples were next sonicated and centrifuged at 14,000g for 10 

minutes to separate the insoluble fraction. For the protein content analysis of the 

insoluble fraction, the resulting pellet was washed in PBS, resuspended in PierceTM Lane 

Marker Reducing Sample Buffer (Thermo Fisher Scientific) and finally sonicated and 

heated at 97ºC for 5 minutes. The supernatant containing the soluble fraction was kept 

for protein quantification.  

R6/1 and HdhQ7/Q111 animals and their respective wild-type littermates were killed by 

decapitation at different ages. Brains were removed, and the striatum was dissected out 

and homogenized in Cell Lysis Buffer with PMSF. Postmortem human brain areas 

(frontal cortex, hippocampus, caudate nucleus, putamen and cerebellum) of HD patients 

and control individuals were obtained from the Neurological Tissue Bank (Biobank-HC-
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IDIBAPS) thanks to Dr. Ellen Gelpi collaboration. Human brain areas were homogenized 

in Cell lysis buffer with PMSF. Murine and human tissue homogenates were cleared by 

centrifugation at 1,000g for 10 minutes at 4ºC to remove debris. Next, supernatant was 

sonicated and centrifuged at 14,000g for 10 minutes and the protein content was 

determined.  

Protein concentration of cellular extracts and homogenized samples was established 

using Bradford reagent (Bio-Rad). Before loading, samples were prepared with PierceTM 

Lane Marker Reducing Sample Buffer and heated 5 minutes at 97ºC. Samples were 

finally resolved in different polyacrylamide gels depending on the molecular weight of the 

analyzed proteins. For high molecular weight protein analysis was used 3-8% 

polyacrylamide gels (NuPAGETM NovexTM 3-8% Tris-Acetate Protein Gels) with running 

buffer NuPAGE® Tris-Acetate SDS Running Buffer. For small or intermediate weight 

protein analysis, samples were resolved in a 4-12% polyacrylamide gels (NuPAGETM 

NovexTM 4-12% Bis-Tris Protein Gels) with NuPAGE® MOPS SDS Running Buffer (all 

from Thermo Fisher Scientific). The molecular weight marker used was the PageRuletTM 

Prestained Protein Ladder (Thermo Fisher Scientific). Gels were run in the XCell 

SureLockTM Mini-Cell system (Thermo Fisher Scientific).  

Proteins were transferred to nitrocellulose membranes with the iBLOT® 2 Dry Blotting 

System using iBLOT® Transfer Stack supports (all from Thermo Scientific). Membranes 

were washed with TBS-T (Tris-buffered Saline (Thermo Fisher Scientific) containing 

0.1% Tween® 20 (Sigma Aldric)) and blocked with TBS-T 5% milk (Bio-Rad) for 60 

minutes at room temperature. Next, membranes were incubated with the corresponding 

primary antibody (Table 5) diluted in TBS-T 5% BSA (Bovine Serum Albumin, Sigma 

Aldrich) overnight at 4ºC, except anti-actin-Peroxidase antibody with which was 

incubated 30 minutes at room temperature.  
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 Table 5. Primary antibodies used for WB analysis.  

 

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

10 minutes. Then, membranes were incubated with the corresponding secondary 

antibody diluted 1:10000 in TBS-T 5% milk during 60 minutes 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 (HRP) (all from Thermo Fisher Scientific). 

Anti-actin-Peroxidase antibody is already conjugated with HRP, in consequence it was 

not necessary to incubate it with the secondary antibody.  

Antibody Host specie Dilution Source 

Actin-HRP conjugated Mouse monoclonal 1:100000 Sigma Aldrich 

Akt Rabbit polyclonal 1:1000 Cell Signaling 

Akt-phospho Ser473 Rabbit polyclonal 1:1000 Cell Signaling 

Alix Rabbit Polyclonal 1:1000 Merck Millipore 

eGFP Mouse monoclonal 1:1000 Clontech 

EM48 Mouse monoclonal 1:500 Merck Millipore 

Flotillin-1 Mouse monoclonal 1:1000 BD Biosciences 

GAPDH Mouse monoclonal 1:1000 Merck Millipore 

GFP Rabbit polyclonal 1:1000 Santa Cruz Biotech 

GluA1 Rabbit polyclonal 1:1000 Merck Millipore 

mTOR Rabbit polyclonal 1:1000 Cell Signaling 

mTOR-phospho Ser2448 Rabbit polyclonal 1:1000 Cell Signaling 

NEDD4 Rabbit polyclonal 1:1000 Santa Cruz Biotech 

NR1 Mouse monoclonal 1:1000 Chemicon 

p75NTR Rabbit polyclonal 1:1000 Promega 

PHLPP1 Rabbit polyclonal 1:500 Cayman Chemical 

PSD-95 Mouse monoclonal 1:1000 Thermo Fisher 

Rictor Rabbit polyclonal 1:1000 Cell Signaling 

RTP801 Rabbit polyclonal 1:500 Proteintech 

S6 Mouse monoclonal 1:500 Cell Signaling 

S6-phospho Ser235/236 Rabbit polyclonal 1:1000 Cell Signaling 

SV2A Mouse monoclonal 1:1000 Santa Cruz Biotech 

TrkB Mouse monoclonal 1:1000 BD Bioscience 

TSG101 Mouse monoclonal 1:1000 Abcam 
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Membranes were next washed with TBS-T three times for 10 minutes to remove the 

excess of secondary antibody and finally washed in TBS for 5 minutes. Proteins were 

detected with SupersignalTM West Pico Plus Chemiluminescent Substrate (Thermo 

Fisher Scientific). Chemiluminescent images were acquired using LAS-3000 (Fujifilm) or 

ChemiDoc (Bio-Rad) imaging systems and quantified by densitometric analysis using 

ImageJ software (NIH). In case of reincubation with another primary antibody, 

membranes were washed with RestoreTM PLUS Western Blot Stripping Buffer (Thermo 

Fisher Scientific) for 5-20 minutes to remove previous signal and blocked again with 

TBST-T 5% milk.  

8. SYNAPTOSOMAL PREPARATION 

Synaptosomes are referred to the synaptic terminals isolated from the presynaptic 

compartment and postsynaptic neuron. They are composed by the entire presynaptic 

terminal attached to the postsynaptic membrane (Figure 24).  

 
Figure 24. Schematic representation of an isolated synaptosome. When brain tissue is homogenized, 
the synaptic terminals detach from neuronal processes and reseal into vesicular objects. Synaptosomes 
consist of isolated functional synaptic terminals composed by the resealed presynaptic compartment 
associated with the also resealed postsynaptic membrane containing the postsynaptic density.  

 

Postmortem striatal and frontal cortical brain tissues from control and HD patients were 

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

Gelpi collaboration. Striatum of R6/1 and HdhQ7/Q111 and WT mice was also dissected 

out.  

Mice striata, putamen and frontal cortex were homogenized in Krebs-Ringer (KR) buffer 

(125 mM Nacl, 1.2 mM KCl, 22 mM NaHCO3, 1 mM HaH2PO4, 1.2 mM MgSO4, 1.2 mM 

CaCl2, 10 mM glucose (pH=7.4)) supplemented with 0.32 M Sucrose. Then, samples 

were subjected to a first centrifugation at 1,000g for 10 minutes (4ºC) to discard debris. 
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A sample of the supernatant was kept as the homogenate fraction. After, the supernatant 

was subjected to a second centrifugation at 16,000g for 15 minutes (4ºC) to obtain the 

synaptosomal fraction. The pellet was finally resuspended in KR 0.32M Sucrose buffer 

and subjected to WB to analyze the protein content (section 7). 

9. ISOLATION OF EXOSOMES FROM CULTURE MEDIUM 

Exosomal vesicles (EVs) were isolated from depleted-DMEM culture media of HEK293 

or STDHdh cells. FBS is highly enriched in exosomes and other microvesicles. To 

eliminate function extracellular vesicles, FBS was mixed with DMEM in 1:1 proportion 

and subjected to ultracentrifugation at 100,000g for 18 hours. The resulting supernatant 

was used to supplement DMEM culture medium. Exosomes were also purified from 

Neurobasal culture media from rat cortical cultures DIV13 or DIV14 depending on the 

experiment.  

To isolate exosomes cell culture was subjected to sequential centrifugations and 

ultracentrifugations (Figure 25). First, cell media was collected and centrifuged at 300g 

for 5 minutes at room temperature to remove cell debris and centrifuged again for 20 

minutes at 2,500g and 4ºC. After, cell media was centrifuged for 30 minutes at 10,000g 

(4ºC) to remove other microvesicles of bigger diameter. Finally, supernatant was 

ultracentrifuged for 2 hours at 100,000g (4ºC) in the 70.1 Ti fix angled rotor using 

thickwall polycarbonate tubes (Beckman Coulter) in a Beckman Coulter Optima L-100 

XP ultracentrifuge. Final supernatant was discarded, and the resulting pellet was washed 

with PBS and ultracentrifuged again for 1 hour at 100,000g (4ºC) in the S140-AT fix 

angled rotor using polycarbonate tubes (Thermo Fisher Scientific) in a Sorvall MX Plus 

150 microultracentrifuge. The resulting pellet contained the exosomal fraction. 

Figure 25. Schematic representation of exosome isolation protocol by differential ultracentrifugation 

from cell culture media. All centrifugations were performed at 4ºC.  
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For protein content analysis the pellet was resuspended in PierceTM Lane Marker 

Reducing Sample Buffer (Thermo Fisher Scientific), heated at 97ºC 5 minutes and 

loaded into WB gel. For exosome quantification, the pellet was resuspended in PBS and 

vesicles size and concentration were determined using the NanoSight nanoparticle 

tracking LM10 system (Malvern) thanks to Dr. Hernando del Portillo and his technician 

Joan Seguí (Institut d’Investigació Germans Trias i Pujol, IGTP).  

9.1 Exosomes uptake study 

Concentration of isolated exosomal vesicles was determined by NanoSight LM10. The 

volume corresponding to a concentration of 800,000 particles/ml was immediately added 

to rat/mouse cortical primary neurons and incubated for 4-24 hours. After the incubation 

period, cultures were lysed to analyze protein composition (section 7) or fixed to visualize 

exosomal uptake by confocal microscopy (section 6.1).  

9.2 Generation of red fluorescent labeled exosomes 

Exosomal fluorescent labelling was performed after the quantification of particles by 

NanoSight LM10. To generate red fluorescent exosomes, the resulting pellet of the final 

ultracentrifugation was labelled with PKH26 (Sigma Aldrich) following manufacturer’s 

instructions. PKH26 suspension was incubated for 4 minutes at room temperature and 

the reaction was stopped adding PBS 1% BSA. Then, suspension was ultracentrifuged 

at 100,000 for 60 minutes at 4ºC (rotor S140-AT), washed in PBS and ultracentrifuged 

at 100,000g for 60 minutes at 4ºC (rotor S140-AT). Finally, the pellet was resuspended 

in PBS for the study of exosomal uptake.  

9.3 Electron microscopy observation of exosomes 

For transmission electron microscopy (TEM) observation, the resulting pellet of the last 

ultracentrifugation was resuspended in PBS-2% paraformaldehyde and then subjected 

to negative staining. Suspension was adsorbed on 400-mesh copper grids supported 

with formvar/carbon membrane for 25 minutes. Grids were washed and contrasted with 

2% saturated aqueous uranyl acetate for 2 minutes and finally washed in water.  

Exosomal samples were observed with JEOL J1010 80kV microscope (Centres 

Científics i Tecnològics de la Universitat de Barcelona, Campus Diagonal) at 20,000x or 

50,0000x magnification.  
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10. HD MOUSE MODELS  

R6/1 mice expressing exon-1 of mhtt were obtained from Jackson Laboratory and 

maintained in B6CBA background. Two different lines of R6/1 mice with 145 or 115 CAG 

repeats were used depending on the experiment. WT littermate animals were used as 

the control group. HdhQ7 WT mice with 7 CAG repeats and HdhQ111 knock-in mice, with 

targeted insertion of 109 CAG repeats that extends the glutamine segment in murine htt 

to 111 residues, were maintained on a C54Bl/6 genetic background. Male and female 

HdhQ7/Q111 heterozygous were intercrossed to generate age-matched HdhQ7/Q7 WT and 

HdhQ7/Q111 knock-in littermates. All mice used were males and were housed together in 

numerical birth order in groups of mixed genotypes. Data were recorded for analysis by 

microchip mouse number. Animals were housed with access to food and water ad libitum 

in a colony room kept at 19-22 ºC and 40-60% humidity, under a 12:12 hours light/dark 

cycle.  

11. INTRASTRIATAL INJECTION OF ADENO-ASSOCIATED 

VECTORS 

To knockdown RTP801 expression, shRNA verified scrambled sequence and the one 

against RTP801 (sequences are mentioned in section 3.2.1) were cloned into a rAAV2/8-

GFP adenoviral vector at restriction sites BamHI at 5’ and Agel at the 3’ (section 3.3). 

The rAAV2/8 plasmids and infectious AAV viral particles containing GFP expression 

cassete with shCtr or shRTP801 were generated by the Unitat de Producció de Vectors 

from the Center of Animal Biotechnology and Gene Therapy at the Universitat Autònoma 

de Barcelona.  

8-week-old WT and R6/1 mice were subjected to bilateral intrastriatal injections of 

rAVV2/8 expressing shRTP801 or control shRNA. Animals were deeply anesthetized 

with a mixture of oxygen and isofluorane (4-5 for induction and 1-2 for maintaining 

anesthesia) and placed in a stereotaxic apparatus for bilateral intrastriatal injections 

(2 μl; 15 × 109 genomic copies). Two injections were performed in the striatum at the 

following coordinates relative to bregma: (1) anteroposterior (AP), + 0.8; mediolateral 

(ML), +/- 1.8; and profundity, -2.6 mm and (2) AP, + 0.3; ML, +/-  2; and profundity, -

2.6 mm, below the dural surface. Viral vectors were injected using a 10 μl-Hamilton 

microliter syringe at an infusion rate of 200 nl/min. The needle was left in place for 5 min 

to ensure complete diffusion of the viruses and then slowly retracted from the brain. 

Both hemispheres were injected with the same shRNA. Five weeks after injection, motor 

learning was evaluated at the accelerating rotarod.  
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12. ACCELERATING ROTAROD 

Five weeks after intrastriatal injection of rAAV2/8-shRNAs, animals were subjected to 

the accelerating rotarod test. Mice were place on a 3 cm rod (Panlab) with an increasing 

speed from 4 to 40 rpm over 5 minutes. Latency to fall was recorded as the time mice 

spent in the rod before falling. Accelerating rotarod test was performed for 4 days, 3 trials 

per day. Trials in the same day were separated by 1 hour. 

13. STATISTICS 

 All experiments were performed at least in triplicate, and results are reported as 

mean+SEM. Student’s T-test was performed as unpaired, two-tailed sets of arrays and 

presented as probability P values. One-way ANOVA with Bonferroni’s multiple 

comparison test and Two-way ANOVA followed by Bonferroni’s post-hoc tests were 

performed for the comparison of multiple groups. Values of P < 0.05 were considered as 

statistically significant. 

14. SINGLE NUCLEOTIDE POLYMORPHISM ANALYSIS 

14.1 Cohort of study and data collection 

1,819 subjects with 898 PD cases and 921 unrelated healthy controls were recruited at 

the Movement Disorders Unit form the Hospital Clínic de Barcelona. All participants were 

from European origin from the northeastern regions of Iberian Peninsula. Patients had a 

clinical diagnosis of definite PD according to UKPDS criteria444 except that family history 

was not used as exclusion criterion, or a neuropathological diagnosis of definite PD 

according to proposed criteria445. At recruitment, an informed written consent was 

obtained and whole blood samples were obtained from each subject. Genomic DNA was 

isolated from peripheral blood lymphocytes as previously described446 and stored at -

80ºC until use. The study was approved by the Ethics Committee of the Hospital Clínic 

de Barcelona.  

14.2 Single Nucleotide Polymorphism selection and genotyping  

64 Single Nucleotide Polymorphisms (SNPs) from 57 genes in the mTOR pathway and 

from genes involved in PD were selected based on the following criteria: (i) a minor allele 

frequency (mAF) > 0,1 according to data from the HapMap project and (ii) an already 

published (Pubmed) association of the SNP with a neurological disorder, a psychiatric 
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disorder, or other diseases. All these 64 selected SNPs were genotyped using TaqMan® 

OpenArray® Genotyping Plates, Custom Format 64 QuantStudio TM 12K Flex, in the 

Genomics Core facility (Universitat Pompeu Fabra, Parc de Recerca Biomèdica de 

Barcelona).  

Next, SNPs were filtered out and removed from the study those which were not in Hardy-

Weinberg equilibrium (HWE) or that did not surpass a genotyping call-rate above 95% 

of all studied samples. This quality control reduced the list to 54 SNPs.  

14.3 Statistical analyses 

14.3.1 Hardy-Weinberg equilibrium 

Hardy-Weinberg equilibrium (HWE) assumes that allele and genotype frequencies in a 

population will remain constant from generation to generation in the absence of 

evolutionary influences. If frequencies derivate significantly from HWE it could indicate 

systematic errors in genotyping. For each SNP, HWE was analyzed separately in cases 

and controls using an exact test in the SNPstats software 

(http://bioinfo.iconcologia.net/SNPstats).  

14.3.2 Allelic association analysis 

Differences of SNPs allelic frequencies between cases and controls were calculated 

using the Expectation-Maximization algorithm as implemented in the software 

UNPHASED 3.1.7 (http://www.mrcbsu.cam.ac.uk/personal/frank/software/unphased/) 
447 and adjusting by potential confounders including gender and age. We used a P level 

of statistical significance of 0.05. We corrected all P-values for multiple testing by using 

the false discovery rate (FDR) adjustment448 (n=54 tests). 

14.3.3 Genotypic association analysis 

Statistically significant SNPs detected in the allelic analysis were further analyzed at the 

genotypic level under the different possible models of inheritance as computed in the 

SNPstats software (http://bioinfo.iconcologia.net/SNPstats) 449, and also considering as 

covariates gender and age, and adjusting P-values by the Benjamini & Hochberg FDR 

multiple testing adjustment448. As implemented in SNPstats, among all possible 

inheritance models for each SNP, the model best fitting the data was automatically 

defined as the model with the lowest Akaike information (AIC) value and therefore 

minimized expected entropy. 

http://bioinfo.iconcologia.net/SNPstats
http://www.mrcbsu.cam.ac.uk/personal/frank/software/unphased/
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14.3.4 Epistatic association analysis 

The multifactorial dimensionality reduction (MDR) software (version 3.04; 

http://www.multifactordimensionalityreduction.org) was used to identify possible high-

order interaction associated with the phenotype in study. The MDR method provides a 

data mining strategy for detecting and characterizing nonlinear interactions among 

discrete attributes such as SNPs, or their multiple combinations, that are predictive of a 

discrete outcome such as case-control status450. In this study, the best model was 

considered if it had a minimal prediction error and maximal cross-validation consistency 

(CVC). MDR analyses were performed using 10-fold cross-validation, therefore the 

training set comprises 90% of the data, whereas the testing set comprises the remaining 

10% to test the predictive power of the interaction. Statistical significance was evaluated 

using 1000-time permutation test.  

The cross-validation consistency is the measure of the number of times a particular SNP 

interaction is identified in each possible 90% of the subjects451. All P-values were two-

sided and considered statistically significant with less than 0.05. 
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1. ROLE OF RTP801 PROTEIN IN HUNTINGTON’S DISEASE  

The activity of mTOR pathway has been extensively studied in cellular and animal 

models of neurodegenerative diseases as it regulates important neuronal functions such 

as neuronal survival, protein translation and autophagy249. Interestingly, impairment of 

the mTOR pathway is a hallmark of many neurodegenerative disorders including 

HD285,290,452. Furthermore, the inactivation of mTOR pathway in HD has been suggested 

to be beneficial, since its inhibition with rapamycin or rapalogs activates autophagy and 

therefore the clearance of mhtt72,285. Interestingly, mTOR is fine-tuned regulated by 

several proteins and one of these relevant regulators is RTP801267. 

RTP801 is as a stress-related protein whose expression is induced in response to 

stressful environmental conditions in an attempt to maintain cellular viability and 

function266. However, a sustained and chronic RTP801 increase can be detrimental and 

lead to neuronal death by a sequential inhibition of first mTOR and subsequently Akt 

kinase263,266,267. Inactivated Akt would be unable to enhance pro-survival signals thereby 

triggering neuronal death264.  

In the central nervous system, RTP801 expression is upregulated in response to toxic 

stimuli such as chronic unpredictable stress453, ischemia266,454,455, β-amyloid peptide342,456 

and 6-OHDA263,361 and MPTP PD mimetics263. Importantly, RTP801 not only 

accumulates in cellular and animal toxic models, but also in samples from patients 

suffering from neurodegenerative diseases. RTP801 protein levels were found increased 

in dopaminergic neurons from the SNpc in idiopathic and mutant parkin PD 

patients263,349,359 and in lymphocytes from AD patients360. Nevertheless, involvement of 

RTP801 in mhtt toxicity was never investigated. 

1.1 Role of RTP801 in mhtt-induced cell death 

Neuronal death is the main pathological hallmark of HD. Despite the ubiquitous 

expression pattern of htt in the brain, the most vulnerable regions are the putamen and 

caudate nucleus30 and the motor cortex32 which undergo severe neurodegeneration. 

However, mhtt toxicity also extends to other brain structures such us the hippocampus33 

and the cerebellum34 showing neuronal dysfunction or slight neuronal death, 

respectively. Currently, the exact mechanisms underlying mhtt-induced toxicity are not 

clearly defined, although the mTOR pathway is one of the signaling cascades affected 

in the disease285,290,452. This prompted us to investigate whether RTP801 could be 

involved in mhtt-induced toxicity. 
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1.1.1 Ectopic mhtt increases RTP801 protein levels in neural cells and induces 

cell death 

RTP801 is upregulated in neuronal cells as response to different types of toxic 

stimuli263,342,423,455,456. Thus, we asked whether mhtt could also upregulate RTP801 levels. 

For that purpose, NGF-differentiated PC12 cells were transfected with eGFP alone 

(empty vector) or with exon-1-encoded N-terminal htt with 25 (Q25, non-toxic form), 72 

or 103 (Q72 and Q103, toxic forms) CAG repeats fused to eGFP. Twenty-four hours after 

transfection, RTP801 and ectopic htt protein levels were analyzed by WB. First, we 

detected the protein product of all three forms of htt by WB and, as expected, the mutant 

products of Q72 and Q103 were found in both the soluble and insoluble fraction. 

Moreover, we also observed insoluble Q72 and Q103 retained in the stacking gel (Figure 

26A). Interestingly, we observed that RTP801 protein levels were increased about 70% 

in cells overexpressing Q72 or Q103 in comparison to those cells transfected with control 

eGFP or Q25 expressing plasmids (Figure 26A).  

 

Figure 26. RTP801 protein levels are increased in NGF-differentiated PC12 cells overexpressing mhtt. 
Extracts from transfected NGF-differentiated PC12 cells with eGFP, Q25, Q72 or Q103 constructs for 24 
hours were subjected to WB. Membranes of the soluble and insoluble fractions were probed with antibodies 
against eGFP and RTP801, and then re-probed with an anti-actin antibody as a loading control. 
Representative immunoblots are shown along with densitometry analysis for RTP801 signal from at least 3 
independent experiments and expressed as the mean ± SEM. Data were analyzed by One-way ANOVA 
with Dunnett’s multiple comparison test test (***P<0.001 vs. eGFP; #P<0.05, ##P<0.01 vs. Q25). 

Furthermore, by immunofluorescence we confirmed that Q72 and Q103 overexpressing 

cells showed higher levels of RTP801 (Figure 27A1 & 27A2). Interestingly, around 35% 

of mhtt-transfected cells that were highly stained for RTP801 also displayed pyknotic 

nuclei (Fig. 27A3). To corroborate our results in another cell model, rat primary cortical 

neurons were transfected with the same constructs and the increase of RTP801 levels 

and cell death were assessed by immunofluorescence. Similarly to NGF-differentiated 

PC12 cells, primary neurons DIV21 overexpressing mhtt displayed increased levels of 
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RTP801 (Figure 27B1 & 27B2) and, of those almost the 50% showed pyknotic nuclei 

(Fig. 27B3). Remarkably, in both neuronal models RTP801 formed aggregates that often 

co-localized with mhtt aggregates. 

 

Figure 27. Overexpression of mhtt increases RTP801 protein in neural cells and induces cell 
apoptosis. (A1) NGF-differentiated PC12 cells or (B1) rat cortical neurons DIV19 were transfected with 
eGFP, Q25, Q72 or Q103 constructs. After 24h (in NGF-differentiated PC12 cells) or 48h (in cortical neurons) 
of transfection, cultures were fixed and immunostained against eGFP (in green) and RTP801 (in red). Nuclei 
were revealed with Hoechst 33342 (in blue). Transfected cells are indicated with white arrows. Graph 
represents values of at least three independent experiments. Scale bar, 5 µm. (A2 & B2) Surviving eGFP+ 
cells highly positive stain for RTP801 were scored and represented as a percentage of total transfected 
cells. (A3 & B3) The number of eGFP+ cells with increased RTP801 staining and containing pyknotic nuclei 
were scored and represented as a percentage of total transfected cells. Values represent mean ± SEM for 
at least three independent experiments performed in triplicate. Data were analyzed by One-way ANOVA 
with Dunnett’s multiple comparison test (**P<0.01 and ***P<0.001 vs. eGFP; ##P<0.01 and ###P<0.001 vs. 
Q25). 

i. Both RTP801 mRNA levels and protein degradation are altered in NGF-

differentiated PC12 cells overexpressing mhtt 

Next, we investigated the mechanisms by which mhtt induces RTP801 protein 

accumulation. A sustained RTP801 increase could be the end point of several 

processes, including gene expression and impaired protein degradation.  

We first analyzed RTP801 mRNA levels in NGF-differentiated PC12 cells transfected 

with eGFP, Q25, Q72 or Q103 mhtt constructs to assess whether mhtt induces RTP801 

expression at the transcriptional level. By RT-qPCR we found that pathogenic Q72 or 
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Q103-overexpressing cells displayed a 3-fold increase in RTP801 mRNA levels 

compared to cells transfected with eGFP or Q25-expressing plasmids (Figure 28A).  

In order to investigate whether the increase in RTP801 mRNA levels could result from 

an upregulation of gene expression or a reduction of the mRNA degradation rate, we 

analyzed mRNA half-life in NGF-differentiated PC12 cells transfected with eGFP, Q25, 

Q72 or Q103 constructs. Twenty-four hours after transfection, actinomycin D as an 

inhibitor of RNA synthesis was added to the culture medium for 10 or 60 minutes. The 

cells were subsequently harvested and the RNA isolated. RTP801 transcripts were 

analyzed by RT-qPCR. As shown in Figure 28B, mhtt did not alter the half-life of RTP801 

mRNA. This result points out that increased RTP801 mRNA levels are due to stress-

induced gene expression.  

 

Figure 28. Mutant htt upregulates RTP801 transcriptionally. (A) NGF-differentiated PC12 cells were 
transfected with eGFP, Q25, Q72 or Q103 constructs. RNA was extracted 24 hours post-transfection and 
samples were analyzed by RT-qPCR to quantify RTP801 mRNA under the indicated conditions. Values 
represent mean ± SEM of at least three independent experiments. Data were analyzed using One-way 
ANOVA with Dunnett’s Multiple comparison test. (**P<0.01 vs eGFP; #p<0.05 vs. Q25). (B) Mutant htt does 
not alter RTP801 mRNA half-life. NGF-differentiated PC12 cells were transfected with eGFP, Q25, Q72 or 
Q103 constructs. Actinomycin D was added to the media 24 h post-transfection for 10 or 60 minutes. RNA 
was extracted, and RT-qPCR was performed to quantify RTP801 mRNA under the indicated conditions. 
RTP801 mRNA half-life (min) was calculated and expressed as the mean ± SEM of three independent 
experiments performed in triplicate. Data were analyzed by One-way ANOVA with Dunnett’s Multiple 
comparison test (n.s., not significant).  

Next, we assessed whether mhtt, apart from inducing RTP801 gene expression, could 

impair RTP801 protein degradation. RTP801 show an extremely short half-life between 

2 and 7 minutes306,357,358 and is mainly degraded by the proteasomal system349,359. To 

this end, NGF-differentiated PC12 cells were transfected with eGFP, Q25-, Q72- or 

Q103-expressing plasmids. Twenty-four hours later, cultures were treated with 

cycloheximide (CHX), a protein synthesis inhibitor, for 10 or 60 minutes. Relative 

RTP801 protein levels were resolved in a WB to calculate the protein degradation rate. 

Interestingly, we found that ectopic mutant Q72 and Q103 increased the RTP801 protein 

half-life by 4 and 10 minutes, respectively (Figure 29).  
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Figure 29. Mutant htt alters RTP801 protein degradation rate. NGF-differentiated PC12 cells were 
transfected with eGFP, Q25, Q72 or Q103 constructs for 24 hours and then treated with cycloheximide 
(CHX) for 10- or 60-min. Cell extracts were harvested, and insoluble and soluble protein fractions were 
subjected to WB. Membranes were probed with antibodies against eGFP and RTP801, and with anti-actin 
antibody as a loading control. Representative immunoblots are shown. Note that the RTP801 specific band 
in the WB is denoted with an arrow. RTP801 half-life (min) was calculated and expressed as the mean ± 
SEM of 3 independent experiments performed in triplicate. Data were analyzed by One-way ANOVA with 
Dunnett’s Multiple comparison test (*P<0.05, **P<0.01 vs. eGFP; #P<0.05, ##P<0.01 vs. Q25).  

Taken together, our results show that mhtt elevates RTP801 protein levels by both 

increasing RTP801 expression and impairing RTP801 proteasomal degradation. 

ii. RTP801 upregulation mediates mhtt-induced death of NGF-differentiated 

PC12 cells 

In cellular models of PD, evidence demonstrated that RTP801 is sufficient and necessary 

to induce cell death263,266. Besides, we have shown in two different cellular models, NGF-

differentiated PC12 cells and primary cortical neurons, that at least half of the mhtt-

overexpressing cells displayed apoptotic nuclei.  

To explore whether RTP801 elevation mediates mhtt-induced toxicity, we co-transfected 

NGF-differentiated PC12 cells with control Q25 htt or pathogenic Q72 mhtt and shRNAs 

to knockdown RTP801 expression. To discard off-target effects, we tested two different 

nucleotide sequences (shRTP801 1 and shRTP801 4). Forty-eight hours after 

transfection RTP801 protein levels were analyzed by WB. We confirmed that RTP801 
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knockdown was about 20-30% in cells transfected with RTP801 shRNAs compared to 

those transfected with the scrambled shRNA (Figure 30A). Remarkably, when mhtt-

induced RTP801 accumulation was abrogated with shRNAs, mhtt-induced cell death 

was significantly prevented (Figure 30B). Thus, these results highlight RTP801 important 

contribution to mhtt-induced toxicity. 

 
Figure 30. RTP801 mediates mhtt-induced cell death. (A) Specific shRNAs against RTP801 abrogated 
mhtt-induced RTP801 expression. NGF-differentiated PC12 cells were co-transfected with eGFP, Q25 or 
Q72, and either pCMS-eGFP-shG (scrambled shRNA as a control), pCMS-eGFP-shRTP801-1 or pCMS-
eGFP-shRTP801-4. Two days later RTP801 protein levels were analyzed by WB. Representative 
immunoblots for RTP801 and actin as loading control are shown along with densitometry analysis. Values 
represent the mean ± SEM of at least three independent experiments. Note that the RTP801 specific band 
in the WB is denoted with an arrow. (B) Under the same transfection conditions, cell survival (eGFP+ cells) 
was scored using fluorescence microscopy. The graph shows the number of surviving cells in each condition. 
Values represent the mean ± SEM of three independent experiments. Data were analyzed using One-way 
ANOVA with Dunnett’s multiple comparison test (*P<0.05, **P<0.01 vs eGFP shG; #P<0.05, ##P<0.01 vs 
Q25 shG; +P<0.05, ++P<0.01 and +++P<0.001 vs. Q72 shG).  

1.1.2 RTP801 is not altered in the striatum of HD murine models 

To further extend our results to HD mouse models, we investigated whether RTP801 

protein was also altered in the striatum of HD murine models: the R6/1 mice that express 

the human exon-1 of mhtt, and the knock-in mice model HdhQ7/Q111 (KI) which express 

the endogenous full-length mhtt. Both mouse models are characterized by almost no 

neuronal death, although medium spiny neurons have a smaller morphology and the 

striatal volume is reduced103,457–460. Remarkably, these two mouse models display motor 

and cognitive impairment but differ at the onset and the progression of HD pathology. 

R6/1 mice show earlier onset and faster disease progression than HdhQ7/Q111 KI 

mice461,462. Of note, motor deficits begin to appear in R6/1 mice at 12-weeks of age and 

are evident at 3-months, whereas in HdhQ7/Q111 KI mice does at 8-months461.  
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As shown in Figure 28, mhtt upregulates the gene expression of RTP801 in cellular 

models. Therefore, we first studied whether RTP801 gene expression was induced in an 

HD mouse model at early stages of the disease. For that purpose, we first analyzed 

RTP801 mRNA levels in the 12-weeks old R6/1 mice. We found that RTP801 mRNA 

levels did not vary in comparison with the wild-type (WT) littermates (Fig 31). 

 

Figure 31. RTP801 mRNA levels are not altered in the 
striatum of R6/1 mouse model. RTP801 mRNA levels 
from the striatum of 12-week-old WT and R6/1 mice were 
analyzed by RT-qPCR. Results are expressed as fold 
increase respect RTP801 mRNA levels in WT mice and 
represented as mean ± SEM of seven animals per 
condition. Data were analyzed by Student’s T-test. 

 

 

Next, we analyzed RTP801 protein at different stages of the disease ranging from 

asymptomatic stages to the appearance of cognitive and motor deficits. Thus, RTP801 

protein levels were analyzed by WB in the striatum of R6/1 and HdhQ7/Q111 KI HD animal 

models. Interestingly, we did not detect changes at RTP801 protein levels in the striatum 

of either R6/1 or HdhQ7/Q111 KI mice at any stage when compared with the corresponding 

WT littermates (Figure 32A & 32B).  



RESULTS  

122 
 

 
Figure 32. RTP801 protein levels are not altered in the striatum of HD mouse models. (A) Striata from 
WT and R6/1 mice at different stages of disease progression (from 8 to 30 weeks (w) of age) were subjected 
to WB. Membranes were probed with antibodies against RTP801 and actin as a loading control. The left 
panel shows densitometric analysis with the values represented as the mean ± SEM of 6 animals per 
condition. (B) Striata from 7 and 13 months old HdhQ7/Q7 (WT) and HdhQ7/Q111 knock-in (KI) mice were 
subjected to WB. Membranes were probed with antibodies against RTP801 and actin as a loading control. 
The left panel shows densitometric analysis with the values represented as the mean ± SEM of 5 animals 
per condition. The specific RTP801 band is denoted with an arrow. Data were analyzed using Student’s T-
test. 

1.1.3 RTP801 is increased in differentiated HD-iPSCs cells and in human 

postmortem HD brains 

We next tested our hypothesis in human HD-iPSCs and human brain tissue. To achieve 

this, we analyzed RTP801 levels in iPSCs derived from a non-affected individual 

(expressing htt containing 33 CAG repeats, referred as controls; Ctr33) and from an HD 

patient (expressing mhtt containing 60 CAG repeats, referred as HD60) that were 

differentiated according to a neuronal differentiation protocol that generates striatal 

medium-sized spiny neurons463. Cells were harvested 12 days after starting the 

differentiation process, when they display a medial telencephalic identity. As shown in 

Figure 33A, mhtt-expressing cells displayed a 37% increase in RTP801 protein levels 

compared to control patient-derived cells. Hence, this result show that RTP801 is 

elevated in response to mhtt in human HD-iPSCs.  
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Figure 33. RTP801 protein levels are increased 
in HD-IPS cell line. iPSCs expressing control 
(Ctr33) or mutant (HD60) htt were subjected to WB 
after 12 days of differentiation towards medium 
spiny neurons. Membranes were probed with 
antibodies against RTP801 and GAPDH, as a 
loading control. The graph displays values obtained 
by densitometric analysis, shown as the mean ± 
SEM of 3 independent iPSC differentiations. Data 
were analyzed using Student’s T-test (*P<0.05 vs. 
Ctr33).  

 

 

 

Next, we explored whether RTP801 expression is also altered in brain structures of HD 

patients. Atrophy of the striatum (caudate nucleus and putamen) and thinning of the 

cortex are the most significant neuropathological abnormalities in HD, although other 

brain areas such as hippocampus, cerebellum or amygdala show neuronal dysfunction30.  

Thus, in order to study whether increase of RTP801 also occurs in HD patients, we 

analyzed RTP801 protein levels by WB in tissue lysates from the putamen, caudate 

nucleus, frontal cortex, hippocampus and cerebellum of seven control and six HD donors 

(Table 6), and in the caudate nucleus of 3 HD patients.  

Patient Pathological diagnosis Gender Age (years) 
CAG 

repetitions 

1 Normal Female 60 - 

2 Normal Female 68 - 

3 Normal Female 71 - 

4 Normal Female 81 - 

5 Normal Male 39 - 

6 Normal Male 56 - 

7 Normal Male 64 - 

8 HD, Vonsattel grade 4 Female 28 62 

9 HD, Vonsattel grade 3 Female 72 42 

10 HD, Vonsattel grade 3 Male 53 45 

11 HD, Vonsattel grade 3-4 Male 55 - 

12 HD, Vonsattel grade 4 Male 59 44 

13 HD, Vonsattel grade 4 Male 60 43 
 

Table 6. Human post-mortem HD brains.  
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We observed increased levels of RTP801 in the putamen, caudate nucleus and 

cerebellum (Figure 34A, 34B and 34C) whereas no changes were detected in frontal 

cortex and hippocampus (Figure 34D and 34E) when compared with control cases. 

Hence, our results show for the first time that RTP801 protein levels are specifically 

increased in the striatum and cerebellum of HD patients. 

 

 

Figure 34. RTP801 is highly expressed in affected-brain areas of HD patients. RTP801 levels were 
analyzed by WB in protein extracts obtained from (A) putamen, (B) caudate nucleus, (C) cerebellum, (D) 
frontal cortex and (E) hippocampus of control individuals and HD post-mortem brains. Representative 
immunoblots of RTP801 and actin or tubulin, as loading controls, are shown. The graphs display values 
obtained by densitometric analysis of western blot data. Note that the specific RTP801 band is indicated 
with an arrow. Results are shown as the mean ± SEM. Student’s T-test. Data was analyzed using Student’s 
T-test (*P<0.05 and **P<0.01 vs. control).  

 

Taken together, our results indicate that RTP801 can be considered a novel downstream 

effector of mhtt toxicity.   
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1.2 Role of RTP801 protein in dysfunctional neuronal plasticity 

associated to Huntington’s disease 

Several works indicate that cell death does not occur until late stages of HD 

pathogenesis, suggesting that neuronal dysfunction and abnormal synaptic plasticity are 

likely the main early pathogenic events that finally result in neurodegeneration464–466. 

Moreover, the aberrant synaptic function display in the disease17,467–471 led to consider 

HD as a synaptopathy472. In fact, de novo protein translation is one of the critical functions 

to maintain synaptic plasticity282,284,316,473. In this regard, mTOR acts as the main regulator 

of the protein synthesis, and consequently its role in neuronal plasticity is crucial317. 

Besides, mTOR regulates the actin cytoskeleton which is essential to maintain the 

structural plasticity in mature synapses and to regulate LTP and LTD processes474–478. 

As a regulator of the mTOR pathway, the upregulation of RTP801 by mhtt could impair 

synaptic function and affect plasticity. Hence, in this section we will study whether mhtt 

disrupts neuronal plasticity by increasing synaptic RTP801 levels and impairing the 

mTOR pathway. 

1.2.1 Ectopic mhtt increases RTP801 at dendritic spines of rat cortical primary 

neurons 

Previous data have demonstrated that the overexpression of the pathogenic exon-1 of 

mhtt induces RTP801 accumulation in neural cell models. To extend this result, we next 

wondered whether mhtt increases RTP801 protein levels at the synapse. For this reason, 

rat cortical primary neurons DIV13 were transfected with eGFP, Q25, Q72- or Q103-

expressing plasmids. Twenty-four hours after transfection, cultures were fixed, and 

dendritic F-actin puncta were labelled (Figure 35A1). As indicated with an arrow RTP801 

was found within the dendritic spines. The overexpression of exon-1-mhtt induced a 

reduction in the number of dendritic spines (Figure 35A2) along with an increase in 

somatic RTP801 (Figure 35A3), as previously reported (Figure 27B). Importantly, mhtt 

overexpression increased RTP801 levels at dendritic spines almost a 50% (Figure 

35A4). 
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Figure 35. RTP801 protein is present in dendritic spines of cortical neurons and the overexpression 
of exon-1 mhtt increases its protein levels. (A1) Rat cortical cultures at DIV13 were transfected with 
eGFP, Q25, Q72 or Q103 plasmids. Twenty-four hours after transfection cultures were fixed and stained 
against GFP (in green), RTP801 (in grey) and phalloidin (in red) to visualize the actin cytoskeleton. Images 
were acquired by confocal microscopy. Yellow rectangles show digital zoom of dendrites with spines and 
yellow arrows show RTP801 staining at the puncta. (A2) Graphs display the number of spines scored for 
each 15 µm dendrite-length and RTP801 staining intensity quantification at (A3) the neuronal soma and at 
(A4) the spines. Data are shown as percentage of RTP801 intensity (mean ± SEM) and were analyzed with 
One-way ANOVA followed by Dunnett’s multiple comparisons test (*P˂0.05 and **P˂0.01 vs. eGFP and 
#P˂0.05 vs. Q72).  

1.2.2 Study of synaptic RTP801 and components of the mTOR pathway in brain-

affected areas of HD patients 

The caudate nucleus and the putamen of HD patients is one of the most affected areas 

in the disease although cortex also undergoes a severe atrophy30. We have already 

shown that RTP801 is particularly increased in striatum nucleus but not at frontal cortex 

of HD patients (Figure 33A, 33B & 33D). To further investigate whether the increase of 

RTP801 in human affected regions also occurs at the synaptic level, we isolated 

synaptosomes of the putamen and frontal cortex of control and HD individuals (Table 7).  
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Patient 
Pathological 

diagnosis 
Gender 

Age 

(years) 

CAG 

repetitions 

Area 

analyzed 

1 Normal Male 83 - Str & Ctx 

2 Normal Male 73 - Ctx 

3 Normal Male 76 - Str & Ctx 

4 Normal Male 64 - Str & Ctx 

5 Normal Male 86 - Str & Ctx 

6 Normal Male 58 - Str & Ctx 

7 HD, Vonsattel grade 3-4 Male 55 - Str & Ctx 

8 HD, Vonsattel grade 3 Male 53 45 Str 

9 HD, Vonsattel grade 1 Male 73 40 Ctx 

10 HD, Vonsattel grade 3 Male 85 40 Str & Ctx 

11 HD, Vonsattel grade 2 Male 76 41 Str & Ctx 

12 HD, Vonsattel grade 2 Male 72 - Str & Ctx 

13 HD, Vonsattel grade 2-3 Male 68 42 Str & Ctx 
  

Table 7. Human post-mortem HD brains. Str = Striatum (Putamen); Ctx = Frontal Cortex. 
 

Synaptosomes have emerged as an useful tool to dissect the protein composition of the 

synapse since they are composed by the entire presynaptic terminal, including 

mitochondria, synaptic vesicles and the active zone, attached to the postsynaptic 

membrane and the postsynaptic density (PSD)479–484. Besides, synaptosomes contain all 

the molecular machinery necessary for the uptake, storage and release of 

neurotransmitters as well as presynaptic and postsynaptic receptors. For this reason, 

synaptosomes are susceptible to pharmacological manipulations and are also helpful for 

functional synaptic assays485–490. 

i. RTP801 is increased in striatal synapses from the putamen of Huntington’s 

disease patients 

First, we investigated whether RTP801 protein levels were increased in the striatal 

synaptic terminals of HD patients. Additionally, the status of the mTOR pathway in the 

synaptic compartment was also studied. We tested the S6 ribosomal protein 

phosphorylation at Ser235/236 as readout of mTORC1 complex activity491 and Akt 

phosphorylation at Ser473 as readout of mTORC2 complex activity298,492. 

We isolated synaptosomes from the putamen of 5 controls (CT) and 5 HD donors and 

analyzed its protein content by WB (Figure 36A). We first analyzed the synaptosomal 
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enrichment of each of our proteins of interest. Then, homogenates and synaptosomes 

were analyzed separately to compare the protein levels in each cellular compartment 

between CT and HD donors.  

Interestingly, RTP801 was found to be highly enriched in the synaptic fraction of the 

human putamen. We observed increased levels of RTP801 in the putamen of HD 

patients at both homogenates and synaptosomes in comparison to the control group 

(Figure 36B). 

To confirm proper purification of synaptosomes, we checked the enrichment of synaptic 

markers that are highly expressed in this compartment. Postsynaptic density protein 95 

(PSD-95) was used as a postsynaptic marker since it is localized at the postsynaptic 

density of excitatory synapses169,493. Synaptic vesicle glycoprotein 2A (SV2A) is a 

membrane glycoprotein associated with synaptic vesicles and, therefore it was used as 

a presynaptic marker494,495. Effectively, both PSD-95 and SV2A were enriched in the 

synaptosomal fraction of the control group but not in the HD group (Figure 36C & 36C). 

Moreover, PSD-95 was significantly reduced in the synaptosomal fraction of HD patients 

in comparison to controls (Figure 36C). Meanwhile, synaptosomal SV2A did not display 

differences between groups (Figure 36D).  

Regarding the mTOR pathway, we analyzed the levels of phospho(P)-Akt (Ser473) and 

phospho(P)-S6 (Ser235/236) as readouts of the mTOR activity (Figure 36E & 36F). Both 

proteins showed higher levels in the synaptosomal fraction of the putamen, although the 

enrichment of neither of them reached significance. At total (homogenate) level, both P-

Akt (Ser473) and P-S6 (Ser235/236) were increase in HD patients when compared to 

controls, but no differences were found in the synaptosomal compartment.  
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Figure 36. Synaptosomal preparation from the putamen of HD patients. Putamen of 5 HD patients and 
5 control individuals were dissected and homogenized in Krebs-Ringer buffer. Later, synaptosomes were 
isolated and samples were subjected to WB. Membranes were probed against RTP801, P-Akt (Ser473), P-
S6 (Ser235/236), PSD-95, SV2A and total Akt as a loading control. Graphs show the densitometric 
quantification. Data is shown as a mean ± SEM. Data were analyzed with Two-way ANOVA followed by 
Bonferroni’s multiple comparisons test for post-hoc analyses (***P<0.001 vs. CT homogenate) and data of 
homogenates and synaptosomes were analyzed by Student’s T-test (*P<0.05). 

 

Based on the reduction of the synaptic markers in synaptosomes, we analyzed the levels 

of RTP801 and the two readouts of mTOR in the synaptic fraction. In order to correct the 

synaptic loss, the synaptosomal levels of each protein were expressed versus the levels 

of synaptic markers PSD-95, as PSD-95-postsynaptic fraction, (Fig 37A) and SV2A, as 

SV2A-presynaptic fraction (Fig 37B).  

The results showed that RTP801 was increased in the PSD-95- and SV2A-synaptic 

fractions in the HD group in comparison to the control. Furthermore, both P-Akt (Ser473) 

and P-S6 (Ser235/236) were elevated in the PSD-95-synaptic fraction of HD patients 

respect to unaffected individuals, and showed the same tendency in the SV2A-synaptic 

fraction. These data support the impairment of the mTOR pathway in HD72,285,290,452.  
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Figure 37. Synaptic enrichment of RTP801, P-Akt (Ser473) and P-S6 (235/236) in the putamen of HD 
patients. Graphs indicate the levels of RTP801, P-Akt (Ser473) and P-S6 (235/236) corrected by the levels 
of the synaptic markers (A) PSD-95 and (B) SV2A in the synaptosomes derived from the putamen of CT 
and HD donor analyzed in the previous experiment. The results are shown as mean ± SEM . Data were 
analyzed by Student’s T-test (*P<0.05). 

 

Taken together, these results show that RTP801 is increased in synaptic terminals of the 

putamen of HD patients, along with the mTOR signaling effectors. 

ii. RTP801 is not altered in synapses from the frontal cortex of Huntington’s 

disease patients 

To further analyze synaptic RTP801 enrichment, we performed synaptosomal 

preparations derived from the frontal cortex of 6 CT and 6 HD individuals. The protein 

content was investigated by WB, and the results were expressed firstly as the protein 

synaptic enrichment and secondly, as protein levels in homogenates and synaptosomes 

to compare between disease status (Figure 38A).  

In correlation with putamen data, RTP801 was highly enriched in the synaptosomal 

compartment (Figure 38B). Unfortunately, we did not detect variations in the levels of 

RTP801 neither in homogenates nor in synaptosomes. We corroborated the proper 
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isolation of synaptosomes by the enrichment of PSD-95 and SV2A (Figure 38C & 38D), 

which also did not show differences in their protein levels between HD and CT group. 

Moreover, the two mTOR downstream effectors, P-Akt (Ser473) and P-S6 (Ser235/236), 

were studied in the synaptosomes (Figure 38E & 38F). In contrast to putamen, only P-

S6 (Ser235/26) showed a significant decrease in synaptosomes of HD in contrast to 

control cases.  

 

Figure 38. Synaptosomal preparation from the frontal cortex of HD patients. Prefrontal cortex of 6 HD 
patients and 6 control individuals were dissected and homogenized in Krebs-Ringer buffer. Later, 
synaptosomes were isolated and samples were subjected to WB. Membranes were probed against RTP801, 
P-Akt (Ser473), P-S6 (Ser235/236), PSD-95, SV2A and total Akt as a loading control. Graphs show the 
densitometric quantification. Data is shown as a mean ± SEM. Data were analyzed with Two-way ANOVA 
followed by Bonferroni’s multiple comparisons test for post-hoc analyses (*P<0.05, **P<0.01, ***P<0.001 vs. 
CT homogenate; ### P<0.001 vs. HD homogenate) and data of homogenates and synaptosomes were 
analyzed by Student’s T-test (*P<0.05). 

 

Even though the absence of alterations in the synaptic markers, we expressed the 

synaptosomal levels of the proteins relative to PSD-95 or to SV2A to obtain the PSD-95- 

(Figure 39A) and SV2A-synaptic fraction (Figure 39B). No alterations were found at 

RTP801 or P-Akt (Ser273) synaptic levels. However synaptic P-S6 (Ser235/236) was 

significantly diminished in the HD prefrontal cortex compared to controls.  
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Figure 39. Synaptic enrichment of RTP801, P-Akt (Ser473) and P-S6 (235/236) in the frontal cortex of 
HD patients. Graphs indicate the levels of RTP801, P-Akt (Ser473) and P-S6 (235/236) corrected by the 
levels of synaptic markers (A) PSD-95 and (B) SV2A in the synaptosomes derived from the prefrontal cortex 
of the CT and HD donor analyzed in the previous experiment. The results are shown as mean ± SEM of all 
samples. Data were analyzed by Student’s T-test (*P<0.05, **P<0.01). 

1.2.3 Study of synaptic RTP801 and components of the mTOR pathway in HD 

mice models 

HD mouse models are reported to exhibit cognitive deficits before the appearance of 

motor symptoms indicating that abnormal synaptic plasticity occurs at early stages of the 

disease103,457,459,461,496–498. To further study the synaptic machinery we isolated 

synaptosomes from the striatum of HdhQ7/Q111-KI mice and R6/1 mice.  

i. RTP801 is increased in striatal synapses of the HdhQ7/Q111-knock-in mouse 

model 

To assess whether the enrichment of RTP801 in the striatal synapses of HD patients 

also occurs in HD mouse models, we investigated the synaptic levels of RTP801 in the 

striatum of HdhQ7/Q111 knock-in (KI) mice at 10-months of age. At this age KI mice already 

display abnormal neuronal plasticity461. 
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We purified synaptosomes from 6 HdhQ7/Q7 (WT) and 6 HdhQ7/Q111 (KI) mice and analyzed 

the protein content by WB (Figure 40A). RTP801 quantification revealed its enrichment 

in the synaptosomal fraction derived from the striatum of WT and KI mice (Figure 40B). 

However, RTP801 protein levels did not differ between genotypes in either homogenates 

or synaptosomes.  

We also corroborated that synaptosomal isolation was properly performed by the 

enrichment of PSD-95 (Figure 40C) and SV2A (Figure 40D) in the synaptosomal fraction 

of both WT and KI groups. At the synaptosomal fraction of KI mice, only PSD-95 

displayed decreased protein levels in comparison to the WT group.  

Concerning the mTOR pathway, P-Akt (Ser473) and P-S6 (Ser235/236) levels were also 

investigated. P-S6 (Ser235/236) was enriched in synaptosomes but, on the contrary to 

human HD samples, P-Akt (Ser473) was not. Neither of the two mTOR readouts showed 

differences between animal genotypes in homogenates or synaptosomes (Figure 40E & 

40F).  
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Figure 40. Synaptosomal preparation from the striatum of HdhQ7/Q111-KI mice. Striata of 6 KI and 6 WT 
animals at 10-months of age were dissected out and homogenized in Krebs-Ringer buffer. Later, 
synaptosomes were isolated and samples were subjected to WB. Membranes were probed against RTP801, 
P-Akt (Ser473), P-S6 (Ser235/236), PSD-95, SV2A and total Akt as a loading control. Graph show the 
densitometric quantification. Data in shown as a mean ± SEM. Data were analyzed with Two-way ANOVA 
followed by Bonferroni’s multiple comparisons test for post-hoc analyses (**P<0.01, ***P<0.001 vs. WT 
homogenate, ##P<0.01, ###P<0.001 vs. R6/1 homogenate) and data of homogenates and synaptosomes 
were analyzed by Student’s T-test (*P<0.05). 

 

Furthermore, we analyzed the synaptic levels of RTP801, P-Akt (Ser473) and P-S6 

(Ser235/236) at PSD-95- (Figure 41A) and SV2A-synaptic fractions (Figure 41B). We 

observed a higher enrichment of RTP801 in the PSD-95- and SV2A-synaptic fractions in 

KI animals compared to the WT mice. P-Akt (Ser473) was also increased at the synaptic 

fraction of KI mice, but P-S6 (Ser235/236) did not show differences between animals, 

suggesting an impairment of mTORC2 but not mTORC1. 
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Figure 41. Synaptic enrichment of RTP801, P-Akt (Ser473) and P-S6 (235/236) in the striatum of 
HdhQ7/Q111-KI mice. Graphs indicate the levels of RTP801, P-Akt (Ser473) and P-S6 (235/236) corrected 
by the levels of synaptic markers (A) PSD-95 and (B) SV2A in striatal synaptosomes of the KI and WT mice 
analyzed in the previous experiment. The results are shown as mean ± SEM. Data were analyzed by 
Student’s T-test (*P<0.05). 

ii. RTP801 is increased in striatal synapses of the R6/1 mouse model  

In order to confirm the previous results in another HD mouse model, we investigated the 

synaptic levels of RTP801 in the striatum of R6/1 mice at 16-weeks of age. At 16-weeks 

age the R6/1 already present cognitive and motor alterations457,461,496–498.  

Synaptosomal preparations were obtained from the striatum of 7 R6/1 mice and 6 WT 

littermates (Figure 42A). As we detected in HdhQ7/Q7 and HdhQ7/Q111 animals, RTP801 

was also enriched in the synaptosomal fraction of the WT animal and the same tendency 

was exhibit in the R6/1 model although it did not reach significance (Figure 42B). 

Moreover, we confirmed that RTP801 was not increased in either striatal homogenates 

or synaptosomes of the R6/1 mice in comparison to WT animals. 

Proper synaptosomal purification was confirmed by the enrichment of PSD-95 and SV2A 

synaptic markers (Figure 42C & 42D). At synaptosomal level, R6/1 mice showed 

decrease PSD-95 in comparison to WT littermates. This result was in accordance with 
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the HdhQ7/Q111 -KI model, in which we also observed a reduction of PSD-95 in the synaptic 

fraction (Figure 42C).  

Furthermore, we analyzed the striatal levels of P-Akt (473) and P-S6 (Ser235/236) in the 

R6/1 mice model. R6/1 striatal samples displayed increased levels of P-Akt (Ser473) 

respect to WT animals, both at homogenates and synaptosomes (Figure 42E). P-S6 

(Ser235/236) showed no differences between genotypes (Figure 42F). 

 
Figure 42. Synaptosomal preparation from the striatum of R6/1 mice. Striata of 7 R6/1 and 6 WT animals 
at 16-weeks of age were dissected out and homogenized in Krebs-Ringer buffer. Later, synaptosomes were 
isolated and samples were subjected to WB. Membranes were probed against RTP801, P-Akt (Ser473), P-
S6 (Ser235/236), PSD-95, SV2A and total Akt as a loading control. Graph show the densitometric 
quantification. Data in shown as a mean ± SEM. Data were analyzed with Two-way ANOVA followed by 
Bonferroni’s multiple comparisons test for post-hoc analyses (*P<0.05, **P<0.01, ***P<0.001 vs. WT 
homogenate, #P<0.05, ###P<0.001 vs. R6/1 homogenate) and data of homogenates and synaptosomes 
were analyzed by Student’s T-test (**P<0.01, ***P<0.001). 

 

To correct for the synaptic loss, synaptosomal levels of RTP801, P-Akt (Ser473) and P-

S6 (Ser235/236) were normalized to PSD-95 and SV2A (Figure 43A & 43B). We 

detected a significant increase of RTP801 at the synaptic compartment when adjusting 
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for PSD-95 and a trend for SV2A (P=0.0641) in the R6/1 mice in comparison to their WT 

littermates.  

We also found differences in the mTOR readouts. P-Akt (Ser473) was increased in the 

PSD-95- and SV2A-synaptic fractions of R6/1 mice when compared to WT littermates. 

P-S6 Ser235/236 also displayed increased protein levels in the PSD-95-synaptic fraction 

but not in the SV2A-synaptic fraction.  

Figure 43. Synaptic enrichment of RTP801, P-Akt (Ser473) and P-S6 (235/236) in the striatum of 
R6/1mice. Graph indicate the levels of RTP801, P-Akt (Ser473) and P-S6 (235/236) corrected by the 
synaptic markers (A) PSD-95 and (B) SV2A in striatal synaptosomes of the R6/1 and WT mice analyzed in 
the previous experiment. The results are shown as mean ± SEM of all samples. Data were analyzed by 
Student’s T-test (**P<0.01, ***P<0.001). 

 

Results obtained so far show that RTP801 is increased in the striatal synaptic fraction of 

two different HD mouse models, and in the putamen of HD patients. 

1.2.4 Study of RTP801 striatal synaptic function in the HD murine model R6/1  

Synaptic increase of RTP801 suggests that RTP801 could mediate plasticity dysfunction 

in HD. Thus, we investigated whether striatal RTP801 knockdown may prevent or delay 

motor learning impairment in the R6/1 mice.  
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i. RTP801 knockdown improves motor learning in symptomatic R6/1 mice 

In order to evaluate the putative implication of synaptic RTP801 in motor learning 

impairment, 9-week-old WT and R6/1 mice were bilaterally injected with AAV-shCtr or 

AAV-shRTP801 into the striatum. After five weeks, behavioral test was performed and a 

week later, mice striata were dissected and processed for immunohistochemistry or 

biochemical analysis. By immunofluorescence, we detected comparable GFP signal in 

the striatum of WT and R6/1 that confirmed the transduction of AAV-shCtr and AAV-

shRTP801 (Figure 44A). Moreover, striatal injections of AAV-shRTP801 reduced 

RTP801 protein expression between 25-30%, both in WT and R6/1 animals (Figure 44B). 

 

Figure 44. Transduction efficiency of AAV-shCtr- and AAV-shRTP801-injected animals. (A) GFP 
immunofluorescence confirmed the transduction of AAV-shCtr and AAV-shRTP801 in striatal cells of WT 
and R6/1 mice. A secondary control was performed without the incubation of primary antibody (anti-GFP). 
(B) Striata of WT and R6/1 injected with AAV-shCtr (n=6 WT and n=6 R6/1) or AAV-shRTP801 (n=6 WT 
and n=7 R6/1) were dissected, homogenized in Krebs-Ringer buffer and subjected to WB. Membranes were 
probed against RTP801, GFP and actin as a loading control. Graph show the densitometric quantification of 
RTP801 signal. Data are shown as a mean ± SEM and were analyzed with Two-way ANOVA followed by 
Bonferroni’s multiple comparisons test for post-hoc analyses (*P<0.05 vs. WT AAV-shCtr #P<0.05 vs. R6/1 
AAV-shCtr). 

 

 

 



RESULTS 

139 
 

In our investigation, to study corticostriatal function, motor learning was evaluated by the 

accelerating rotarod. R6/1-shCtr-injected animals performed poorly in this motor task in 

comparison to WT-shCtr-injected animals. Surprisingly, RTP801 silencing in the R6/1 

mice preserved their motor learning by increasing the latency to fall. Indeed, AAV-shCtr 

or AAV-shRTP801-injected WT mice showed no differences in motor learning 

capabilities (Figure 45).  

 

Fig 45. Striatal RTP801 knockdown preserves motor learning in symptomatic R6/1 mice. 9-weeks-old 
WT and R6/1 mice were injected bilaterally with AAV-shCtr (n=8 WT and n=9 R6/1) or AAV-shRTP801 (n=8 
WT and n=9 R6/1) in the striatum. Five weeks after, motor learning was assessed by the accelerating 
rotarod. The graph shows the latency to fall as the mean of three trials tested each day. Values are 
expressed as mean ± SEM and were analyzed with Two-way ANOVA followed by Bonferroni’s multiple 
comparisons test for post-hoc analyses (*P<0.05, **P<0.01 and ***P<0.001 R6/1 AAV-shCtr vs. WT AAV-
shCtr and #P<0.05 R6/1 AAV-shRTP801 vs. R6/1 AAV-shCtr).  

ii. RTP801 knockdown preserves phospho-Akt (Ser473) and enhances the 

expression of synaptic proteins in the R6/1 mice 

In order to understand the biochemical consequences of RTP801 knockdown that leads 

to a better motor learning performance, we analyzed different components of the mTOR 

pathway in the synaptic compartment. For that purpose, we isolated synaptosomes from 

WT and R6/1 mice transduced with AAV-shCtr or AAV-shRTP801 and analyzed protein 

content by WB. 

Knocking down RTP801 did not affect either the levels of P-mTOR (Ser2448) or the 

levels of P-S6 (Ser235/236), as mTORC1 readout (Figure 46A & 46B). 

 



RESULTS  

140 
 

 
Figure 46. Knockdown of RTP801 in the striatum of R6/1 mice does not alter P-mTOR (Ser2448) and 
P-S6 (Ser235/236). Striata of WT and R6/1 injected with AAV-shCtr (n=6 WT and n=6 R6/1) or AAV-
shRTP801 (n=6 WT and n=7 R6/1) were dissected and homogenized in Krebs-Ringer buffer. Later, 
synaptosomes were isolated and samples were subjected to WB. Membranes were probed against P-mTOR 
(Ser2448), P-S6 (Ser235/236) and total mTOR and actin as a loading control. Graphs show the 
densitometric quantification. Values are shown as a mean ± SEM. Enrichment data were analyzed with Two-
way ANOVA followed by Bonferroni’s multiple comparisons test for post-hoc analyses (**P<0.01 vs. WT 
AAV-shCtr Hom; ## P<0.01 vs. R6/1 AAV-shCtr Hom; $ P<0.05 vs. R6/1 AAV-shRTP801 Hom). 
Homogenates and synaptosomes data were analyzed with Two-way ANOVA followed by Bonferroni’s 
multiple comparisons test for post-hoc analyses.  

 

Then, we analyzed the mTORC2 readout P-Akt (Ser473) which we have already shown 

that is overactivated in the R6/1 model, not only at total levels but also at the synaptic 

fraction (Figure 42E & 43). Surprisingly, the knockdown of RTP801 in the striatum of 

R6/1 restored P-Akt (Ser473) levels and had no significant effect in WT animals (Figure 

47A), indicating a specific regulation of RTP801 upon Akt activity on this pathological 

context.  

Akt phosphorylation on the residue Ser473 depends on mTORC2 kinase activity when 

complexed with Rictor protein499,500. On the other hand, Ser473 residue of Akt is 

dephosphorylated by the specific phosphatase PHLPP1297,298. In fact, increased levels 
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of Rictor and reduced levels of PHLPP1 phosphatase are responsible for Akt 

hyperactivation in the R6/1 mouse model287,296.  

Hence, we investigated whether RTP801 knockdown in R6/1 mice could affect these two 

Akt modulators. Interestingly, we found that Rictor levels were decreased in R6/1-

shRTP801-injected animals in comparison to the R6/1-shCtr-injected mice (Figure 47B). 

On the other hand, RTP801 silencing did not alter PHLPP1 (Figure 47C). All these results 

suggest that RTP801 knockdown prevents Akt hyperactivation by decreasing Rictor 

protein levels.  

 

Figure 47. Knockdown of RTP801 in the striatum of R6/1 mice prevents hyperphosphorylation of Akt 
at Ser473 by decreasing Rictor levels. Striata of WT and R6/1 injected with AAV-shCtr (n=6 WT and n=6 
R6/1) or AAV-shRTP801 (n=6 WT and n=7 R6/1) were dissected and homogenized in Krebs-Ringer buffer. 
Later, synaptosomes were isolated and samples were subjected to WB. Membranes were probed against 
P-Akt (Ser273), Rictor, PHLPP1 and total Akt and actin as a loading control. Graphs show the densitometric 
quantification. Values are shown as a mean ± SEM. Enrichment data were analyzed with Two-way ANOVA 
followed by Bonferroni’s multiple comparisons test for post-hoc analyses (***P<0.001 vs. WT AAV-shCtr 
Hom; ## P<0.01, ### P<0.001 vs. R6/1 AAV-shCtr Hom; ++P<0.01 vs. WT AAV-shRTP801 Hom, $$ P<0.01 
vs. R6/1 AAV-shRTP801 Hom). Homogenates and synaptosomes data were analyzed with Two-way 
followed by Bonferroni’s multiple comparisons test for post-hoc analyses ANOVA (*P<0.05, **P<0.01 vs. WT 
AAV-shCtr; $<0.05 vs. WT AAV-shRTP801; #P<0.05 vs. R6/1 AAV-shCtr).  
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We next asked whether RTP801 downregulation could be translated to synaptic 

transmission modulation. Hence, we assessed the protein levels of different 

glutamatergic receptor subunits. 

As expected, all synaptic proteins studied were enriched in the synaptosomal fraction. In 

fact, PSD-95 (Figure 48A) and the NMDA receptor subunit NR1 (Figure 48B) were not 

detectable in the homogenate fraction. Nevertheless, the knockdown of RTP801 did not 

alter the synaptosomal protein levels of either PSD-95 or NR1.  

We also analyzed the subunit AMPA receptor GluA1. Interestingly, striatal RTP801 

silencing induced an increase of GluA1 at the homogenate fraction of R6/1 mice in 

comparison to WT animals (Fig 48C). Similar non-significant tendencies were observed 

at the synaptic compartment. 

Furthermore, one of the mechanisms which contributes to synaptic impairment in HD 

models is the imbalance between BDNF receptor TrkB and BDNF low affinity receptor 

p75NTR 122,124. Thus, we explored whether the knockdown of RTP801 could restore this 

TrkB and p75NTR imbalance. As well as GluA1, TrkB increased after knocking down 

RTP801 expression in the homogenates of R6/1 mice in comparison to their WT 

littermates (Figure 48D). Again, only similar non-significant tendencies were observed at 

the synaptic fraction. Regarding p75NTR, no differences were observed in this low affinity 

BDNF receptor (Figure 48E).  

These results suggest that the knockdown of RTP801 enhances the expression of 

synaptic proteins, which could explain the better performance of R6/1 mice in the 

accelerating rotarod.  
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Figure 48. Knockdown of RTP801 in the striatum of R6/1 mice enhances the expression of synaptic 
proteins. Striata of WT and R6/1 injected with AAV-shCtr (n=6 WT and n=6 R6/1) or AAV-shRTP801 (n=6 
WT and n=7 R6/1) were dissected and homogenized in Krebs-Ringer buffer. Later, synaptosomes were 
isolated and samples were subjected to WB. Membranes were probed against GluA1, full-length TrkB and 
p75NTR actin as a loading controls. Graphs show the densitometric quantification. Values are shown as a 
mean ± SEM. Enrichment data were analyzed with Two-way ANOVA followed by Bonferroni’s multiple 
comparisons test for post-hoc analyses (***P<0.001 vs. WT AAV-shCtr Hom; # P<0.05, ### P<0.001 vs. 
R6/1 AAV-shCtr Hom; ++ P<0.01, +++ P<0.001 vs. WT AAV-shRTP801 Hom, $$ P<0.01, $$$ P<0.001 vs. 
R6/1 AAV-shRTP801 Hom). Homogenates and synaptosomes data were analyzed with Two-way ANOVA 
followed by Bonferroni’s multiple comparisons test for post-hoc analyses (# P<0.05 vs. R6/1 AAV-shCtr). 
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These evidences show that striatal RTP801 knockdown recues R6/1 motor performance 

by restoring P-Akt (Ser473) levels through the reduction of Rictor and by enhancing 

postsynaptic signaling. These findings indeed support that hyperphosphorylation of Akt 

on Ser473 contributes to modulate motor learning impairment in R6/1 mice.  

Altogether, the results indicate that RTP801 is increased at the synapses of HD affected 

areas in both humans and HD mouse models and its upregulation contributes to impair 

motor learning plasticity.  
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2. STUDY OF EXOSOMAL RTP801 IN TOXIC CELLULAR 

MODELS 

Cell-to-cell transmission is a common mechanism for the progression of several 

neurodegenerative disorders including PD and HD. Recently, evidence indicate that 

prion-like transmission of protein aggregates such as α-synuclein218–220 or mhtt81–83 can 

contribute to neurodegenerative diseases501,502. For instance, in PD was observed that 

neural grafts derived from fetal midbrain healthy tissue transplanted into the striatum of 

patients with PD showed Lewy pathology after 10-16 years in addition to the expected 

inclusions observed in the host tissue209. This reinforces the hypothesis that α-synuclein 

could be transferred transneuronally. In HD models, mhtt seems to be propagated 

transneuronally in neuronal cultures and also in the corticostriatal pathway in vivo, in a 

synaptic activity-dependent manner81. Therefore, neuron-to-neuron propagation of toxic 

proteins must be considered to investigate the pathophysiology of neurodegenerative 

disorders.  

One of the important key players in cell-to-cell communication are exosomal vesicles 

since they act as vehicles for intercellular transfer of bioactive molecules503. Besides, 

exosomes have been suggested as an unconventional pathway for removing toxic 

proteins from the neuron504, playing an essential role in the propagation of pathogenic 

proteins involved in neurodegenerative diseases505–507. Exosome composition is highly 

influenced by environmental challenges and its sorting out can be modulated by 

intracellular stress370. In consequence, the exosomal content is modified, and thus the 

biological response of recipient cells371,381.  

Based on this background, here we investigated whether stress-induced RTP801 is 

present in exosomes derived from cellular models and whether exosomal RTP801 

mediate a specific effect in recipient cells through the modulation of mTOR/Akt pathway.  
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2.1 RTP801 is present in exosomes released from HEK293 

cells 

To explore our hypothesis, we first investigated whether RTP801 could be found in 

exosomes secreted by cellular cultures. For this reason, we transfected HEK293 cells 

with ectopic eGFP-tagged RTP801. Forty-eight hour after transfection, cell lysates and 

exosomes released into the culture media were obtained and analyzed by WB. Due to 

the eGFP tag, we monitored both ectopic RTP801 (with a higher molecular weight 

around 55 kDa) and endogenous RTP801 (molecular weight around 34 kDa). We 

observed that ectopic RTP801 was found in exosomes as well as the ectopic control 

protein eGFP. Interestingly, endogenous RTP801 was also present in exosomes (Figure 

49A and 49B).  

To corroborate a proper exosome isolation, we analyzed the enrichment of exosomal 

markers in the extracellular exosomal vesicles fraction (EVs). We used two protein 

markers that differ in their exosomal localization to ensure to include the whole 

population of exosomes413. Tumor susceptibility gene 101 (TSG101) protein is part of 

the endosomal sorting complex required for transport (ESCRT) and mediates the cargo 

sorting into intraluminal vesicles396. Flotillin-1 is found in the lipid-rafts at the exosomal 

surface508, participates in the formation of non-caveolar membrane microdomains509,510 

and in membrane trafficking processes511. 

Both target proteins were found enriched in the exosomal fraction. In fact, ectopic 

RTP801 expression induced a higher exosomal secretion as detected by the increase of 

TSG101 and Flotillin-1 markers (Fig 49A, 49C & 49D). This observation was confirmed 

by quantification of particles density by the NanoSight software (1.11x1011±2.46x1010 

particles/ml in eGFP-overexpressing cultures vs. 2.36x1011±1.69x1010 particles/ml in 

eGFP-RTP801-overexpressing cultures; P-valor<0.05 Student’s T-test).  
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Figure 49. RTP801 overexpression increases EVs release and produces EVs enriched in RTP801 in 
HEK293 cells. (A) HEK293 cells were transfected with pEGFP-C3 empty vector (as control) or pEGFP-C3-
RTP801 tagged vector and incubated in DMEM depleted of exosomes. Forty-eight hours after, exosomes 
were isolated by sequential centrifugation of cell media and total protein content was analyzed by WB. 
Membranes were probed against RTP801, TSG101 and flotillin-1 as exosomal markers and actin as a 
loading control. Graphs show values obtained by densitometric analysis of exosomal (B) endogenous 
RTP801, (C) TSG101 and (D) Flotillin-1 WB data relative to the total protein content of the cell lysate. Values 
are represented as mean ± SEM (n = 3). Representative immunoblots are shown. Data were analyzed by 
Student’s T-test in the cell lysate and in the EVs fraction (*P<0.05). 

2.2 Study of exosomal RTP801 in cortical neuronal cultures 

We have showed that both ectopic and endogenous RTP801 are found in the exosomal 

fraction derived from HEK293 cells, and that RTP801 overexpression alters exosomal 

release. We next wondered whether RTP801 was also present in exosomes secreted by 

cortical neurons and whether its content is modified by cellular stressors.  

2.2.1 RTP801 protein is not present in exosomes derived from control or 

depolarized neurons 

Here, we studied whether endogenous RTP801 colocalizes with MVBs in neuronal 

culture. The loading of ILVs is sorted inside MVBs and once fused with the plasma 

membrane ILVs are released into the extracellular media as exosomes (reviewed in 512). 

With this purpose, cortical neurons at DIV12 were transfected with CD63-tagged eGFP 
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or eGFP alone as control. CD63 is typically incorporated into ILVs and after their release 

is a well-described exosomal marker513. Forty-eight hours after transfection, cultures 

were fixed and immunostained against eGFP and RTP801. Under confocal imaging we 

confirmed that RTP801 and CD63 colocalized in the somatodendritic compartment 

(Figure 50A). Interestingly, CD63 overexpression decreased intracellular levels of 

RTP801 (Figure 50B).  

Figure 50. RTP801 partially colocalizes with CD63-eGFP and is decreased in CD63-eGFP positive 
neurons. (A) Cortical primary neurons DIV12 were transfected with pEGFP-C1bos-CD63 or pEGFP-C1bos 
as a control. Forty-eight hours later, cultures were fixed and stained against eGFP (in green) and RTP801 
(in red). Images were acquired by confocal microscopy and arrowheads indicate colocalization between 
CD63-eGFP and endogenous RTP801. Scale bar, 5µm. (B) RTP801 staining was measured by Integral 
density with ImageJ. Values are represented as mean ± SEM (n=3). Data were analyzed using Student’s T-
test (**P<0.01 vs eGFP). 

 

Exosomal release is an active mechanism that is calcium dependent374,375. To investigate 

whether RTP801 could be loaded into exosomes, we induced the depolarization of 

neurons with 30mM Potassium Chloride (KCl) for 3 hours which induces a nontoxic influx 

of calcium375. Sixteen hours later, released exosomes were isolated from the culture 

media. By nanoparticle tracking analysis (NTA) measurements we confirmed that 30mM 

KCl depolarization increased the number of vesicles released (5.38x1010±1.74x1010 

particles/ml in 5mM KCl vs. 2,89x1011±2.46x1010 particles/ml in 30mM KCl; P-value< 

0.05 Student’s T-test). Moreover, 30mM KCl treatment did not affect vesicles’ mode size 

(139.33±7.30 nm in 5mM KCl vs. 145.06±8.23 nm in 30mM KCl). 

In parallel, cell lysates and exosomal protein content were analyzed by WB (Figure 51). 

In addition to the aforementioned exosomal proteins, we used NEDD4 as an exosomal 

marker highly enriched in neurons416. Interestingly from our previous work, we described 

that NEDD4 is involved in RTP801 lysosomal degradation349. As expected, we found 

increased levels of TSG101, Flotillin-1 and NEDD4 in the exosomal fraction of 30mM 

KCl depolarized cultures in comparison to 5mM KCl control, corroborating higher release 

of vesicles after a calcium influx. However, depolarization did not increase RTP801 

protein levels either in cell lysates or in exosomes.  
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Figure 51. Depolarized cortical neurons release higher number of EVs but RTP801 is not present in 
the exosomal fraction. Rat cortical neurons at DIV14 were depolarized with 30mM KCl or 5mM KCl as 
control for 3h. Sixteen hours later, exosomes were isolated by sequential centrifugations. Total lysate and 
exosomal total protein content were analyzed by immunoblotting and membranes were incubated with 
RTP801 and NEDD4, TSG101 and flotillin-1 as exosomal markers and actin as a loading control. Graphs 
show values obtained by densitometric analysis of WB data relative to the total protein content of the cell 
lysate. Values are represented as mean ± SEM (n = 3). Representative immunoblots are shown. Data were 
analyzed by Student’s T-test in the cell lysate and in the EVs fraction (**P<0.01). 

2.2.2 Neurotoxin 6-OHDA induces exosomal release of RTP801 by neuronal 

cultures 

We next investigated whether a toxic cellular stress was necessary for the loading of 

RTP801 in exosomes. With this purpose, we treated neuronal cultures with the PD 

mimetic 6-hydroxidopamine (6-OHDA). In cortical neurons, this neurotoxin is known to 

autoxidize itself generating ROS and promoting the release of calcium from intracellular 

reservoirs such as the ER and the mitochondria514–516.  

Thus, cortical neurons DIV14 were exposed to 6-OHDA for 16 hours. Then, exosomes 

and neuronal lysates were collected for analysis. The NanoSight quantification revealed 

that 6-OHDA treatment promoted the release of vesicles (3.60x1010±9,00x109 

particles/ml in untreated cultures vs. 1.52x1011±3.88x1009 particles/ml in 6-OHDA-treated 

cultures; P-value<0.01 Student’s T-test) and no variation in vesicle’s mode size was 

found (145.05±10.11 nm in untreated cultures vs. 134.54±7.31 nm in 6-OHDA exposed 

cultures). This result was further confirmed by transmission electron microscopy (TEM). 
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As shown in Figure 52, TEM micrographs confirmed that vesicles released by cortical 

neurons have the size and shape of exosomes. Furthermore, we also confirmed that 6-

OHDA neurotoxin increased the release of exosomes in comparison to untreated 

cultures.  

 

 
Figure 52. 6-OHDA treatment increases the release of exosomes from cortical neurons. Rat cortical 
neurons at DIV14 were exposed to the toxin 6-OHDA 50µM for 16h or untreated (ut) as control. Afterwards, 
cell media was collected, and exosomes were isolated by sequential centrifugations. Exosomal suspension 
was negative stain and observed by TEM. Electron micrographs show the presence of vesicles between 30 
and 110nM. Scale bars are 500nm and 200nm in magnification micrographs. 

 

In addition, the study of protein content by WB revealed that 6-OHDA exposure not only 

increased RTP801 at neuronal lysates but also induced the loading of RTP801 in 

exosomes (Figure 53A & 53B). Results regarding the induction of exosomal release by 

6-OHDA were corroborated by WB. Exosomal markers NEDD4, TSG101 and Flotillin-1 

displayed a decrease in cell lysates and were increased in the exosomal fraction, as 

readout for exosomal loading and release (Figure 53C, 53D & 53E).  
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Figure 53. RTP801 is present 
in the EV fraction derived from 
cortical primary cultures 
treated with 6-OHDA. (A) Rat 
cortical neurons at DIV14 were 
exposed to the toxin 6-OHDA 
50µM or untreated (ut) as 
control. Sixteen hours later, cell 
media was collected, and 
exosomes were isolated by 
sequential centrifugations. Total 
protein content was analyzed by 
WB. Membranes were probed 
against RTP801 and NEDD4, 
TSG101 and flotillin-1 as 
exosomal markers and actin as a 
loading control. Graphs show 
values obtained by densitometric 
analysis of (B) RTP801, (C) 
Nedd4, (D) TSG101 and (E) 
Flotillin-1 western blot data 
relative to the total protein 
content of the cell lysate. Values 
are represented as mean ± SEM 
(n = 3). Representative 
immunoblots are shown. Data 
were analyzed by Student’s T-
test in the cell lysate and in the 
EVs fraction (*P<0.05, 
**P<0.01).  

 

 

 

 

 

 

 

 

 

 

Up to now, results show that both ectopic and endogenous RTP801 are found in the 

exosomal fraction derived from HEK293 cells. In contrast, in cortical primary neurons 

RTP801 is not present in the exosomal fraction isolated from control or depolarized 

neurons. Nevertheless, neuronal exposure to 6-OHDA increases both intracellular and 

exosomal RTP801 protein suggesting that RTP801 is specifically released by exosomes 

under this stressful stimulus.  
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2.2.3 6-OHDA-derived exosomes containing RTP801 are not able to activate the 

mTOR/Akt pro-survival signal in recipient neurons 

Exosomes can either have a pro-apoptotic or a pro-survival role in recipient cells. In order 

to elucidate the biological role of exosomes in our cellular model, we investigated 

whether exosomes derived from 6-OHDA-exposed neurons are internalized by recipient 

neurons and translate signal transduction. 

i. 6-OHDA-induced exosomes do not mediate pro-survival signals in recipient 

cortical neurons 

First, to demonstrate that exosomes were taken up by recipient cells, we isolated 

exosomes from donor rat neuronal cultures exposed or not to 6-OHDA and labeled them 

with the lipophilic dye PKH26. Sister cultures of recipient cortical neurons were treated 

with labeled exosomes and twenty-four hours later cultures were observed under 

confocal microscopy. Confocal images confirmed that recipient neurons, stained with 

microtubule associated protein 2 (MAP2) in green, were able to internalize PKH26-

positive exosomes, in red, as revealed in their somatodendritic compartment (Figure 54).  

 

 
Figure 54. Purified exosomes are internalized by recipient cortical neurons. Rat cortical neurons DIV14 
were untreated (ut) or exposed to 6-OHDA 50μM and 16h later exosomes were isolated from the culture 
media. Exosomes were then labeled with PKH26 dye (in red) according to manufacturer’s protocol and 
800,000 particles were administered to cortical cultures. Twenty-four hours later, neurons were fixed and 
stained against the neuronal marker MAP2 (in green). Images were acquired by confocal microscopy. 
Arrowheads indicate representative PKH26 dots internalized by neurons. Scale bar 5µm. 
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We next explored whether exosomes derived from untreated cultures or from cultures 

exposed to 6-OHDA were able to affect signaling pathways in recipient naïve neurons. 

Since RTP801 is a negative regulator of the mTOR pathway267, we focused on studying 

the effect of exosomes towards the mTOR/Akt pathway in recipient cells.  

Exosomes were isolated from untreated or 6-OHDA-treated cortical cultures and sixteen 

hours later exosomes were purified from the culture media. Then, exosomes were added 

to recipient rat cortical neurons and the protein content of cultures was analyzed over a 

time course. Interestingly, we observed that 24 hours after exosomal administration, 

exosomes derived from untreated neuronal cultures were able to stimulate the 

mTOR/Akt pathway, judged by the increased phosphorylation of the Ser235/236 

residues in S6 ribosomal protein and Ser473 residue of Akt, as readouts of mTORC 1 

and 2 activity respectively (Figure 55).  

 
Figure 55. Control-derived exosomes, but not 6-OHDA-derived, activate the mTOR/Akt survival 
signaling pathway in recipient neurons. Rat cortical neurons DIV14 were untreated (ut) or exposed to 6-
OHDA 50μM, and 16h later exosomes were obtained from the culture media. 800,000 particles were 
administered to target rat cortical primary neurons and a control condition without exosome treatment was 
performed as negative control. After 4, 16 or 24h of treatment, cell extracts were collected and subjected to 
WB. Representative immunoblots show P-Akt Ser473, P-S6 Ser235/236, total Akt, total S6 and actin as a 
loading control. Values are represented as mean ± SEM (n = 3). Data were analyzed by One-way ANOVA 
with Bonferroni’s multiple comparison test (***P<0.001 vs. No EVs treatment and ##P<0.01 vs. Ut-derived 
EVs). 
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ii. 6-OHDA-induced RTP801 contributes to counteract EVs trophic effect in 

recipient neurons 

Based on these results, we next asked whether RTP801 levels modulate the trophic 

effect of exosomes. To test this hypothesis, we exposed to 6-OHDA untransduced 

neuronal cultures or cultures transduced with lentiviral particles packed with scrambled 

shRNA or an shRNA against RTP801. After 3 days, exosomes from all conditions were 

isolated from the culture media and were used to treat naïve rat cortical cultures. Twenty-

four hours after the administration, recipient neurons were analyzed by WB or 

immunofluorescence (Figure 56A). As before, exosomes derived from untreated control 

neurons increased the phosphorylation levels of P-Akt (Ser473) and P-S6 (Ser235/236), 

independently of the transduced construct. However, exosomes derived from 

untransduced neurons or transduced with the scrambled shRNA and exposed to 6-

OHDA did not exert this activation. Strikingly, exosomes derived from neurons where 

RTP801 was knocked down and exposed to 6-OHDA, could partially prevent the loss of 

pro-survival signaling activation (Figure 56B).  
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Figure 56. 6-OHDA-induced RTP801 counteract EVs trophic effect in recipient neurons. (A) Scheme 
of the protocol followed. (B) Rat cortical neurons DIV10 were untransduced (Ctr) or transduced with pLL3.7-
shCtr or pLL3.7-shRTP801. Seventy-hours later, cells were untreated or exposed to 6-OHDA 50μM for 16h. 
After that, exosomes were isolated from the culture media by sequential centrifugations and 800,000 
particles were administered to rat cortical cultures. As negative control, a condition without exosome 
treatment was performed. Twenty-four hours later, cells were harvested, and protein extracts were subjected 
to WB. Membranes were probed against P-Akt (Ser473), P-S6 (Ser235/236), total Akt, total S6 and actin as 
a loading control. Representative immunoblots are shown. Values are represented as mean ± SEM (n=3). 
Data were analyzed by Two-way ANOVA followed by Bonferroni’s post-hoc test. (**P<0.01, ##P<0.01 vs. 
Ctr 6-OHDA and $P<0.05 vs. shCtr 6-OHDA). 
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In parallel we assessed whether exosomes could affect neuronal survival. Exosomal 

vesicles were isolated from the abovementioned conditions and administered to recipient 

naïve cortical cultures. None of the exosomal treatments affected neuronal viability 24 

hours after the administration (Figure 57).  

 
 

 
 
 Figure 57. Exosome treatment does not affect neuronal survival. Rat cortical neurons DIV10 were 
untransduced (Ctr) or transduced with pLL3.7-shCtr or pLL3.7-shRTP801. Seventy-hours later, cells were 
untreated or exposed to 6-OHDA 50μM for 16h. Afterwards, exosomes were isolated from the culture media 
by sequential centrifugations and 800,000 particles were administered to rat cortical cultures. As negative 
control, a condition without exosome treatment was performed. After 24h cultures were fixed, and cells were 
immunostained against MAP2 (in green) and co-stained with Hoechst 33342 (in blue) to reveal the nuclei. 
Surviving MAP2+ cells were scored and represented as a percentage of total MAP2+ cells. Data were 
analyzed by Two-way ANOVA followed by Bonferroni’s post-hoc test. Data showed no differences in the 
percentage of survival. 

 

Taken together, our data indicate that 6-OHDA-induced RTP801 is loaded into 

exosomes and contributes to counteract the trophic properties of exosomal vesicles in 

cortical neurons.  
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2.3 Study of exosomal RTP801 in mhtt-expressing cells 

In the previous section of this thesis we described that mhtt increases RTP801 protein 

levels and, importantly, RTP801 upregulation contributes to mhtt toxicity in cellular 

models and impairs motor plasticity in animal models. In our next aim we studied whether 

mhtt-induced stress increases also exosomal RTP801 and interferes the exosomal 

trophic support.  

2.3.1 Neither RTP801 nor mhtt are detected in the exosomal fraction derived from 

STHdh cells 

To address this issue, we used the immortalized mouse striatal cell lines that express 

WT (STHdhQ7/Q7; WT) or mutant (STHdhQ111/Q111; KI) htt. As we have previously shown 

in HD cell models, we confirmed that RTP801 levels were increased in the KI cell line in 

comparison to the WT (Figure 58A).  

Even though mhtt increases RTP801 in KI cells, we could not detect enriched RTP801 

in the exosomal fraction (Figure 58B), unlike 6-OHDA neuronal model. Proper exosomal 

isolation was corroborated by the presence of the markers TSG101, Flotillin-1 and alix. 

Alix was used as an additional exosomal marker since it is also associated to the ESCRT 

machinery and is contained inside exosomes397,517. We could not observe full-length or 

N-terminal fragments of mhtt in the exosomes derived from the culture media of the cell 

lines (Figure 58C). 
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Figure 58. RTP801 is increased in STHdhQ111/Q111 cells but is not enriched in exosomes. (A) RTP801 
protein content was analyzed in STHdhQ7/Q7 (WT) and STHdhQ111/Q111 (KI) cell extracts by WB. Membranes 
were probed with antibodies against RTP801 and actin as a loading control. Representative immunoblots 
are shown along with densitometry analysis for RTP801 signal from at least 3 independent experiments. 
Data was analyzed with Student’s T-rest (**P<0.01 vs. WT). (B, C) Exosomes derived from WT and KI cells 
were isolated from the cell media by sequential centrifugations. Membranes were probed against RTP801, 
EM48 to detect htt forms and Alix, Flotillin-1 and TSG101 as exosomal markers, and actin as loading control.  

2.3.2 Mutant htt-induced RTP801 upregulation contributes to the loss of 

exosomal trophic support by downregulating phospho-S6 ribosomal 

protein in recipient neurons 

Nevertheless, we sought to investigate whether exosomes derived from STHdh cell lines 

could also affect the mTOR signaling pathway in recipient cells and whether RTP801, 

although not being present within exosomes, could somehow modulate intercellular 

communication. Both WT and KI cell lines were transfected with a scrambled shRNA or 

with a specific shRNA against RTP801, which knockdown efficiency was proved by WB 

(Figure 59A). Forty-eight hours later, exosomes were isolated from the culture media 

and used to treat naïve mouse cortical neurons for another 24 hours (Figure 59B). WB 

analysis of neuronal lysates showed that exosomes induced a different effect on mTORC 

1 and 2. Exosomes derived from KI cells did not lose the trophic effect over P-Akt 

(Ser473), as mTORC2 readout. However, RTP801 silencing in both WT and KI 

exosome-producing cells tended to increase the levels of P-Akt (Ser473) in recipient 
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naïve neurons. Moreover, this effect was independent to the cells expressing WT htt or 

mhtt. 

On the other hand, exosomes derived from KI cells were not able to increase P-S6 

(Ser235/236), and thus activate mTORC1, in comparison to WT cells. Remarkably, when 

RTP801 was knocked down in KI cells, exosome effect upon S6 phosphorylation was 

recapitulated (Figure 59C). These results confirmed that somatic RTP801 increase 

induced by mhtt interferes with the trophic effect that exosomes exert in recipient 

neurons. 

Summarizing, we have shown that both ectopic and endogenous RTP801 are found in 

the exosomal fraction derived from HEK293 cells. In cortical primary neurons, the 

increase of RTP801 in exosomes is sensitive to 6-OHDA neurotoxin but not to potassium 

depolarization. Moreover, exosomes derived from 6-OHDA exposed neurons or mhtt-

overexpressing cells loses the trophic ability to activate mTOR/Akt pathway. 

Interestingly, the downregulation of RTP801 in exosome-producing cells under stress 

partially rescued trophic effect in recipient neurons. 
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Figure 59. RTP801 upregulation in STHdhQ111/Q111 cells contributes to loss of exosomal trophic 
support. (A) STHdhQ7/Q7 (WT) and STHdhQ111/Q111 (KI) cell were transfected with pCMS-shCTR or pCMS-
shRTP801 and 48h later cell extracts were subjected to WB. Membranes were probed with antibodies 
against RTP801 and actin as a loading control. Representative immunoblots are shown along with 
densitometry analysis for RTP801 signal from at least 3 independent experiments. Data was analyzed with 
Two-way ANOVA followed by Bonferroni’s post-hoc test (**P<0.01, ***P<0.001 vs. WT shCTR; ###P<0.001 
vs. KI shCTR). (B) Scheme of the protocol followed. (C) Sister STHdhQ7/Q7 (WT) and STHdhQ111/Q111 (KI) cell 
cultures were transfected with pCMS-shCTR or pCMS-shRTP801. Forty-four hours later exosomes were 
isolated from the culture media by sequential centrifugations and 800,000 particles were administered to 
mouse cortical cultures. Twenty-four hours later, cells were harvested and protein extracts were subjected 
to WB. Membranes were probed against P-Akt (Ser473), P-S6 (Ser235/236), total Akt and total S6 and actin 
as loading control. Representative immunoblots are shown. Values are represented as mean ± SEM (n=3). 
Data were analyzed by Two-way ANOVA followed by Bonferroni’s post-hoc test (*P<0.05 vs. WT shCTR 
and ##P<0.01 vs. KI shCTR). 
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3. SINGLE NUCLEOTIDE POLYMORPHISM-BASED MTOR 

PATHWAY ANALYSIS IN PARKINSON’S DISEASE 

The mTOR pathway in one of the several pathways that have been proposed to be 

involved in PD, a neurodegenerative disease mainly characterized by the loss of 

dopaminergic neurons in the SNpc173. Deregulation of both mTORC 1 and 2 occurs in 

PD (reviewed in 249,518). For instance, mTOR activity is impaired in neurons of the SNpc 

from idiopathic PD patients. Moreover, the restitution of the mTOR or Akt activity prevent 

neuronal cell death in cellular an animal models of PD263,264,286. Besides neuronal death, 

around 40% of PD patients undergo dementia or alterations in working memory137 which 

points out that PD brain also displays aberrant plasticity519. Interestingly, it has been 

described that the development of L-DOPA induced dyskinesia (LID) involves an 

aberrant form of plasticity at the corticostriatal synapse240–243.  

Dopamine replacement therapy by oral administration of L-DOPA (or levodopa) is the 

standard treatment used to counteract motor symptoms in PD patients520,521. However, 

chronic treatment with L-DOPA triggers other motor complications including LID. Recent 

studies indicate that LID is associated with a loss of homeostatic synaptic mechanisms 

in the basal ganglia and in the cortical transmission240–243. Although the molecular basis 

of LID has not been yet elucidated, mTOR pathway has been also involved in LID 

development. Indeed, in PD animal models pharmacological inactivation of mTOR with 

rapamycin or rapalogs prevented LID appearance332,334.  

Genetic approaches have been very useful for identifying the genetic mutations in PD 

causative genes, but they only represent a 5-10% of the total cases173. Importantly, 

genetic variations in the SNCA and MAPT genes have been top associated with 

increased risk of PD154,156,157. Although other genetic risk factors for PD have been 

identified149–151,522,523, the genetic contribution to PD as complex multifactorial disorder 

remains yet unclear and far from being uncovered. 

Based on the biochemical evidences, we performed an mTOR candidate pathway 

approach and explored whether common genetic variability in selected genes from the 

mTOR signaling cascade may modulate PD and LID.  

To this purpose, we genotyped 64 SNPs in mTOR-related genes and PD-related genes 

in a Spanish cohort of 898 PD patients and 921 healthy controls (ANNEX I Table A1 for 

descriptive information and Table A2 for genotypic analysis data). We filtered out SNPs 

which were not in Hardy-Weinberg equilibrium and SNPs which did not surpass a 

genotyping quality threshold of unambiguous genotypes in above 90% in all studied 
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samples, resulting in a total of 54 SNPs which were further analyzed. We explored the 

association of SNPs or their complex epistatic interactions with PD and LID risk.  

This project has been developed in collaboration with Dr. Mario Ezquerra and Dr. Rubén 

Fernández-Santiago from IDIBAPS and from the Neurology Service of Hospital Clínic de 

Barcelona and with Dr. María Josep Martí from the Neurology Service of Hospital Clínic 

de Barcelona. 

3.1 SNCA and mTOR genetic variations interact to modulate 

risk and age at onset of Parkinson’s disease 

Among the different genetic variations in the SNCA gene that have a positive outcome 

for PD risk, the SNP rs356219 is one of the most studied. This SNP is located at the 3’ 

untranslated region (UTR) of the gene and has been related to increase SNCA 

expression524,525. Furthermore, SNCA rs356219 has also been described to modulate 

PD age-at-onset (AAO) in both idiopathic PD and LRRK2-associated PD (L2PD)166,167.  

By classical allelic and genotypic association analyses, we investigated whether 

individual SNPs in the mTOR pathway are associated with differential PD susceptibility 

and PD AAO. Since gene-gene interaction or epistasis can be relevant in genetically 

complex disorders like PD, we also assessed the existence of potential multi-locus 

interactions among mTOR SNPs to modulate PD by themselves and/or interactions with 

PD-related SNPs in SNCA and MAPT, to modulate the risk and the AAO of PD. 

3.1.1 Single SNP analysis for the risk of idiopathic PD 

We first performed an allelic association analysis of single markers with the susceptibility 

to PD. After adjusting by gender, age and multiple testing (n=54 tests), we found a 

statistically significant association of the SNP rs356219 in the SNCA gene with a 

differential risk for PD in which the G risk allele had a frequency of 0.41 in PD cases and 

0.33 in controls [O.R. (95% C.I.) = 1.39 (1.16-1.57), adj. P-value = 0.0346]. Regarding 

the other SNPs, we could only confirm a significant association of SNP rs1800547 in 

MAPT gene with PD risk (Table 8).  
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Table 8. Allelic associations of SNPs rs356219 in SNCA and rs1800547 in MAPT with PD risk, adjusted 
by sex, age and multiple testing adjustments of P-values. Allelic test calculated in Unphased 6.0 with 
sex- and age-adjustment of P-values. P-values were adjusted for 54 multiple testing by using FDR 
correction. N=898 PD cases; 921 controls (N=1,819). M=major allele; m=minor allele; mAF= minor allele 
frequency, O.R., Odds Ratio. Statistically significant P-values are highlighted in bold. 

At a genotypic level, we also detected significant association of SNCA rs356219 [O.R. 

(95% C.I.) = 0.73 (0.64-0.84), P-value < 0,0027] and MAPT rs1900547 [O.R. (95% C.I.) 

= 1.33 (1.15-1.54, P-value = 0.0027], both under a log-additive model (Table 9). These 

data are in agreement with previous findings156,157156–158,164,166. On the contrary, we did 

not find significant association with PD risk for any of the other 54 mTOR genetic markers 

but top signals included DDIT4L rs1053227 (not corrected P-value = 0.01) and 

EIF4EBP1 rs6605631 (not corrected P-value = 0.01).  

 
Table 9. Genotypic association of SNPs with PD risk, adjusted by sex and age sex, age, and multiple 
testing adjustments of P-values. Genotypic test calculated in SNPstats software with sex- and age-
adjustment of P-values. P-values were adjusted for 54 multiple testing by using FDR correction. The 
genotypic test was chosen as the genetic test model with lower AIC/lower P-value. N= 897 PD cases; 921 
controls (N=1,819). M=major allele; m=minor allele; Freq.= frequency; O.R.= Odds Ratio. Statistically 
significant P-values are highlighted in bold. 

3.1.2 Epistatic interactions of SNA and mTOR SNPs are associated with the risk 

of idiopathic PD 

Subsequently, we explored possible interactions involving more than two loci by 

performing a multifactor dimensionality reduction (MDR) analysis. Using this analysis, 

we found that the SNP rs356219 in SNCA interacts with other markers including the 

polymorphisms rs8111699 in STK11, rs456998 in FCHSD1, and rs1732170 in GSK3B 

to modulate a differential risk for PD. We identified multiple specific combinations of 

these markers which were associated with differential risk of PD [O.R. (95% C.I.) = 2.59 

(2.14-3.13), P-value < 0.001), which showed the maximum 10/10 score for cross-

validation consistency (Table 10 & Figure 60).  
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Table 10. MDR analysis of SNPs interactions with PD risk. N = 897 PD cases and N=920 unrelated 
controls. Random Seed = 10; CVC = Cross-Validation Count = 10; *Normal P-Value and #P-value of Explicit 
test of interaction obtained with 1.000 permutations. Statistically significant P-values are highlighted in bold. 

 
Figure 60. Association of the SNPs rs356219 in SNCA, rs8111699 in STK11, rs456998 in FCHSD1 and 
rs1732170 in GSK3B genes with PD risk. (A) SNP interaction map with PD risk. The nodes were obtained 
in the epistatic analyses with the MDR software and represent the polymorphisms, including the genes that 
contain the SNP, while the numeric values inside represent the main information gain. The links show the 
interaction between SNPs. The color of the lines indicates the type of interaction explaining synergy or 
redundancy (yellow=independency, blue=correlation and orange=synergistic relationship). (B) Localization 
in the mTOR pathway of the proteins translated from the genes with SNPs significantly associated with PD 
risk. In color are highlighted the proteins alpha-synuclein (violet), LKB1 (blue), GSK3-beta (pink) and 
FCHSD1 (yellow) that are the product of the genes SNCA, STK11, FCHSD1 and GSK3B respectively.  
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The percentage for precision, specificity and sensitivity of the abovementioned 

association however, was only around 60% (Sensitivity 63.28%; Specificity 60.06%; 

Precision 60.71%; Accuracy 61.67%). As an example, among others, the specific 

combination AG/CC/GT/CT had a 2.04% frequency in PD patients and the ratio 

PD/Control was 1.7 which predicts a PD outcome (ANNEX I Figure A1 & Table A3). 

Collectively these results indicate that SNPs in the SNCA or in the MAPT genes alone 

modulate the risk of PD, as expected. However, in the case of the SNP in SNCA other 

polymorphisms in loci from the mTOR pathway genes contribute epistatically to PD risk 

modulation.  

3.1.3 Single genotyping association with age-at-onset of idiopathic PD 

Apart from the risk to suffer from PD, other parameter crucial for disease progression 

studies and therapeutic approaches is the age at onset (AAO) of PD. In our study, in the 

single marker genotypic analysis of 54 SNPs, adjusting by gender, age and multiple 

testing, we found that the SNP rs356219 in SNCA was the only SNP associated with 

differential AAO of PD. More specifically we found a mean of 55.6 ± 0.8 year for GG 

carriers, 55.8 ± 0.5 years for AG, and 58.0 ± 0.5 years for AA with an adjusted P- value 

of 0.0034 under a log-additive model. In contrast, we did not find association of MAPT 

rs1800547 with the AAO of PD (Table 11). These data are in line with previously 

described results in idiopathic PD166,526 and in LRRK2-associated PD156,167.  

 
Table 11. Genotypic association tests of SNCA rs356219 and MAPT rs1800547 SNPs with AAO of PD 
with gender, age and multiple testing adjustments of P-values. Genotypic test calculated in the 
SNPstats software with sex- and age-adjustment of P-values. The model of inheritance best fitting the data 
was automatically selected as the model with the lowest Akaike information (AIC) value. Three SNPs 
considered for P-value multiple test adjustment. N= 748 PD cases with AAO available. M=major allele; 
m=minor allele; mAF= minor allele frequency; Freq.=frequency; O.R.= Odds Ratio; y=years. Statistically 
significant P-values are highlighted in bold. 

3.1.4 Epistatic interactions of SNCA and mTOR SNPs are associated with AAO 

of idiopathic PD 

We then explored whether epistatic combinations of mTOR SNPs were also involved in 

the AAO of idiopathic PD. By MDR analysis, we found that the abovementioned SNCA 

SNP rs356219 interacts in epistatic combination with two other loci at the mTOR pathway 

including rs11868112 in RPTOR and rs6456121 in RPS6KA2. We found a significant 
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association of this three-loci-interaction with AAO with the maximum cross-validation 

consistency of 10/10 (P-value < 0.001) (Table 12 & Figure 61). The odds-ratio for the 

association of this interaction with AAO of idiopathic PD was O.R. (95%C.I.) = 2.89 (2.90-

4.00). Interestingly, the specific genotypic combination AG/CC/CC in rs356219 SNCA, 

rs11868112 RPTOR and rs6456121 RPS6KA2 respectively, was associated with a 4-

years earlier AAO of PD (ANNEX I Figure A2 & Table A4). 

 
Table 12. MDR analysis of SNPs interactions with PD AAO. N = 748 PD cases; Random Seed = 10; 
CVC = Cross-Validation Count = 10; *Normal P-Value and #P-value of Explicit test of interaction obtained 
with 1.000 permutations. Statistically significant P-values are highlighted in bold. Odds-ratio was obtained 
generating a dichotomous dataset comparing early PD AAO (before 57 years) and late PD AAO (after 58 
years) based on the average of AAO found with the MDR (56.66 years).  
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Figure 61. Association of the SNPs rs356219 in SNCA, rs11868112 in RPTOR and rs6456121 in 
RPS6KA2 genes with PD AAO. (A) SNP interaction map with PD AAO. The nodes were obtained in the 
epistatic analyses with the MDR software and represent the polymorphisms, including the gene that contain 
the SNP, while the numeric values inside represent the main information gain. The links show the interaction 
between SNPs. The color of the lines indicates the type of interaction explaining synergy or redundancy 
(yellow=independency, blue=correlation and orange=synergistic relationship). (B) Localization in the mTOR 
pathway of the proteins translated from the genes with SNPs significantly associated with PD AAO. In color 
are highlighted the proteins alpha-synuclein (violet), Raptor (orange), ribosomal protein s6 kinase alpha-2 
(blue) that are encoded by the genes SNCA, RPTOR, RPS6KA2 respectively.  

3.1.5 Association of epistatic combinations of SNPs with the AAO of LRRK2-

associated PD 

We next investigated whether the epistatic interaction described above, ie. SNCA 

rs356219, RPTOR rs11868112, and RPS6KA2 rs6456121, could also modulate the AAO 

of PD patients with monogenic L2PD carrying the p.G2019S mutation. To this end we 

performed a multi-dimension reduction analysis in 127 patients with L2PD. The mean of 

AAO of this cohort was of 56.74 years and was the same as the mean of AAO of 56.66 

years observed in idiopathic PD. We observed a similar trend in the epistatic interaction 
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with the idiopathic PD, but it was not statistically significant. The odds-ratio for this 

association was O.R. (95% C.I.) = 3.99 (1.89-8.40) (Table 13). Statistical significance 

was achieved only when we over sampled the cohort (N=127) to reach the same number 

of individuals as in the idiopathic cohort (N=748). Similarly, as we found in the idiopathic 

PD population, the combination AG/CC/CC in rs356219 SNCA, rs11868112 RPTOR and 

rs6456121 RPS6KA2 was associated with 3.4 years- earlier PD AAO in L2PD patients 

(ANNEX I Figure A3).  

 
Table 13. Interaction of rs11868112 in RPTOR, rs356219 in SNCA and rs6456121 in RPS6KA2 with PD 
AAO in mutant LRRK2 PD population. Interaction of SNPs with PD age at onset (AAO). N=127 LRRK2 
mutant PD cases; MDR forced analysis of rs11868112, rs356219 and rs6456121; Random Seed = 10; CVC 
= Cross-Validation Count = 10; *Normal P-Value and #P-value of Explicit test of interaction obtained with 
1,000 permutations. Odds-ratio was obtained generating a dichotomous dataset comparing early PD AAO 
(before 57 years) and late PD AAO (after 58 years) based on the average of AAO found with the MDR (56.74 
years).  

 

In summary, SNPs in the mTOR pathway genes contribute to both the risk and the AAO 

by interacting with SNCA rs356219.
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3.2 Multilocus interactions in the mTOR pathway influence L-

DOPA induced dyskinesia onset and severity in 

Parkinson’s disease patients 

L-DOPA induced dyskinesia (LID) is a common side effect of the treatment of PD to 

restore dopamine transmission in patients. It is estimated that about 80-90% of L-DOPA-

treated PD patients develop LID within 5-10 years after initiation of DA replacement 

therapy239,242. Imbalances in L-DOPA metabolism induce LID in a dose-dependent 

manner527. Among the risk factors for LID appearance are early PD onset, nigrostriatal 

severe denervation, length of L-DOPA treatment or excessive doses of L-DOPA 

(reviewed in 528). Yet, there is a large clinical heterogeneity regarding LID onset and LID 

severity that suggest the existence of additional and unknown factors modulating LID 

susceptibility529. Recent studies have reported genetic associations with LID 

predisposition, however most of them have used a single-gene candidate approach246–

248.  

Since impairment of mTOR pathway is a hallmark in PD pathogenesis249,263,264,306 and, 

moreover, the pharmacological inhibition of mTOR prevents LID appearance332,334, we 

performed a genetic pathway analysis by screening SNPs at genes belonging to the 

mTOR pathway (ANNEX I Table A1 & Table A2 ). We explored the association of single 

SNPs or complex epistatic interactions in the mTOR pathway with the development of 

LID in PD patients by analyzing their potential modulatory role in LID risk and LID 

severity.  

3.2.1 Association of single SNPs with LID onset and LID peak 

We first performed the allelic association analysis of individual SNPs with time to 

dyskinesia (TTD), the time period from initiation of L-DOPA treatment to the development 

LID, and with time to LID Peak (TLP), the corresponding time to highest LID, or LID peak. 

We found a statistically significant association between the SNP rs1043098 in EIF4EBP2 

with TLP (FDR-adjusted P-value = 0.0179). In addition, we found a trend of association 

of this SNP with TTD (P-value = 0.015) which did not reach statistical significance after 

FDR multiple testing correction (Table 14). 
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Table 14. Allelic association of SNPs with LID peak (TLP) and with LID onset (TTD). Allelic test 
calculated in Unphased 6.0 software using the quantitative trait model. Sex was used as a cofounder and L-
DOPA dosage and time from PD onset to L-DOPA onset as modifiers. P-values were adjuster for 54 multiple 
testing by using FDR correction. Addval: for quantitative traits, Unphased shows the estimated additive 
genetic value between different alleles. (N=216 for LID Peak and N=230 for LID Onset). Statistically 
significant P-values are highlighted in bold.  

 

Nevertheless, the genotypic association revealed that EIF4EBP2 rs1043098 was 

statically significant associated with both TTD and TLP (Table 15). More specifically, CC 

homozygous for EIF4EBP2 had 2.84 years delay of LID onset and 3.84 years of delay 

in the appearance of LID peak than TT carriers (P-value = 0.0004 for LID onset and P-

value < 0.001 for peak LID). Both P-values passed the Bonferroni correction.  

 
Table 15. Genotypic association of rs1043098 genotypes in EIF4EBP2 gene with LID Peak (TLP) and 
LID Onset (TTD). P-value under the Log additive model are calculated by SNPstats software, and adjusted 
for gender, L-DOPA dosage and time from PD onset to L-DOPA treatment as implemented in SNPstats 
software. 

3.2.2 Epistatic association of SNPs with LID onset 

To investigate whether combinations of SNPs could be associated with TTD, we 

performed an epistatic association analysis using the data mining MDR software 

assuming TTD trait as a quantitative and continuous variable. We found an association 

of SNPs EIF4EBP2 rs1043098 and RICTOR rs2043112 (P-value = 0.05) with LID onset 

(TTD), which was confirmed using the classical interaction analysis of SNPstats (P-value 

= 0.0140). Importantly, the combined association of these two loci with LID onset was 

statistically significant in combination with the third SNP rs4790904 located in the 

PRKCA gene, which yielded the maximum cross-validation consistency score of 10/10 

(P-value < 0.001) (Table 16 & Figure 62).  
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Table 16. MDR analysis of SNPs interactions with LID onset. N = 218; Random Seed = 10; CVC = Cross-
Validation Count = 10; *Normal P-Value and #P-value of Explicit test of interaction obtained with 1,000 
permutations. Statistically significant P-values are highlighted in bold. Odds-ratio was obtained generating a 
dichotomous dataset comparing early LID population (before 7 years) and late LID population (after 8 years) 
based on the average LID onset found with the MDR (7.64 years).  

 
Figure 62. Association of the SNPs rs1043098 in EIF4EBP2, rs2043112 in RICTOR and rs4790904 in 
PRKCA genes with LID onset. (A) SNP interaction map with LID onset. The nodes were obtained in the 
epistatic analyses with the MDR software and represent the polymorphisms, including the genes that contain 
the SNP, while the numeric values inside represent the main information gain. The links show the interaction 
between SNPs. The color of the lines indicates the type of interaction explaining synergy or redundancy 
(yellow=independency, blue=correlation and orange=synergistic relationship). (B) Localization in the mTOR 
pathway of the proteins translated from the genes with SNPs significantly associated with LID onset. In color 
are highlighted the proteins 4EBP2 (blue), Rictor (pink) and PKC (green) that are the product of the genes 
EIF4EBP2, RICTOR and PRKCA, respectively.  
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As a continuous trait, TTD average was found at 7.62 years and from this data was 

stablished the distribution of high risk (LID before 7.6 years; early) and low-risk (after 7.6 

years; late) genotypes (ANNEX I Figure A4 &Table A5). Among all distributions, two 

protective combinations of EIF4EBP2 rs1043098/RICTOR rs2043112/rs4790904 

PRKCA highlighted with high frequency and high impact on the LID onset. The 

combination CC/AG/TT with a frequency of 11.01% in the total PD population that 

delayed the appearance of LID in 5.2511 years, and the combination CT/AA/TT with a 

frequency of 5.50% that delayed the appearance of LID in 3.87761 years.  

Collectively, these results indicate that the mentioned SNP in EIF4EBP2 alone or in 

combination with other SNPs from the mTOR pathway are associated with the time to 

develop LID after initiation of L-DOPA treatment in PD patients.  

3.2.3 Association of single SNPs with LID severity 

Next, we studied whether SNPs in the mTOR pathway were associated with LID severity. 

According to the patient clinical data, LID severity was grades following the unified 

Parkinson’s disease rating scale section IV (UPDRS-IV) that assesses disability due to 

LID530. Hence, LID severity was categorized as “0” (no LID), “1” (very mild LID), “2” (mild 

LID), “3” (moderate LID) and “4” (severe LID). Due to methodological approaches, 

samples were then stratified to compare two groups: (i) no/very mild/ mild LID (severity 

0-2) (N=331 cases) and (ii) moderate/severe LID (severity 3-4) (N=70 cases). 

First, we performed a crude association analysis of mTOR SNPs with LID severity and 

we found that the SNPs rs12628 in HRAS and rs1801582 in PRKN were individually 

associated with LID severity (FDR-adjusted P-values = 0.01080, respectively) (Table 

17). 

 
Table 17. Allelic association of SNPs rs12628 in HRAS and rs1801582 in PRKN with LID severity. 
Allelic test calculated in Unphased 6.0 software using the dichotomous analysis. Age, sex, L-DOPA dosage 
and TTD were used as cofounders. P-values were adjuster for 54 multiple testing by using FDR correction. 
N=401 PD cases; 70 severe LID, 331 with no/mild LID. M=major allele; m=minor allele; mAF= minor allele 
frequency. Statistically significant P-values are highlighted in bold. 
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3.2.4 Epistatic association of SNPs with LID severity 

Following the same strategy that in LID risk, we next performed the epistatic association 

analysis of SNPs with LID severity using the MDR software. One of the main premises 

of MDR software is that the subjects in the groups to compare must be balanced in 

number. To balance the no/ very mil/ mild LID group (n=331) with the moderate/ severe 

LID group (n=70), different datasets were created randomly to under-sample the no/ very 

mild/mild severity group or, on the other way around, to over-sample the moderate/ 

severe severity group, as specified by the MDR developers. Each data set from one 

group was compared to the others independently. Using this dual approach, we detected 

a significant interaction of four-loci including rs1292034 RPS6KB1, rs12628 HRAS, 

rs6456121 RPS6KA2 and rs456998 FCHSD1 which was associated with LID severity 

(10/10 of cross-validation score. P-value < 0.001) (Table 18& Figure 63).  

 
Table 18. MDR analysis of SNPs interactions with LID severity. N = 328 with no to mild LID (0-1-2 in LID 
severity scale); N=301 with moderate to severe LID (3-4 in LID severity scale) in an oversampling dataset. 
Random Seed = 10; CVC = Cross-Validation Count = 10; *Normal P-Value and #P-value of Explicit test of 
interaction obtained with 1,000 permutations. Statistically significant P-values are highlighted in bold. 
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Figure 63. Association of the SNPs rs12628 in HRAS, rs5456121 in RPS6KA2, rs1292034 in RPS6KB1 
and rs456998 in FCHSD1 genes with LID severity. (A) SNP interaction map with LID onset. The nodes 
were obtained in the epistatic analyses with the MDR software and represent the polymorphisms, including 
the gene that contain the SNP, while the numeric values inside represent the main information gain. The 
links show the interaction between SNPs. The color of the lines indicates the type of interaction explaining 
synergy or redundancy (yellow=independency, blue=correlation and orange=synergistic relationship). (B) 
Localization in the mTOR pathway of the proteins translated from the genes with SNPs significantly 
associated with LID severity. In color are highlighted the proteins H-Ras (violet), ribosomal protein S6 kinase 
beta-1, S6K-beta-1, and ribosomal protein S6 kinase alpha-2, S6K-alpha-2, (green and orange, respectively) 
and FCHSD1 (pink) that are encoded by the genes HRAS, RPS6KB1, RPS6KA2 and FCHSD1, respectively.  

 

From this analysis many different genotypic combinations were found to predict the 

status of LID severity with similar frequencies in the PD population (ANNEX I Figure A5 

& Table A6). As an illustrative example for RPS6KB1 rs1292034, HRAS rs12628, 

RPS6KA2 rs6456121 and FCHSD1 rs456998 interaction, we found that the combination 

AG/AG/CT/GT was present in a frequency of 5.56% of the total population in the group 

of moderate/severe LID and 1.59% in the control group of no/mild LID. The resulting ratio 

(3.5) indicated that this specific genotype combinations would predict moderate/severe 
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LID. All ratios above 1 were considered as risk combinations to develop moderate/severe 

LID status. 

The four-loci interaction was confirmed in-silico using the forced analysis MDR option, 

which allows to evaluate only this particular combination for all generated datasets. 

Importantly, the average of the sensitivity and the precision of the method, as measures 

to correctly predict and discriminate LID severity was 83% and 86% respectively (Table 

19).  

 
Table 19. MDR forced analysis for the interaction between rs1292034 RPS6KB1, rs12628 HRAS, 
rs6456121 RPS6KA2 and rs456998 FCHSD1 with LID with severity as main variable. Random Seed=10; 
Cross-Validation Count=10; Number of Permutations=1,000. *Normal P-Value and #P-value of Explicit test 
of interaction obtained with 1,000 permutations. 

 

In summary, we found associations of individual SNPs or combinations of SNPs in the 

mTOR pathway with both LID onset and LID severity, suggesting a role of this genetic 

pathway in the development of LID. These results may help to identify subjects who are 

more susceptible to develop earlier LID and those who are more susceptible to develop 

severe LID, with the ultimate goal to redesign the pharmacological therapeutic. 
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Research in neurodegenerative diseases is a major issue since there is currently no 

treatment available to prevent or delay their progression. Neuronal dysfunction and death 

are consequence of multiple pathogenic processes which alter signaling cascades. The 

identification of such molecular pathways is crucial to understand the cellular processes 

that triggers the symptomatology of diseases as well as for designing proper 

pharmacological treatments. One of the common affected pathways in 

neurodegeneration is the mTOR pathway. It regulates multiple cellular processes to 

preserve cellular viability and function249,250,253. Consequently, to maintain a proper 

function mTOR activity needs to be fine-tuned. RTP801 is an mTOR negative regulator 

whose action over this pathway plays a significant role in 

neurodegeneration263,264,306,342,349,350,359,456. RTP801 protein is induced in an attempt to 

cope cellular stress266,335,337–339,342. However a sustained RTP801 increase leads to 

neuronal death by sequentially inactivating first mTOR and then Akt pro-survival 

kinase263,267,348. RTP801 pathological increase has been involved in neurodegenerative 

diseases such as PD. 

Specifically, our results have identified RTP801 as a mediator of mhtt-toxicity. Moreover, 

we show that RTP801 toxicity can be propagated to other neurons through exosomes 

contributing to the spreading of pathological features. Finally, we demonstrate that 

genetic variations in mTOR protein components modulate the susceptibility to PD and 

the response to L-DOPA treatment. Taken together, our findings indicate that mTOR 

deregulation plays an important role in the pathogenesis associated to PD and HD and 

its regulation is crucial to maintain a proper neuronal function and viability.  

1. RTP801 IS A DOWNSTREAM EFFECTOR OF MUTANT HTT-INDUCED CELL 

DEATH 

Here, we demonstrate that overexpression of pathogenic N-terminal htt increases 

RTP801 levels by both lengthening the protein half-life and up-regulating its gene 

expression. Blockade of RTP801 expression also prevents mhtt-induced cell death in 

HD cellular models. However, striatal levels of RTP801 at the HdhQ7/Q111 and R6/1 mice 

models are not altered. Importantly, RTP801 is elevated in HD-iPSC and putamen, 

caudate nucleus and cerebellum of human HD postmortem brains.  

First, we show that mhtt increases both RTP801 mRNA and protein, in cultured cells. 

RTP801 induction occurs in response to several stressful cellular conditions266,335–

338,340,341. Specifically in the nervous system, RTP801 expression is upregulated by 

oxidative stress induced by PD toxins263,264, ischemia266,454,455, chronic unpredictable 

stress453 and β-amyloid peptide342,456. We observe similar RTP801 increase at different 
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cell types such as NGF-differentiated PC12 cells and rat primary cortical neurons 

overexpressing exon-1 mhtt with 72 or 103 CAG repeats in comparison to eGFP empty 

vector or exon-1 with 25 CAG repeats. Furthermore, our results indicate that changes in 

RTP801 protein and mRNA levels seem independent of the number of CAG repeats, as 

similar results were obtained by ectopically expressing exon-1 with 72 of 103 CAG 

repeats.  

Regarding DDIT4 gene upregulation, many transcription factors are described to induce 

its expression depending on the stimulus. For instance, hypoxia upregulates it through 

HIF-1 and Sp1 transcription factors266,336, p53 in response to DNA damage335 and ATF4 

under oxidative and ER stress337,338. Indeed, another group pointed out that p53 may act 

in cooperation of Elk-1 transcription factor to upregulate RTP801 expression343. HD 

courses along with multiple and codominant cellular stress such as oxidative stress and 

excitotoxicity531,532, DNA damage response533 or ER stress534,535. Interestingly, p53 and 

Sp1 levels are elevated in HD cellular models442,463,536–538 and, importantly, p53 has been 

proposed to mediate neuronal dysfunction and behavioral abnormalities in the disease86. 

Moreover, increased Elk1 levels are reported to occur in HD cellular and animal models 

and the lack of interaction with mhtt aggregates suggested higher transcriptional 

activity539, which could also explain the induction of RTP801 gene expression that we 

observed.  

In addition, our results show that mhtt increases RTP801 protein levels by impairing its 

proteasomal degradation. In agreement with previous evidences, RTP801 displays a 

very short half-life between 2 and 7 minutes306,357,358 that is lengthened up to 12 and 18 

minutes in the presence of mhtt with 72 or 103 CAG repeats, respectively. Proteins which 

exhibit extremely short half-life are considered more prone to be degraded by the 

proteasome74,190. This is the case of RTP801 protein which is mainly degraded by the 

proteasome349,359, yet a small pool of it is degraded through the lysosomal system349. 

Only three E3 ligases have been reported to ubiquitinate and mediate RTP801 protein 

degradation. Parkin and CUL4A-DDB1-ROC1-β-TRCP regulate its degradation through 

the proteasome358,359 and NEDD4, through the lysosomes349. Interestingly, parkin has 

been shown to colocalize with mhtt aggregates in HD animal models and in HD-affected 

brain areas of patients540 suggesting that parkin is sequestered, impairing its degradative 

function. Importantly, dysfunction of proteasome and autophagy-lysosome systems have 

been described in HD67–72,74. Hence, both pathways may be contributing to increase 

RTP801 protein in HD.  
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According to previous data, our findings indicate that ectopic expression of exon-1 mhtt 

results in htt aggregate formation and induces cell death at both NGF-differentiated PC12 

cells and in rat cortical neurons541–544. One unexpected observation was that mhtt also 

induces the RTP801 aggregation in both cellular models. Remarkably, RTP801 

aggregates do not always colocalize with mhtt inclusions. Sequestration of RTP801 into 

mhtt aggregates could also interfere with RTP801 degradation thereby contributing to 

RTP801 increase. To verify this issue, it may be interesting to assess whether RTP801 

aggregation and sequestration into mhtt inclusions affect its function towards the mTOR 

pathway.  

Besides, we identified RTP801 as a new player in mediating mhtt toxicity. Several 

mechanisms have been proposed to mediate mhtt toxicity including protein misfolding 

and aggregation, excitotoxicity, mitochondria dysfunction, transcriptional dysregulation 

or lack of trophic support57,58. RTP801 emerges as a downstream effector of mhtt toxicity 

since silencing its expression prevents mhtt-induced cell death in NGF-differentiated 

PC12 cells (Figure 64). Considering that RTP801 functions as a repressor of the 

mTOR/Akt pathway, a logic rationale would be that RTP801 upregulation inactivates pro-

survival Akt signaling leading to neuronal death. Similarly, knockdown of RTP801 confers 

neuroprotection in cellular models of AD342 or PD263,545 and its inhibition results protective 

in front of ischemic injury454 and depressive behavior453. Overall, RTP801 arise as an 

important mediator of cellular damage which is induced in attempt to maintain cellular 

viability, but its sustained upregulation results detrimental for neurons. 

 
Figure 64. RTP801 modulates mhtt-induced cell death. In control conditions WT htt does not alter 
RTP801 expression or RTP801 proteostasis and thus maintaining RTP801 protein at basal levels triggering 
neuronal survival. In contrast, the presence of mhtt induces RTP801 gene upregulation and impairs its 
protein degradation elevating RTP801 protein levels. RTP801 increase eventually leads to neuronal death. 
Abbreviations: htt, huntingtin; wt, WT.  
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We extended our results to telencephalic progenitors differentiated from HD-iPSCs as 

another cellular model. HD-iPSCs display many of the biological properties found in the 

human HD brain, although the lack of the brain architecture and the lack of interaction 

with other non-neuronal cells limits the model546. Interestingly, increased levels of 

RTP801 are detected in the mhtt cell line respect to the control line. This fact supports 

the hypothesis that mhtt elevates RTP801 levels. However, since progenitors are still 

proliferative RTP801 does not induce cell death as it occurs in non-dividing and 

differentiated mature neurons356.  

Furthermore, we studied brain regions affected in HD. RTP801 protein levels are 

increased in the caudate nucleus, putamen and cerebellum of HD patients. Consistent 

with a role of RTP801 in mhtt-induced cell death, putamen and caudate nucleus exhibit 

massive neuronal death in HD patients30,31. The cerebellum also displays considerable 

atrophy as well as loss of Purkinje neurons along with the four deep cerebellar nuclei 

(fastigial, globose, emboliform and dentate nuclei)34. Nevertheless, RTP801 levels are 

not affected in the cortex of HD patients which also undergoes severe 

neurodegeneration32. This may suggest that GABAergic neurons are more prone to 

increase RTP801 levels in the presence of mhtt or that cerebral cortex displays 

compensatory mechanisms to overcome RTP801 toxicity.  

The levels of RTP801 were also investigated in two HD mouse models, the R6/1 and the 

HdhQ7/Q111 mice. At any of the ages analyzed the striatal levels of RTP801 are affected 

in comparison to the control mice. These results reinforce the role of RTP801 as a 

mediator of mhtt-induced cell death since these animals show almost no neuronal death 

in the striatum103,457–460. Supporting this observation, has been reported that R6/1 mice 

display less neuronal damage following intrastriatal injection of 6-OHDA547, a PD toxin 

that induces RTP801 increase and neuronal death263,361. It is not known whether these 

mice could have mechanisms to counteract oxidative stress involving the blockade of 

stress-induced RTP801. To highlight the role of RTP801 also in animal models would be 

valuable to analyze RTP801 protein levels in an HD model undergoing neuronal death. 

Several HD murine models show neuronal death including those that mhtt viral vectors 

are stereotaxically transduced into the striatum548–550 or the chemical model which 

consists in intrastriatally infused quinolinic acid 551. Interestingly, quinolinic acid induces 

excitotoxic lesions specifically in MSN and has been reported to upregulate RTP801 in 

cellular models552.  

Altogether, our results show that mhtt increases RTP801 by inducing its gene expression 

and impairing its degradation in HD cellular models. Downregulation of RTP801 
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expression prevents mhtt-induced cell death pointing out that RTP801 mediates mhtt 

toxicity in cellular models. Moreover, vulnerable brain regions that degenerate in HD 

pathogenesis display increased RTP801 levels. Hence, RTP801 is identified as a novel 

downstream effector of mhtt which mediates its toxicity.  

2. SYNAPTIC RTP801 IS INCREASED IN HD MODELS  

mTOR pathway is critical for neuronal plasticity282. Beyond neuronal death, HD also 

undergoes aberrant synaptic plasticity17,467–471. Thus, we investigated whether mhtt-

induced RTP801 modulates synaptic plasticity in HD. Our results show that synaptic 

RTP801 is elevated in cortical neurons overexpressing exon-1 of mhtt. Moreover, 

RTP801 is highly enriched in the striatal synaptic compartment of HdhQ7/Q111 and R6/1 

mice when compared to control animals. Importantly, putamen, but not cortex, of HD 

patients also display increased levels of synaptic RTP801 respect to unaffected 

individuals. Importantly, the knockdown of RTP801 expression in the striatum of R6/1 

mice rescues the performance in the accelerating rotarod indicating a preservation of 

motor learning plasticity.  

Here, we demonstrate that mhtt induces RTP801 at a somatic but also at a synaptic 

level. We corroborate that the overexpression of exon-1 mhtt with 72 or 103 CAG repeats 

increases RTP801 levels at the neuronal soma, similarly to previous experiments. 

Consistent with this, RTP801 is also elevated at dendritic spines of mhtt-overexpressing 

neurons. These results indicate, first, that RTP801 is present in dendritic spines of 

cortical primary neurons and, second, that synaptic RTP801 is also modulated by mhtt. 

Interestingly, RTP801 increase course along with a reduction of dendritic spines in those 

neurons expressing ectopic mhtt. Loss of dendritic spines in neurons overexpressing 

mhtt have been exhaustive reported in the literature553,554. Still whether increased 

RTP801 may contribute to dendritic spine loss remains unexplored. 

Furthermore, RTP801 protein is enriched in synaptosomes derived from human brain 

and mice brain striatum. We proved that levels of synaptic RTP801 are increased in the 

putamen of HD patients in comparison to unaffected individuals. Corroborating our 

previous results, homogenate levels of RTP801 are already increased in HD putamen 

and, strikingly, this observation is extended to the synaptosomal fraction. Interestingly, 

the postsynaptic excitatory marker PSD-95 shows reduced levels in HD. In fact, 

structural and morphological synaptic alterations in striatal spiny neurons555,556 and 

prefrontal cortical pyramidal neurons557 from HD post-mortem brain have been reported. 

In accordance with our findings, PSD-95 is described to be decreased in the striatum, 
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both putamen and caudate nucleus, of HD patients558. Therefore, synaptic RTP801, 

namely levels of RTP801 respect to synaptic markers, are even more increased since 

reduction of PSD-95 levels enhances RTP801 rise (Figure 65).  

 
Figure 65. Proposed model of synaptic RTP801 increase in the putamen of HD patients. Our results 
show that RTP801 is increased in the synaptosomal fraction derived from the putamen of HD patients. 
Moreover, evidence indicate morphological alterations and loss of dendritic spines in this area555,556,558. 
Hence, we hypothesize that remaining dendritic spines in the putamen of HD patients exhibit increased 
RTP801 respect to CT putamen. RTP801 protein is represented as magenta dots. Abbreviations: CT, control 
cases; HD, Huntington’s disease patients.  

 

Supporting previous experiments, synaptosomal preparations of frontal cortex of HD 

patients revealed no differences of RTP801 levels at homogenate or synaptosomal 

fractions. Neither the postsynaptic marker PSD-95 nor the presynaptic marker SV2A 

exhibit altered levels. Even though morphological alterations in prefrontal cortical 

pyramidal neurons have been described557, RTP801 elevation seems to be striatal-

specific and does not contribute to cortical degeneration or cortical altered plasticity.  

Evidences have suggested that synaptic alterations precedes motor symptoms in HD 

pathogenesis464–466. At early and mild disease stages R6/1 and HdhQ7/Q11 HD murine 

models show motor learning deficits without motor coordination alterations while at more 

advanced stages motor cognitive deficits occur along with motor impairment461,462. In 

fact, motor learning deficits on the accelerating rotarod are evident at 2-months age at 

both models whereas motor impairment on the fixed-speed rotarod appears at 3-months 

in the R6/1 and at 8-months in the HdhQ7/Q111 model461. This highlights that dysfunction 

of the corticostriatal pathway, rather than striatal or cortical degeneration, drive cognitive 

impairment465,559.  

Findings from our previous work have shown that total striatal levels of RTP801 levels 

are not altered in R6/1 and HdhQ7/Q111 HD murine models, which is in accordance with 

the lack of neuronal death in these animals103,457–460. Despite RTP801 is not altered at 

protein levels, we could not discard that mhtt leads to an aberrant RTP801 distribution 

or compartmentalization within neurons which may contribute to synaptic impairment. 

For that purpose, we isolated synaptosomes from the striatum of R6/1 and HdhQ7/Q111 
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mice at 3-months or 10-months of age and analyzed RTP801 levels at the homogenate 

and the synaptosomal fraction.  

In line with our previous results, homogenate levels of RTP801 are not altered in the 

striatum of R6/1 and HdhQ7/Q111 mice in comparison to their control animals at an age that 

already display motor learning and motor performance disturbances. Remarkably, 

synaptosomal RTP801 levels shows differences between animals neither. However, 

PSD-95 synaptic marker is decreased in the synaptosomal fraction of both murine 

models. Moreover, structural alterations at the morphology and/or spine number in the 

R6/1560 and the HdhQ7/Q111 461 striatum, being mushroom-consolidated spines the most 

affected type, have been reported. Other HD murine models such as N-terminal fragment 

R6/2 models561–563 and transgenic htt full-length YAC128 mice107 also exhibit decreased 

spine density. As well, PSD-95 levels are described to be reduced in the two murine 

models that were analyzed461,564–566 corroborating our results. Hence, due to reduced 

synaptic spine density and PSD-95 levels in HD murine models, we propose a model in 

which remaining dendritic spines of HD mice display higher levels of RTP801 (Figure 

66). To further explore these issues quantification of RTP801 density and intensity 

puncta in striatal sections of both HD murine models could be studied.  

 

Figure 66. Proposed model of synaptic RTP801 increase in the striatum of HD murine models. Our 
results show that synaptosomal levels of RTP801 are not altered in the striatum of R6/1 and HdhQ7/Q111 
mice versus the corresponding WT animals. However, striatal levels of PSD-95 are reduced and evidences 
indicate alterations in spine density and morphology461,560. Thus, we suggest that HD mice models display 
fewer number of spines and RTP801 levels in those are increased in comparison to the levels in WT dendritic 
spines. RTP801 protein is represented as magenta dots. Abbreviations: HD, Huntington’s disease mice 
model, WT, wild-type mice.  

3. SYNAPTIC MTOR SIGNALING IS ALTERED IN HD MODELS 

mTOR signaling alterations are a common hallmark in several neurogenerative diseases 

(reviewed in 331). In HD, alterations in the activity of both complexes mTORC172,290,452 

and mTORC2287 have been described, although conflicting results have been shown 

regarding the activity of mTORC1 complex. Here, we confirm that both mTOR complexes 
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display aberrant activity and, moreover, alterations found at total cell level are extended 

to the synaptic compartment.  

Results from the synaptosomal fractionation in the human HD putamen and in the 

striatum of R6/1 animals validates previous findings regarding the hyperphosphorylation 

of Akt Ser473 residue in HD models287,295,296, indicating a hyperactivation of mTORC2 

complex287. Furthermore, we extend this observation from total neuronal level to synaptic 

level since P-Akt Ser473 increase is exhibited similarly at the synaptosomal fraction of 

both models. Even though no differences are detected at total levels, the HdhQ7/Q111 mice 

also displays higher levels of P-Akt Ser473 at the synaptic fraction relative to synaptic 

markers. Overactivation of Akt has been proposed to be a pro-survival response to 

counteract mhtt toxicity in the disease. Thus, hyperphosphorylation of Akt Ser473 could 

explain the absence of neurodegeneration in HD murine models whereas in the human 

striatum would not be sufficient or would take place too late to compensate mhtt toxicity. 

It is important to highlight that Akt is enriched in the synaptosomal fraction of human 

brain tissue whereas in mice striatal tissue, it is present but not enriched, indicating a 

different compartmentalization depending on the species which could also lead to a 

differential regulation. 

Regarding P-S6 Ser235/236, it is increased at the homogenate fractions of human HD 

putamen and at the synaptic fraction relative to PSD-95 protein, since in mice brain is 

mostly enriched in the postsynaptic compartment567,568. In contrast, P-S6 Ser235/236 is 

not altered at homogenates or synaptosomes derived from R6/1 and HdhQ7/Q111 striatum 

and it is only increased at the synaptic fraction relative to PSD-95 in the R6/1 mice. Since 

S6 ribosomal protein regulates protein synthesis, an overactivation and an excessive 

protein translation may lead to altered synaptic plasticity316,317,569. Indeed, cellular models 

of HD have shown P-S6 elevated levels452 whereas other authors described decreased 

levels of the protein in cellular models72, in striatal tissue from HD patients and in N-

terminal fragment N71-82Q mice model570. Therefore, our results suggest that may be 

intrinsic neuronal properties that modulate the effect of mhtt depending on the cellular 

type or depending on the HD murine model (exon-1 or full-length htt expressing mice, 

with different number of CAG repeats).  

So far, evidence suggest that the classical model of RTP801 function in the nervous 

system differs in the context of HD pathogenesis. Based in PD studies, RTP801 

upregulation upon cell stress represses mTOR and finally inhibits Akt pro-survival signals 

triggering neuronal death. In PD cellular models and nigral neurons of PD brains, 

RTP801 increases along with decrease phosphorylation of Akt and S6263,306,349,359. Here, 
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on the contrary, we show that mhtt increases RTP801 at total and synaptic levels despite 

the hyperphosphorylation of Akt at Ser473 residue. Interestingly, P-S6 Ser235/236 

displays the same trend (Figure 67). Thus, we wonder whether RTP801 could have 

another function that may explain its toxicity in HD since the presence of mhtt seems to 

inactivate, or at least mask, its repressor function towards mTOR pathway. In addition, 

increased RTP801 levels observed in HD models may be consequence of mTOR 

pathway hyperactivity since RTP801 protein synthesis is mTORC1-dependent306. Future 

experiments to uncover a novel mechanism for RTP801 would be necessary to 

completely understand these observations. 

 

Figure 67. Comparison of RTP801 mechanistics over mTOR in PD and HD. Several studies in the 
context of PD indicate that RTP801 increase leads to the inhibition of mTOR triggering the repression of its 
downstream substrates S6 ribosomal protein and Akt reducing their phosphorylated levels (violet arrows). 
However, in striatal tissue of HD putamen and HD mice we observe increased levels of RTP801 at the 
synapse but also consistent elevated levels of P-Akt Ser473 (dark aquamarine arrow) and phosho-S6 
Ser235/236 in some models (light aquamarine arrow) which would not fit with the known function of RTP801 
as mTOR repressor.  

4. INCREASE OF STRIATAL SYNAPTIC RTP801 CONTRIBUTES 

TO DYSFUNCTIONAL MOTOR LEARNING PLASTICITY IN HD 

Our results suggest that increase of synaptic RTP801 in the striatum of HD mice 

contributes to abnormal motor learning plasticity. To evaluate the corticostriatal function, 

responsible for motor learning571, mice were subjected to the accelerating rotarod test. 

Interestingly, silencing RTP801 in the striatum of R6/1 preserves their performance in 

the accelerating rotarod, comparable to WT mice, indicating that RTP801 knockdown 

rescues the ability to learn new motor skills in the HD mice. The fact that silencing 

RTP801 in WT animals does not affect their performance at this procedure could suggest 

remaining basal levels of the protein are sufficient to maintain proper motor learning 

plasticity and, therefore, corticostriatal functionality. Besides, RTP801 downregulation 
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has also been shown to restore motor learning skills in a PD mice model subjected to 

chronic stress545.  

Supporting the synaptic role of RTP801, RTP801 silencing also alters the levels of mTOR 

pathway associated protein components and enhances the expression of postsynaptic 

proteins.  

Striatal RTP801 downregulation increases AMPA subunit receptor GluA1 and TrkB 

levels at the R6/1 homogenate and the same trend at the synaptosomal fraction. 

However, p75NTR levels are not altered by RTP801 knockdown. Both TrkB and p75NTR 

are BDNF receptors, although each receptor activates different signaling pathways. 

BDNF mediates neuronal survival by the activation of TrkB receptor111,112 whereas 

p75NTR can activate apoptotic signals leading to neuronal death109,113–115,122. In fact, 

imbalance of TrkB and p75NTR has been proposed to mediate impaired plasticity in 

HD122,572. Hence, increased TrkB and GluA1 levels could promote neuroprotective 

signaling activation and plasticity signals111,112,122,572. Unfortunately, we have no data 

revealing BDNF levels in the striatum to evaluate whether the enhancement of 

postsynaptic receptors is due to increased BDNF trophic support or to the alteration of 

postsynaptic receptor trafficking.  

Furthermore, we analyzed the levels of mTOR pathway related proteins since the only 

known function of RTP801 is as a mTOR signaling repressor. Our data indicate that 

RTP801 downregulation in the R6/1 mice prevents hyperphosphorylation of Akt at 

Ser473 residue, both at homogenates and synaptosome. Some evidences point out that 

synaptic plasticity alterations occur along with hyperphosphorylation of Akt. For instance, 

impaired synaptic plasticity and memory in the hippocampus are associated to 

alterations in the phosphorylation status of mTOR signaling components, including 

Akt573. Besides, continuous activation of Akt could be detrimental for cell survival since 

elevated P-Akt Ser473 levels induces progressive Purkinje neuronal loss574. Thus, our 

data suggest that even though Akt Ser473 hyperphosphorylation prevents neuronal 

death it impairs motor learning, and this is modulated by RTP801 in the R6/1 mice. 

Moreover, we show that Rictor is responsible for the restoration of Akt levels upon 

RTP801 downregulation in the striatum of R6/1 mice. The complex composed by mTOR 

and Rictor mediates Akt phosphorylation at Ser473 residue492 while its 

dephosphorylation and, thus, inactivation depends on PHLPP297,298. Hence, regulation of 

P-Akt Ser473 depends on a proper activity of the mTOR kinase complexed with Rictor 

and the phosphatase PHLPP. In fact, increased Rictor and decreased PHLPP levels are 

both responsible for Akt overactivation in HD287,296. Significantly, RTP801 knockdown 
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specifically reduces synaptosomal Rictor levels without affecting PHLPP, indicating that 

RTP801 modulates Akt levels through Rictor. Still the regulation of RTP801 towards 

Rictor or whether any feedback mechanisms exists over Akt phosphorylation remain 

uncertain. 

Altogether, our results indicate that downregulation of striatal RTP801 rescues motor 

learning skills in R6/1 mice by restoring P-Akt Ser473 levels though downregulating 

Rictor levels and increasing postsynaptic GluA1 and TrkB receptors (Figure 68).  

 
Figure 68. RTP801 knockdown prevents corticostriatal learning deficits. In comparison to WT mice, 
R6/1 mice display increased RTP801 at the striatal synapse along with increased Rictor287 and P-Akt 
Ser473295,296 and motor learning deficits. RTP801 silencing preserves corticostriatal motor learning function 
by decreasing the levels of Rictor and P-Akt Ser473 and enhancing postsynaptic signaling by increasing 
GluA1 and TrkB receptors.  

5. CELLULAR STRESS INDUCES TRANSNEURONALLY 

PROPAGATION OF RTP801 TOXICITY BY EXOSOMES 

From this part of our studies, we have elucidated a novel function of RTP801 as an 

exosomal protein. We demonstrate that both ectopic and endogenous RTP801 can be 

found in exosomes derived from HEK293 cells. In cortical neurons, exosomal RTP801 

elevation is sensitive to PD mimetic 6-OHDA but not to potassium depolarization. 

Consequently, 6-OHDA exposure induces the loading of RTP801 into exosomes 

released from cortical neurons. Intriguingly, mhtt does not elevate RTP801 in exosomes 

obtained from a cellular model.  
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The role of exosomes as vehicles for intercellular transfer of bioactive molecules has 

been widely investigated in the nervous system. Neuronal-derived exosomes have a dual 

role in a pathogenic process. On one hand, exosomes exert as conveyors of toxic 

proteins, therefore, once released to the extracellular space, they can be phagocytosed 

by microglia and their content cleared out379,387,425–427. However, this initially beneficial 

function can turn out into a pathogenic process. Neuronal exosomes loaded with toxic 

molecules are released upon depolarization374,375 and can also be internalized by other 

“healthy” neurons219,220,389,424. Exosomes then can alter several signaling pathways in the 

recipient neurons, propagating their toxicity391,404. Thus, exosomes have been suggested 

to play a role in the propagation of aggregate-prone proteins which result lethal for 

neurons391,422. Several pathogenic proteins involved in neurodegenerative diseases have 

been described to be released through this pathway. For instance, exosomes can 

contain β-amyloid peptide387,389,427,575, Tau424,507,576, SOD1506, mHtt82,83 and several PD 

related proteins such as α-synuclein218–220,429,430, DJ-1432 and LRRK2433,434,577.  

Our initial data revealed that not only ectopic but also endogenous RTP801 were present 

in exosomes. Indeed, ectopic RTP801 increases exosomal release in these cells. The 

mechanism by which RTP801 could potentiate exosomal release is not yet known. In 

proliferating cells such as HEK293, RTP801 upregulation downregulates mTOR inducing 

autophagy without being toxic341,570. Since autophagy and exosome biogenesis share 

molecular machinery and organelles369,402, they are two cellular events highly 

intertwined578,579 and an increase of RTP801 could be affecting both processes. Another 

explanation could be that RTP801 induces an elevation of cytoplasmic calcium levels 

from mitochondrial reservoirs, as it is associated to mitochondria membrane and regulate 

mitochondria metabolism and ROS production266,345,580. Since exosomal release is a 

calcium-dependent mechanism374,375,581, overexpression of RTP801 could alter ROS 

mitochondrial production triggering calcium-dependent exosomal release.  

Previous work have showed that RTP801 is involved in PD pathogenesis and its 

upregulation triggers neuronal death by inactivating mTOR and suppressing Akt pro-

survival signals263,264,306. Here, we show that RTP801 is found in exosomes derived from 

primary neurons treated with the neurotoxin 6-OHDA, as a PD cellular model. The 

presence of RTP801 in neuronal exosomes would be consistent with the suggested role 

of exosomes as an unconventional pathway for removing toxic proteins from the 

cell391,422.  

Supporting this role, we demonstrate that RTP801 colocalizes with CD63 protein. CD63 

protein is involved in the formation of ILVs in MVBs and sorting during exosome 
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biogenesis513. Therefore, CD63 colocalization with RTP801 suggests that RTP801 is part 

of the exosome production path. Strikingly, the overexpression of CD63 decreases the 

levels of RTP801 protein. Ectopic expression of CD63 has been described to enhance 

exosomal release582,583 but also to accelerate the lysosomal degradation of specific 

proteins584. Since RTP801 is also degraded by the lysosomal pathway through the 

ubiquitination of NEDD4 E3 ligase349, RTP801 reduction could be the consequence of a 

higher rate of lysosomal degradation and/or increase RTP801-exosomal release.  

Indeed, our data also indicate that RTP801 loading into exosomes is stress-specific, 

since we could only detect it after 6-OHDA exposure but not in physiological conditions, 

under nontoxic depolarization or even in mhtt-overexpressing cells. As previously 

reported, exosomal release is an active mechanism calcium dependent and, in neuronal 

models, synaptic activity triggers their secretion374,375,416,421,422. Our results confirmed that 

neuronal depolarization by potassium stimulation enhances exosomal release, 

nonetheless neither the levels of intracellular RTP801 nor the presence of RTP801 in 

exosomes are altered, probably because depolarization is a physiological process and 

is not toxic375.  

As previously mentioned, we only detected RTP801 presence in neuronal-derived 

exosomes under 6-OHDA exposure. Exosome molecular composition is highly 

influenced by environmental challenges and intracellular stress can modulate its 

sorting370,402,403. Exposure of cortical neurons to 6-OHDA induces oxidative stress by its 

autoxidation and ROS generation which causes a high cytoplasmic influx of calcium and, 

in the end, apoptosis514,516. In fact, calcium influx triggered by oxidative stress enhances 

exosomal secretion in several cell types375,581,585,586. Hence, our results showing 

increased exosomal release after 6-OHDA exposure provide additional evidence 

supporting the potentiation of exosomal secretion by oxidative stress. Moreover, under 

pathological conditions, exosomal release is enhanced to alleviate the proteotoxic stress 

and thus supporting autophagic mechanisms which may be hampered or insufficient to 

degrade harmful proteins578,579. 

In HD, transneuronal spreading of mhtt has been described to occur in cultured neurons 

and in vivo81,82 by a process which seems to be synaptic activity-dependent81. In our 

experiments, we used the non-differentiated proliferating STHdh cell line as an in vitro 

HD model and, confirming our previous results, mhtt-cell line displays increased levels 

of RTP801. Intriguingly, we did not detect an enrichment of RTP801 at the exosomal 

fraction, neither at the WT nor the mutant cell line, in contradiction with recent studies82,83. 

It is possible that such discrepancies may be explained from use of different cell models 
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in each work. In fact, in these studies, authors over expressed mutant forms of htt in 

HEK29383 or SH-SY5Y82 cells, in comparison to our strategy to use a cell line that 

expresses htt or mhtt endogenously. This fact may force the cells to remove the ectopic 

protein by different degradative pathways, including exosomes. This could lead to 

exosomal non-specific passive loading of the ectopic protein587. To further verify this 

issue, it would be interesting to test the presence of exosomal RTP801 and mhtt in cells 

that express htt and mhtt at a physiological level such as iPSC or primary neurons 

derived from HD mouse models.  

6. RTP801 MODULATES EXOSOMAL TROPHIC SUPPORT 

THROUGH THE MTOR PATHWAY 

Our results suggest that neuronal exosomes play a protective role by promoting the 

phosphorylation of S6 ribosomal protein at residues Ser235/236 and Akt at residue 

Ser473, as downstream effectors of the mTORC1 and mTORC2 kinase activities, 

respectively. 

As aforementioned, exosomes play a crucial role in pathogenic conditions spreading 

pathological alterations through the brain. Nevertheless, exosomes not only act as 

vehicle to transfer toxic proteins during pathogenesis but also can be neuroprotective 

counteracting stressful situations426,588–590. In basal conditions, they regulate synaptic 

strength, neuronal plasticity and axonal regeneration403,422. Moreover, the enhancement 

of the mTOR pathway by exosomes in different recipient cell types has been previously 

pointed out591–593. Specifically in the central nervous system, oligodendroglia-derived 

exosomes exhibit neuroprotective functions upon neurons by inducing the 

phosphorylation of Akt and ERK under oxidative stress or starvation382. Therefore, our 

results indicate that neuronal exosomes provide trophic support to recipient neurons 

enhancing the mTOR pathway, which may help to maintain a proper neuronal network 

functionality.  

Interestingly, we observed that 6-OHDA-induced exosomes abrogate trophic signals in 

recipient neurons, but when RTP801 expression was suppressed, exosomes could 

partially preserve the phosphorylation of both Akt and S6. Hence, these data suggest 

that increase RTP801 negatively modulate pro-survival signals transneuronally. Even 

though 6-OHDA-derived exosomes do not induce neuronal death in cultures, the 

abolishment of survival and trophic signals may sensitize neurons to environmental 

insults. To clarify this question, neuronal cultures could be treated with exosomes derived 

from non-treated or 6-OHDA treated neurons and, then exposed to stressors. We 
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speculate that cultures pretreated with trophic exosomes would cope with posterior 

cellular stress.  

On the other hand, in the HD cellular model we confirmed that RTP801 was able to 

transcellularly modulate Akt, independently of the presence of mhtt in derived exosomes, 

in neuronal cultures. Yet, the phosphorylation of S6 ribosomal protein was more sensitive 

to exosomes from mhtt-overexpressing cells in an RTP801-dependent manner. Although 

we corroborated that exosomes enhance the mTOR pathway in recipient neurons and 

that RTP801 modulates this function, these results seem to indicate that the cellular type 

and/or the specific cell stressor is crucial to determine the exosome composition and, in 

consequence, the effect in recipient cells. In fact, the profile of exosome content highly 

differs between cells366,403,413 and, importantly, both the amount and the kind of cellular 

stress also influences exosomal biogenesis and composition370,402,403.  

Nonetheless, exosomes can carry variable cargoes and thereby exosome trophic/toxic 

effect could be additionally achieved by alterations in molecules other than proteins. For 

instance, exosomes contain multiple species of RNAs which are selectively loaded 

depending the physiological or pathological status of the cells417,418,591 and they can also 

mediate different responses in recipient neurons. In addition, lipids are essential for the 

biogenesis of exosomes391,400,401 and are also involved in signal transduction380,409,594,595. 

Importantly, RTP801 upregulates the sphingolipid ceramide, triggering cell death596,597. 

Ceramide, which is induced under stress and apoptosis, is responsible for exosome 

budding and formation in a ESCRT-independent manner400,401 and the inhibition or 

downregulation of nSMase2, responsible for ceramide generation, decreases exosomal 

release413,598. Hence, ceramide may represent a necessary link between RTP801 and 

exosome biogenesis and release.  

Summarizing, our results indicate exosomes provide a source of trophic support and 

RTP801, via exosomes, modulate the mTOR pathway in recipient cells (Figure 69).  
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Figure 69. RTP801 modulates trophic signals transneuronally through exosomes. In physiological 
conditions, RTP801 is maintained at basal levels and it is not present at released exosomes from neurons. 
Once those are internalized by recipient neurons, exosomes upregulate the phosphorylation at Akt Ser473 
and S6 ribosomal protein Ser2356/236 inducing an enhancement of the mTOR pathway. In pathological 
conditions, under a cellular stress such as 6-OHDA exposure, RTP801 levels increase and it is loaded into 
exosomes. Once exosomes are released, stress-induced exosomes are internalized by target neurons and 
counteract the trophic support by blocking the enhancement of mTOR signaling. In magenta, RTP801 protein 
units are represented, and, in blue, exosome vesicles.  

7. SNCA AND MTOR PATHWAY GENETIC VARIATIONS 

INTERACT TO MODULATE RISK AND AAO OF PD 

The genetic component of any pathology is crucial for its development of diseases. In 

the case of HD, it is caused by mutations in the single gene IT15 that codifies for htt 

protein. Nevertheless, other common disorders are much more complex and do not have 

a single genetic cause. In these diseases, multiple gene variants along with 

environmental factors contribute to the pathogenic process. So far, we know that the 

deregulation of mTOR pathway is evident for both HD and PD249,250,331,518. To go one step 

further, we wanted to uncover the genetic contribution of the mTOR pathway to PD. 
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Hence, we explored the association of SNPs in mTOR-associated genes with PD 

pathogenesis. Genetic analysis corroborated a significant individual association of SNCA 

SNP rs356219 and MAPT SNP rs1800547 with PD risk. Moreover, four-loci interaction 

including SNCA rs356219 along with the SNPs in the mTOR genes STK11 rs8111699, 

FCHSD1 rs456998 and GSK3B rs1732170 were found to contribute to PD risk. 

Importantly, the interaction of SNCA rs356219 with PD AAO was also confirmed. 

Besides, we detected a three-loci epistatic combination of SNCA rs356219 with SNPs 

RPTOR rs11868112 and RPS6KA2 rs6456121 from the mTOR pathway which was 

associated with differential AAO in idiopathic PD and with a similar trend in LRRK2-

associated PD. In summary, our findings indicate that genetic variability in the mTOR 

pathway contributes to differential disease susceptibility and age-at-onset in both 

idiopathic and in a monogenic form of PD through modulating the effect of SNCA 

rs356219. 

Epistasis is referred to the combinatorial effect of more than one genetic variant, in this 

case SNPs, in which one SNP masks the phenotypic effects of another SNP. At 

biochemical level, epistatic interaction arise from different loci which encode for proteins 

that participate in a specific signaling pathway599,600. In contrast, additive interaction 

occurs when genes that codify for proteins act through different pathways601 but they 

have a very small effect in the phenotype. In fact, complex disorders such as PD, are 

poorly explained by additive models and is expected epistatic gene interactions to 

substantially contribute to the genetics of the disease599. Only recent, studies have 

started deciphering the complex effects of high order genetic interactions and, following 

this approach, several multilocus interactions have been identified to be associated with 

several disease risk602–607 including PD608–610 and with patients’ differential response to 

drug treatments611–614. 

The association of SNPs rs356219 in SNCA and rs1800547 in MAPT genes with PD 

susceptibility have been previously reported in different populations156,158,164 and in wide 

association studies (GWAS)154,155. In accordance with previous evidences, the GG 

homozygous for the SNP in SNCA (O.R. = 0.73; 95%C.I.= 0.64-0.84; P-value<0,0027) 

and AA for the SNP in MAPT (O.R. = 1.33, 95%C.I.=1.15-1,54, P-value=0.0027) 

emerged as risk factors for suffering PD. Furthermore, the MAPT H1/H2 haplotypes, 

which are in complete linkage disequilibrium with the rs1800547 A/G alleles respectively, 

have been associated with increased risk for tauopathies such as frontotemporal 

dementia, progressive supranuclear palsy or corticobasal degeneration615–617 and also to 

synucleinopathies such as PD and multiple system atrophy618–620. Importantly, the 
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association of SNCA rs356219 and MAPT rs1800547 with PD risk validated our PD 

cohort for the study and stablished ground to perform further analysis.  

The implication of both SNCA and MAPT, encoding for α-synuclein and tau proteins 

respectively, has been extensively described in PD at genetic but also at protein level. 

The SNP rs356219 is located in the 3’ untranslated region (UTR) of SNCA and has been 

related to increased SNCA expression621,622. In the same way, the H1 haplotype of 

MAPT, risk factor for PD and in linkage disequilibrium with rs1800547, has been 

associated with increased tau expression in human brain155. Regarding α-synuclein, the 

first link of PD to α-synuclein was the discovery of genetic mutations in the SNCA gene 

leading to PD and, in fact, the first loci genetically associated with the disease was found 

in the SNCA gene and later other loci in the same gene were identified (PARK2)134,135,623. 

At protein level, α-synuclein is the primary structural component of LBs183,184 which is the 

major histopathological hallmark in PD. Accordingly, haven been demonstrated that α-

synuclein species which are contained in PD-derived LBs or synthetic and preformed 

mouse α-synuclein fibrils are potentially pathogenic and have the capacity to initiate PD-

like processes in murine models triggering the nigrostriatal axis degeneration due to 

dopaminergic neuronal death211,212,214,624. Moreover, hyperphosphorylated tau protein 

colocalize with α-synuclein625 and is a component of LBs626. Increased tau 

phosphorylation has also been detected in the synapse-enriched fraction from PD brains 

along with phosphorylated α-synuclein627. In fact, α-synuclein has been shown to bind 

tau and promote its phosphorylation leading to impaired stabilization of microtubules and 

failure in axonal transport and eventually accumulation of both α-synuclein and Tau628. 

This hyperphosphorylation of Tau by α-synuclein is mediated by the kinase GSK3-β 

complex629. Interestingly, we found a four loci interaction including the aforementioned 

SNP rs356219 in SNCA along with GSK3B rs1732170 and STK11 rs8111699, FCHSD1 

rs456998 (CVC=10/10, O.R.=2.59, 95%C.I.=2.14-3.13, P-value < 0,001) with PD risk, 

although any of the mTOR genetic markers was individually associated with the PD 

status.  

As mentioned, GSK3-β complex mediates the phosphorylation of Tau by α-synuclein but 

its implication in PD goes far beyond. For instance, GSK3-β is a component of LBs and 

is described to be upregulated in in vitro and in vivo models of PD and in postmortem 

brain areas of idiopathic PD (reviewed in 630). STK11 which encodes for LKB1 protein, 

has not been related to PD pathogenesis. Nevertheless, it participates in axon branching 

and myelinization though mitochondria631,632, promotes axon initiation633 and regulates 

dendrite formation634,635. Finally, FCHSD1 encodes for a protein that regulates actin 

polymerization636, F-actin assembly and synaptic growth637. Interestingly, rs456998 in 
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FCHSD1 gene is significant associated with the expression of DDIT4638, gene encoding 

for RTP801 protein which triggers neuronal death in PD263,264.  

Regarding PD AAO, we found a significant association of SNCA rs356219 with a 2.4 

mean AAO difference of idiopathic PD with 55,6 years for carriers of the GG risk 

genotype and 58 years for AA carriers. Previously, the SNP rs356219 was shown to 

modulate AAO of idiopathic PD in the German population166. Another report from 

Northern Spain showed that SNCA rs356219 is in linkage disequilibrium with the 

neighboring marker rs356165158, which is associated with AAO of idiopathic PD in this 

population526. More recently, has been described that SNCA rs356219 also influences 

the AAO of L2PD 167. Overall, we used the finding of the association of SNCA rs356219 

with PD AAO as starting point to further explore the potential interaction of mTOR SNPs 

on AAO. Indeed, we found a higher-order epistatic interaction involving SNCA rs356219, 

RPTOR rs11868112, and RPS6KA2 rs6456121 (CVC=10/10; O.R.=2.89, 95%C.I.=2.90-

4.00; P-value˂0.0010) which was associated with differential AAO in idiopathic PD. 

RPTOR gene codifies for Raptor protein that is the main component of mTORC1 

complex. This complex regulates important cellular functions such as protein synthesis 

and autophagy249,250,253 and, importantly, the induction of autophagy in PD models results 

beneficial since it preserves dopaminergic neuronal viability205–207.  

The 3-loci epistatic interaction was also tested in L2PD cohort. Unfortunately, the 

association did not reach significance, mostly because the number of L2PD cases was 

not balanced with the number of idiopathic PD cases (N=748 idiopathic PD cases vs. 

N=127 L2PD cases). Nevertheless, the comparison of the genotype combinations that 

predict the PD status showed the same tendency suggesting that SNCA rs356219, 

RPTOR rs11868112, and RPS6KA2 rs6456121 epistatic combination (CVC=10/10, 

O.R.=3.99, 95%C.I.=1.89-8.40, P-value=0.1180) also predicts PD AAO in L2PD. For 

instance, the combination AG/CC/CC of the aforementioned interaction was associated 

with 4 years earlier PD in idiopathic PD and to 3.4 years in monogenic L2PD.  

Altogether, our results indicate that genetic variability in the mTOR pathway contributes 

to differential disease susceptibility and AAO in both idiopathic and monogenic form of 

L2PD through modulating the effect of SNCA rs356219.  
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8. ASSOCIATIONS OF SNPS IN THE MTOR PATHWAY 

INFLUENCE LID ONSET AND SEVERITY IN PD PATIENTS 

The deregulation of the mTOR pathway is a biochemical hallmark in PD249,250,518. Besides 

the implication of mTOR in the pathogenic process of the disease, the pathway is also 

involved in the development of LID332–334. For this reason, we explored whether genetic 

variations in the mTOR pathway could contribute to the differential sensitivity to L-DOPA 

in PD patients. Regarding LID development, we found a significant genotypic association 

of SNP rs1043098 in the EIF4EBP2 gene with LID onset and LID peak. Moreover, at an 

epistatic level we also identified EIF4EBP2 rs1043098 in a 3-locus interaction along with 

RICTOR rs2043112 and PRKCA rs4790904 to be associated with LID onset. Concerning 

LID severity, polymorphisms rs12628 in HRAS and rs1801582 in PRKN genes were 

associated with the severity of LID manifestation. Further analysis demonstrated that LID 

severity was also associated with a higher order multilocus interaction involving HRAS 

rs12628 in combination with rs5456121 in RPS6KA2, rs1292034 in RPS6KB1 and 

rs456998 in FCHSD1. Collectively, these results indicate that common genetic variability 

in the mTOR pathway modulates the development and the severity of LID in L-DOPA-

treated PD patients.  

As we have previously reported, high order epistatic interactions are not only associated 

to the development of diseases but also determine the response of patients to specific 

drug treatments611–614, such as the extrapyramidal symptoms developed by antipsychotic 

drugs in schizophrenia patients612. In fact, authors described a four-loci interaction of 

mTOR related genes involving rs1130214 in AKT1, rs456998 in FCHSD1, rs7211818 in 

RPTOR and rs1053639 in DDIT4 genes which suggest an important role for mTOR 

signaling cascade in the modulation of pharmacological response in treated patients.  

Focusing on LID development, degeneration of nigral neuron and nigrostriatal 

denervation along with continuous DA support to the brain lead to maladaptive neuronal 

plasticity in the striatum of PD patients240,242,243,639. Interestingly, mTOR signaling is 

involved in those processes since pharmacological inactivation of mTOR with rapamycin 

or rapalogs abrogate not only dopaminergic neuronal death286,306 but also LID332,334 in PD 

animal models. Our findings regarding SNPs association support the idea that mTOR 

pathway modulate the response to L-DOPA. 

In our study, we found an allelic association of the SNP rs1043098 in EIF4EBP2 gene 

with LID onset and LID peak. More specifically, we found that TT risk genotype was 

associated with nearly 4 years (3.89 years) earlier time to peak LID as compared to the 

reference genotype CC. Accordingly, also TT carriers displayed almost 3 years (2.84 
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years) earlier onset of LID compared to CC protective genotype. At a protein level, 

EIF4EBP2 is a translational repressor with a pivotal role in synaptic plasticity and 

memory formation640. In PD, EIF4EBP2 mRNA levels are increased in PD postmortem 

brain tissue641 and in peripheral blood642. Moreover, EIF4EBP2 expression has been 

shown to be diminished in the 6-OHDA-denervated striatum of mice after acute L-DOPA 

administration643. Since aberrant plasticity of the corticostriatal pathway following L-

DOPA treatment is crucial for LID onset, genetic variations in the EIF4EBP2 gene could 

modulate differential susceptibility to L-DOPA by affecting protein synthesis and thus 

plasticity. Although EIF4EBP2 has been previously associated with PD risk641, to the best 

of our knowledge, this is the first time that the gene and the SNP rs1043098 have been 

linked to LID onset.  

Furthermore, we show that EIF4EBP2 rs1043098 is not only associated to LID onset as 

a single marker, but also as part of a multilocus association concerning RICTOR 

rs2043112 and PRKCA rs4790904 (CVC=10/10, O.R.=6.85, 95%C.I.=3.57-73.16, P-

value˂0.0010). Among multiple genotype combinations, the protective one CC/AG/TT 

was associated with 5.25 years delayed LID onset after the initiation of DA replacement 

therapy. Importantly, this combination was frequent in our cohort affecting to 11.01% of 

the sample. Rictor protein is a component of the mTORC2 complex which regulates Akt 

phosphorylation and, thereby, neuronal survival and actin polymerization249,250,253. PKCα, 

encode by PRKCA, is a substrate of the mTORC2 complex and is responsible for the 

reorganization of the actin cytoskeleton499,500. Both neuronal survival and actin 

polymerization are essential processes for maintaining synaptic plasticity in neurons. 

Hence, these genetic variations could deregulate in the end mTORC1/2 activities 

affecting plasticity and modulating the timing of LID onset.  

In parallel, we also investigated whether genetic variations in the mTOR pathway were 

associated to LID severity. First, we found that the polymorphisms rs12628 in HRAS and 

rs1801582 in PRKN genes (both FDR-corrected P-value=0.0180) were individually 

associated with LID severity. Nevertheless, when adjusting for L-DOPA dosage and 

dosage of DA agonists we found no association for any studied SNP. This finding 

suggests that the contribution of the dose of L-DOPA and DA agonists to LID is higher 

than that of susceptibility SNPs in the mTOR pathway. However, this finding is somehow 

expected since DA replacement therapy is the responsible for LID appearance and, 

indeed, non-treated patients do not develop dyskinesia242,243,639. PRKN encodes for 

parkin protein and mutations in this gene are known to cause autosomal young-onset 

PD134,135,364,644. Parkin is an E3 ubiquitin ligase that targets specific substrates to 

proteasomal degradation and it is involved in neuroplasticity, controlling neurotransmitter 
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trafficking at the presynaptic terminal359,645. Parkin activity is compromised in both genetic 

and sporadic PD362–364. Interestingly, one of its substrates is the stress-responsive 

protein RTP801 and Parkin functional alteration in PD contribute to RTP801 increase by 

impairing its proteasomal degradation359. In addition to rs1801582 in PRKN, the SNP 

rs12628 in HRAS was also associated with LID severity. HRAS encodes for the GTPase 

protein H-Ras, which activates PI3K and finally results in the activation of Akt and mTOR 

pathway playing a key role in the translation of extracellular signals intro cell646,647. 

In this direction, we found a four-locus interaction involving the aforementioned 

polymorphism rs12628 SNP in HRAS along with rs5456121 in RPS6KA2, rs1292034 in 

RPS6KB1 and rs456998 in FCHSD1 with LID severity (CVC=10/10; O.R.=31.56; 

95%C.I.=19.57-50.91; P-value˂0.0010). Specifically, among multiple combinations, the 

risk genotype AG/AG/CT/GT genotype was associated with more severe LID and was 

present in 5.56% patients with severe LID vs. 1.59% in those with no or mild LID. 

Remarkably, the precision and sensitivity to correctly predict and discriminate LID 

severity was up to 80% which validated the interaction as method to predict LID severity 

in PD patients.  

The proteins encoded by the genes with polymorphisms associated with LID severity are 

also related, directly or indirectly, with PD pathogenesis. H-Ras, as previously stated, 

modulates Akt and mTOR activities646,647. S6K-alpha-2 and S6K-beta-1 are downstream 

ERK and mTORC1, respectively648,649. Such pathways modulate a crucial process in 

plasticity that is protein synthesis initiation via the phosphorylation of the eukaryotic 

translation initiation factor B (eiF4B)153. Finally, as previously have been described in the 

previous section of the discussion, FCHSD1 protein controls the actin cytoskeleton637. 

Striking, the gene expression of FCHSD1 is affected after acute L-DOPA administration 

in the striatum of 6-OHDA-lesioned mice643.  

Overall, the results shown here suggest that the correct regulation of synaptic plasticity 

involving processes such as protein synthesis and cytoskeleton reorganization which are 

regulated by downstream effectors of the mTOR pathway, are crucial for the appearance 

of LID. Taking into account that about 90% of the L-DOPA-treated PD patients develop 

LID within 10 years after initiation of the DA replacement therapy239, our findings may 

have relevant implications for the clinical practice in PD. They may help to identify 

subjects who are more susceptible to develop earlier LID, with up to 5 years differences, 

and those who are more susceptible to develop severe LID, with the ultimate goal to 

redesign the therapeutic approach, accordingly. These findings may also help to stratify 
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PD patients in clinical trials for disease modifying drugs or possible anti-dyskinetic, when 

available.  

Summarizing, the data found indicate that polymorphisms in genetic markers of the 

mTOR pathway contribute to the susceptibility to PD and the response to L-DOPA 

treatment in these patients. We show that these SNPs influence the outcome individually 

or interacting epistatically with other genetic markers (Figure 70). Altogether, the results 

support the important role of the mTOR signaling in neurodegenerative diseases.  

 

Figure 70. Single SNP and SNP combinations modulate PD susceptibility and response to L-DOPA 
treatment. SNPs associations found in the different analysis are indicated over the timeline of PD 
pathogenic process (association with PD risk in blue boxes, with PD AAO in violet boxes, with LID onset in 
green boxes, with Peak LID in red box and with LID severity in aquamarine boxes. PD onset is considered 
at the age when motor symptoms appear.  

9. RTP801 AND MODULATION OF THE MTOR PATHWAY AS 

POTENTIAL THERAPEUTIC TARGETS AND BIOMARKERS IN 

NEURODEGENERATIVE DISEASES 

HD and PD are characterized by the loss of selective neuronal populations30,31,170,172. 

Unfortunately, current treatments at both neurodegenerative disorders ameliorate motor 

and non-motor symptoms but do not prevent neuronal death. Hence, it is crucial to study 

the molecular mechanisms underlying neurodegeneration to identify proteins involved in 

the pathogenesis and design new therapeutic approaches able to halt or at least delay 

neuronal death and dysfunctional plasticity.  

RTP801 emerged as an important protein in PD pathogenesis since its upregulation 

promotes neuronal death by repressing mTOR/Akt singnaling263,264. Importantly, we have 

identified RTP801 as a mediator of mhtt-induced cell death and impaired plasticity. 

Moreover, we have shown that RTP801 levels are increased in the putamen and caudate 
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nucleus of HD patients. Therefore, RTP801 has also arisen as an important protein in 

HD pathogenesis and strategies to block RTP801 toxic accumulation or modulate 

mTOR/Akt pathway can become potential therapeutic targets for both diseases.  

In fact, some protective molecules that modulate RTP801/mTOR axis have been already 

reported. 8-methyl-6-phenoxy-2-(tetrahydro-2H-pyran4-ylamino)pyrido[2,3-D]pyrimidin-

7-one (FLZ) is a synthetic compound derived from a Chinese herb which confers 

protection in cellular and animal models of PD by inhibiting RTP801 expression and, thus 

maintaining Akt pro-survival kinase activity650–653. On the other hand, rapamycin functions 

as an mTOR allosteric inhibitor and is also protective in cellular and animal models of 

PD and HD. It represses the translation of a subset of transcripts, including RTP801, and 

leading to the maintenance of Akt survival kinase activity by preserving phosphorylation 

at threonine 308 residue306. In addition, rapamycin enhances autophagy attenuating 

pathogenic protein aggregation72,75,206,285,654. 

Another valuable strategy would be to block RTP801 expression with microRNAs 

(miRNAs) or small interfering RNAs (siRNAs). To date, several miRNAs including miR-

495, miR-221, miR-22, miR-30c have been described to negatively regulate RTP801 

gene expression in a context of tumorigenesis655–659. In the brain, mir-7 has been 

suggested to regulate RTP801 expression during chronic stress in a PD mice model545 

and miR-181a downregulates RTP801 to facilitate hippocampal fear memory 

consolidation660. Moreover, a siRNA against RTP801 is being evaluated in clinical trials 

for retinopathy treatment661–664. Therefore, miRNAs and siRNAs may have a relevant 

impact in the regulation of RTP801 levels and function as therapeutic agents for PD and 

HD treatment to prevent neuronal death and synaptic dysfunction. Importantly, RTP801 

downregulation at basal levels does not affect neuronal survival or plasticity and motor 

learning.  

Interestingly, we have described that 6-OHDA toxin induces the loading of RTP801 into 

exosomes. Nevertheless, it is still necessary to study whether RTP801 is present in 

purified exosomes from fluids such as blood, CSF, saliva or urine and whether its levels 

correlate with PD stage to be use as biomarker. Furthermore, 6-OHDA PD mimetic and 

mhtt abrogate the trophic effects of exosomes on the pro-survival mTOR/Akt pathway in 

recipient neurons. Monitoring trophic effect of exosomes by the quantification of mTOR 

protein components levels could be also used to monitor disease progression. 

Recently, exosomes are being used as vehicles for therapeutic cargo delivery. Due to 

low immunogenicity, a long half-life and the ability to cross the blood brain barrier, 

exosomes have been used efficiently for delivering drugs, siRNAs or miRNAs to neuronal 
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cells407,417,665. In order to enhance the activity of drugs and as a delivery vehicle, 

exosomes may be loaded with the prior mentioned compounds, siRNAs and miRNAs to 

target RTP801 protein or modulate mTOR/Akt signaling pathway.  

In this thesis we have also uncovered SNPs in genes encoding protein components of 

the mTOR pathway which interact epistatically to determine the susceptibility to PD 

pathogenesis and, importantly, the response to L-DOPA treatment. Our findings may 

help to design personalized DA replacement therapy determine previously the risk of 

patients to develop early and/or severe LID. 
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1. Exon-1 of mutant huntingtin increases RTP801 protein levels by upregulating its 

gene expression and impairing its protein degradation in HD cellular models.  

 

2. Somatic and synaptic RTP801 protein are increased in HD cellular models and 

in the putamen of HD patients. R6/1 and HdhQ7/Q111 mouse models display 

accumulation of striatal RTP801 only at the synaptic compartment.  

 

3. Upregulation of RTP801 mediates mutant huntingtin-induced cell death and 

contributes to impair motor learning plasticity in R6/1 mouse model. 

Normalization of striatal RTP801 in R6/1 mice preserves the corticostriatal 

function, by enhancing GluA1 and TrkB expression and restoring basal levels of 

phosphorylated Akt at Ser473 residue through decreasing Rictor.  

 

4. Exosomes secreted by neurons enhance the pro-survival mTOR/Akt pathway in 

recipient cells and this function is regulated by RTP801. Neuronal exposure to 6-

OHDA toxin increases the release of exosomes containing RTP801 protein which 

counteract the exosomal activation of the mTOR/Akt pro-survival pathway in 

target neurons. 

 

5. Exosomes derived from mhtt-expressing cells abrogate the enhancement of 

mTOR/Akt pathway in recipient neurons, however RTP801 protein is not present 

in these exosomes.  

 

6. SNPs in genes encoding mTOR pathway protein components interact 

epistatically with SNCA rs356219 to modulate risk and age at onset of PD. 

Particularly, SNCA rs356219 along with STK11 rs8111699, FCHSD1 rs456998 

and GSK3B rs1732170 contribute PD susceptibility, whereas SNCA rs356219 

interacts with RPTOR rs11868112 and RPS6KA2 rs6456121 to modulate age at 

onset of idiopathic and LRRK2 PD patients.  

 

7. Single SNPs and associations of SNPs in the mTOR pathway modulate the 

response to levodopa treatment in PD patients. Specifically, EIF4EBP2 

rs1043098 alone or in combination with RICTOR rs2043112 and PRKCA 

rs4790904 contribute to the onset of LID. Single SNPs PRKN rs1801582 and 

HRAS rs12628 are associated to LID severity and HRAS rs12628 in combination 

with RPS6KA2 rs5456121, RPS6KB1 rs1292034 and FCHSD1 rs456998 predict 

the severity of them.  
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SNP Gene Alleles Functionality related to 
PMID 

number 
rs1042009 ADCY1 A/G Neurotransmission and bipolar disorder 18444252 
rs1130214 AKT1 G/T Schizophrenia 20132317 
rs2069442 CDK5 C/G Alzheimer's disease 18350355 
rs1053639 DDIT4 A/T Utr variant 3 prime na 
rs1053227 DDIT4L C/T Utr variant 3 prime na 
rs9297608 DEPTOR C/G Bone size 18776929 

rs12498533 EIF4E A/C Autism 24818597 
rs6605631 EIF4EBP1 A/G Obesity 20532202 
rs1043098 EIF4EBP2 C/T Alzheimer's disease 16385451 
rs2178403 EIF4G1 C/T Parkinson's disease 21907011 
rs456998 FCHSD1 G/T Cisplatin-induced toxicity 17701890 
rs2237457 GRB10 C/T Treatment resistance in Schizophrenia 25223841 

rs334558 GSK3B A/G 
Bipolar disorder, MS, Parkinson's 

disease 
15351432; 
23628795 

rs1732170 GSK3B A/G Impulsivity in bipolar disorder 24486183 
rs12628 HRAS C/T Risk of melanoma 22618666 

rs2943641 IRS1 C/T Diabetes 2 22046406 
rs1934534 LATS1 A/G Progressive supranuclear palsy 17357082 

rs7595221 LPIN1 A/G 
Insulin resistance, body weight, and 

lipodystrophy 
18591397 

rs66737902 LRRK2 C/T Parkinson's disease 24758914 
rs536861 MAPKAP1 A/C Autism/Longevity 20824210 

rs1800547 MAPT A/G 
Parkinson's disease/Progressive 

supranuclear palsy 
19879020 

rs2024627 MTOR C/T Colon cancer risk 20622004 
rs1912403 NEDD4 C/T Parkinson's disease 18853455 

rs292449 NEDD4L C/G 
Hypertension and response to 

treatments 
23353631 

rs4149601 NEDD4L A/G 
Hypertension and orthostatic 

hypotension 
23353631 

rs966221 PDE4D C/T Cognitive dysfunction, ischemic stroke 23863764 
rs2677760 PIK3CA C/T Obesity and breast cancer 25108739 
rs361072 PIK3CB A/G GH replacement, insulin resistance 24114431 
rs2959272 PPARG A/C Schizophrenia 24843374 

rs907094 PPP1R1B C/T 
Regulation of dopamine signaling in the 

frontal cortex 
24144248 

rs887797 PRKCA C/T Multiple Sclerosis 16596167 

rs4790904 PRKCA A/G 
Memory capacity and risk for post-

traumatic stress disorder 
22586106 

rs1801582 PRKN C/G Sporadic Parkinson's disease 10319889 
rs132404 PRR5 A/G Regulation of gene expression 18466591 

rs2735343 PTEN C/G 
Smoking initiation and nicotine 

dependence 
16331670 

rs736212 RASD2 C/G Schizophrenia 18571626 
rs875588 RHEB C/T Non-BRCA1/2 breast cancer 17760956 
rs2043112 RICTOR A/G Childhood obesity 23251661 
rs2229714 RPS6KA1 A/G Role in growth hormone signaling 24805830 

rs6456121 RPS6KA2 C/T 
Psychotic bipolar disorder and 

schizophrenia 
24778245 

rs1292034 RPS6KB1 C/T Associated with STK11 expression 24959314 
rs11868112 RPTOR C/T Expression functional effects 21060808 



ANNEX I 

266 
 

rs7211818 RPTOR A/G Bladder cancer risk 19875696 

rs9493857 SGK1 A/G 
Gene expression response to stress 

and GH 
19461886 

rs3758391 SIRT1 C/T 
p53 binding site/nutrient 

sensitive/longevity/cognitive function 
20693263 

rs12778366 SIRT1 C/T 
Long-term survival and glucose 

tolerance 
19652658 

rs10410544 SIRT2 C/T Alzheimer's disease 23712749 
rs9382222 SIRT5 C/T Brain Health 30143810 

rs356219 SNCA A/G Parkinson's disease 
20070850;
22425546 

rs11868035 SREBF1 A/G Parkinson's disease 24514572 

rs8111699 STK11 C/G 
Insulin sensitivity and metformin 

efficacy 
20357370 

rs2496143 TBC1D7 C/T Cognitive abilities 21302343 
rs7874234 TSC1 C/T Increased transcription 20658316 

rs12303764 ULK1 G/T Crohn's disease 21560199 

rs495248 ZBTB16 C/T 
Psychotic bipolar disorder and 

schizophrenia 
24778245 

rs17116334 ZBTB16 C/T ADHD 18846501 

rs242557 MAPT A/G 
Parkinson's disease/Progressive 

supranuclear palsy 
19912324; 
19879020 

rs2301113 HIF1A A/C 
Death and recurrence risks in non-

small-cell lung cancer patients 
24567056 

rs4402960 IGF2BP2 G/T 
Diabetes type II, obesity and 

hypertension 
24636221 

rs4804833 MAP2K7 A/G Schizophrenia 22899651 
rs135549 PPARA A/G Cardiovascular risk 22547144 

rs879606 PPP1R1B A/G 
Schizophrenia, bipolar and associative 

emotional learning 
23295814 

rs393795 SLC6A3 A/C Extend the time to LID onset 24633632 
rs13335638 TSC2 C/T High conservative region 20658316 

Table A1. Descriptive information of the SNPs in genes of the mTOR pathway selected for the 
analyses. SNPs in grey were excluded from the analysis. 
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SNP 
Alleles 
(M/m) 

mAF 
PD 

mAF 
Ctr 

HWE 
P-value 

PD 

HWE  
P-value  

Ctr 

Freq 
11     
PD 

Freq 
12     
PD 

Freq 
22     
PD 

Freq 
11      
Ctr 

Freq 
12     
Ctr 

Freq 
22     
Ctr 

rs1042009 A(1)/G(2) 0.34 0.33 0.12 0.65 0.45 0.43 0.13 0.45 0.44 0.11 
rs1130214 C(1)/A(2) 0.3 0.31 0.20 0.94 0.48 0.44 0.08 0.48 0.42 0.1 
rs2069442 G(1)/C(2) 0.22 0.24 1.00 0.85 0.60 0.35 0.05 0.58 0.36 0.06 
rs1053639 T(1)/A(2) 0.37 0.38 1.00 0.18 0.40 0.47 0.13 0.39 0.47 0.14 
rs1053227 G(1)/A(2) 0.43 0.38 0.89 0.58 0.33 0.49 0.18 0.37 0.48 0.14 
rs9297608 G(1)/C(2) 0.25 0.24 0.24 0.58 0.57 0.36 0.07 0.58 0.37 0.05 
rs12498533 A(1)/C(2) 0.46 0.44 0.25 0.68 0.28 0.52 0.20 0.31 0.49 0.20 
rs6605631 T(1)/C(2) 0.17 0.19 0.63 0.089 0.69 0.29 0.03 0.66 0.29 0.05 
rs1043098 C(1)/T(2) 0.46 0.45 0.46 0.25 0.3 0.48 0.22 0.31 0.48 0.22 
rs2178403 G(1)/A(2) 0.23 0.24 0.10 0.24 0.61 0.33 0.06 0.58 0.35 0.07 
rs456998 T(1)/G(2) 0.45 0.48 0.78 0.63 0.30 0.50 0.20 0.26 0.51 0.23 

rs2237457 C(1)/T(2) 0.35 0.34 0.24 0.55 0.41 0.48 0.12 0.43 0.46 0.11 
rs334558 A(1)/G(2) 0.05 0.04 0.69 0.15 0.90 0.10 0.00 0.92 0.08 0.00 

rs1732170 C(1)/T(2) 0.41 0.41 0.33 0.15 0.36 0.47 0.17 0.34 0.51 0.15 
rs12628 A(1)/G(2) 0.34 0.34 0.085 0.085 0.45 0.42 0.13 0.45 0.42 0.13 

rs2943641 C(1)/T(2) 0.35 0.34 0.16 0.45 0.43 0.43 0.13 0.44 0.44 0.12 
rs1934534 T(1)/C(2) 0.37 0.38 0.72 0.83 0.4 0.46 0.14 0.39 0.47 0.14 
rs7595221 A(1)/G(2) 0.47 0.49 0.25 0.071 0.29 0.48 0.23 0.25 0.53 0.22 
rs66737902 T(1)/C(2) 0.14 0.11 0.63 0.30 0.75 0.23 0.02 0.79 0.19 0.02 

rs536861 C(1)/A(2) 0.44 0.44 0.41 0.42 0.32 0.48 0.2 0.31 0.51 0.18 
rs1800547 A(1)/G(2) 0.25 0.31 0.93 0.16 0.56 0.37 0.06 0.49 0.41 0.11 
rs2024627 C(1)/T(2) 0.26 0.26 0.37 0.16 0.56 0.37 0.07 0.55 0.37 0.08 
rs1912403 T(1)/C(1) 0.08 0.09 0.015 0.05 0.85 0.14 0.01 0.84 0.15 0.10 
rs292449 G(1)/C(2) 0.34 0.35 0.41 1.00 0.44 0.44 0.12 0.42 0.46 0.12 

rs4149601 G(1)/A(2) 0.37 0.37 0.21 0.82 0.39 0.49 0.12 0.40 0.47 0.13 
rs1801582 C(1)/G(2) 0.2 0.22 1.00 0.77 0.64 0.32 0.04 0.61 0.34 0.05 
rs966221 G(1)/A(2) 0.39 0.41 0.94 0.53 0.37 0.47 0.15 0.34 0.49 0.16 

rs2677760 T(1)/C2) 0.42 0.41 0.54 0.89 0.33 0.50 0.17 0.35 0.49 0.17 
rs361072 A(1)/G(2) 0.47 0.5 0.40 0.58 0.27 0.51 0.21 0.26 0.49 0.25 

rs2959272 T(1)/G(2) 0.44 0.46 0.34 0.84 0.32 0.48 0.20 0.29 0.49 0.21 
rs907094 A(1)/G(2) 0.27 0.26 0.93 1.00 0.54 0.39 0.07 0.55 0.38 0.07 
rs887797 G(1)/A(2) 0.32 0.34 0.016 0.77 0.48 0.40 0.12 0.44 0.45 0.12 

rs4790904 T(1)/C(2) 0.22 0.25 0.92 0.72 0.61 0.34 0.05 0.57 0.37 0.06 
rs132404 G(1)/A(2) 0.29 0.31 0.12 0.70 0.51 0.39 0.10 0.47 0.43 0.09 

rs2735343 G(1)/C(2) 0.34 0.35 0.15 0.48 0.42 0.47 0.11 0.42 0.47 0.11 
rs736212 G(1)/C(2) 0.30 0.31 0.63 0.25 0.49 0.42 0.08 0.48 0.41 0.11 
rs875588 T(1)/C(2) 0.46 0.46 0.42 0.23 0.29 0.51 0.20 0.30 0.47 0.22 

rs2043112 G(1)/A(2) 0.39 0.39 1.00 0.44 0.38 0.48 0.18 0.37 0.49 0.14 
rs2229714 G(1)/A(2) 0.12 0.13 0.27 0.88 0.77 0.21 0.02 0.175 0.023 0.02 
rs6456121 C(1)/T(2) 0.31 0.28 0.58 0.87 0.48 0.42 0.1 0.51 0.41 0.08 
rs1292034 G(1)/A(2) 0.44 0.45 0.17 1.00 0.33 0.47 0.20 0.30 0.50 0.30 
rs11868112 C(1)/T(2) 0.43 0.43 1.00 0.45 0.33 0.49 0.18 0.33 0.48 0.20 
rs7211818 A(1)/G(2) 0.23 0.24 0.70 0.064 0.58 0.37 0.05 0.59 0.34 0.07 
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rs9493857 G(1)/A(2) 0.21 0.21 0.84 0.92 0.63 0.33 0.04 0.62 0.33 0.05 
rs3758391 C(1)/T(2) 0.34 0.31 0.37 0.94 0.43 0.46 0.11 0.48 0.43 0.09 
rs12778366 T(1)/C(2) 0.13 0.12 0.77 1.00 0.75 0.23 0.02 0.78 0.21 0.01 

rs10410544 C(1)/T(2) 0.4 0.39 0.48 0.47 0.37 0.47 0.17 0.37 0.49 0.15 

rs9382222 C(1)/T(2) 0.36 0.35 0.25 0.66 0.40 0.48 0.12 0.42 0.45 0.13 
rs356219 A(1)/G(2) 0.41 0.33 0.43 0.76 0.36 0.47 0.17 0.45 0.44 0.11 

rs11868035 G(1)/A(2) 0.29 0.28 0.023 0.32 0.51 0.38 0.10 0.53 0.39 0.08 
rs8111699 C(1)/G(2) 0.49 0.51 0.69 0.38 0.27 0.49 0.24 0.25 0.48 0.27 
rs2496143 C(1)/T(2) 0.34 0.33 0.71 1.00 0.43 0.45 0.12 0.45 0.44 0.11 
rs7874234 C(1)/T(2) 0.24 0.24 0.71 0.78 0.57 0.37 0.06 0.58 0.37 0.05 
rs12303764 T(1)/G(2) 0.36 0.39 0.38 0.44 0.40 0.48 0.13 0.36 0.49 0.15 

rs495248 G(1)/A(2) 0.24 0.23 0.23 0.92 0.58 0.35 0.07 0.59 0.36 0.06 
rs17116334 C(1)/T(2) 0.19 0.18 0.66 0.64 0.65 0.31 0.03 0.67 0.30 0.03 

rs242557 G(1)/A(2) 0.36 0.31 0.032 0.0021 0.43 0.42 0.14 0.49 0.38 0.12 
rs2301113 A(1)/C(2) 0.33 0.31 0.0001 0.0001 0.38 0.58 0.03 0.42 0.55 0.04 
rs4402960 G(1)/T(2) 0.4 0.39 0.0001 0.0001 0.27 0.66 0.07 0.3 0.61 0.08 
rs4804833 G(1)/A(2) 0.45 0.46 0.0001 0.0001 0.17 0.76 0.07 0.19 0.7 0.11 
rs135549 T(1)/C(2) 0.42 0.43 0.067 0.0001 0.34 0.49 0.17 0.3 0.56 0.15 
rs879606 G(1)/A(2) 0.21 0.21 0.54 0.015 0.62 0.034 0.04 0.61 0.36 0.03 
rs393795 G(1)/T(2) 0.05 0.03 0.31 0.065 0.9 0.1 0.00 0.93 0.06 0.00 

rs13335638 C(1)/T(2) 0.37 0.33 0.00069 0.0001 0.37 0.52 0.11 0.40 0.55 0.05 

Table A2. Genotypic association test of the SNPs in genes of the mTOR pathway selected for the 
analyses. Genotypic test was calculated in the SNPstats software. SNPs in grey were excluded from the 
analysis. M= major allel; m=minor allel; mAF= minor allele frequency; HWE=Hardy-Weinberg equilibrium; 
Freq.=frequency; PD=Parkinson’s disease group; Ctr=Control group. SNPs in grey were excluded from the 
analysis. 
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Figure A1. Distribution of high-risk and low-risk genotypes in the interaction of rs356219 in SNCA, 
rs8111699 in STK11, rs456998 in FCHSD1 and rs1732170 in GSK3B with PD risk. Dark gray boxes 
present the high-risk factor combinations (PD) and light gray boxes present the low-risk factor combinations 
(non-affected). Each cell shows the number of PD patients with that specific genotype on the left bar and 
control group on the right bar. 
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Genotypes 
Predicted 

PD  
status 

Freq. 
PD  
(%) 

Freq.  
Ctr 
 (%) 

Ratio 
PD/Control 

SNCA STK11 FCHSD1 GSK3B 

rs356219 rs8111699 rs456998 rs1732170 

A/A C/G G/T C/C PD 1.76 1.38 1.28 

A/A C/G G/T T/T PD 0.88 0.72 1.23 

A/A C/G G/G C/C PD 0.83 0.66 1.25 

A/A C/G T/T C/T PD 1.65 1.10 1.50 

A/A G/G G/T T/T PD 0.33 0.33 1.00 

A/A G/G G/G C/C PD 0.39 0.28 1.40 

A/A C/C G/T C/T PD 1.38 1.27 1.09 

A/A C/C G/G C/C PD 0.50 0.11 4.50 

A/A C/C T/T C/C PD 0.66 0.55 1.20 

A/A C/C T/T C/T PD 0.83 0.33 2.50 

A/G C/G G/T C/C PD 2.15 1.87 1.15 

A/G C/G G/T T/T PD 1.32 0.77 1.71 

A/G C/G G/G T/T PD 0.39 0.39 1.00 

A/G C/G T/T C/C PD 1.21 0.88 1.38 

A/G C/G T/T C/T PD 1.71 1.49 1.15 

A/G C/G T/T T/T PD 0.61 0.39 1.57 

A/G G/G G/T C/C PD 1.54 1.16 1.33 

A/G G/G G/G C/C PD 0.61 0.33 1.83 

A/G G/G G/G T/T PD 0.28 0.17 1.67 

A/G G/G T/T C/C PD 0.83 0.39 2.14 

A/G G/G T/T C/T PD 0.94 0.55 1.70 

A/G G/G T/T T/T PD 0.72 0.17 4.33 

A/G C/C G/T C/T PD 2.04 1.21 1.68 

A/G C/C G/T T/T PD 0.39 0.11 3.50 

A/G C/C G/G C/C PD 0.44 0.22 2.00 

A/G C/C G/G C/T PD 0.61 0.55 1.10 

G/G C/G G/T C/C PD 0.83 0.50 1.67 

G/G C/G G/T C/T PD 0.66 0.50 1.33 

G/G C/G G/T T/T PD 0.22 0.11 2.00 

G/G C/G G/G C/C PD 0.50 0.06 9.00 

G/G C/G G/G T/T PD 0.11 0.11 1.00 

G/G C/G T/T C/C PD 0.44 0.00 ∞ 

G/G C/G T/T T/T PD 0.11 0.00 ∞ 

G/G G/G G/T C/T PD 0.44 0.39 1.14 

G/G G/G G/T T/T PD 0.11 0.06 2.00 

G/G G/G G/G C/C PD 0.11 0.06 2.00 

G/G G/G G/G C/T PD 0.28 0.22 1.25 

G/G G/G T/T C/T PD 0.22 0.06 4.00 

G/G G/G T/T T/T PD 0.28 0.00 ∞ 

G/G C/C G/T C/C PD 0.44 0.11 4.00 

G/G C/C G/T T/T PD 0.22 0.17 1.33 

G/G C/C G/G C/C PD 0.06 0.06 1.00 

G/G C/C G/G C/T PD 0.44 0.06 8.00 

G/G C/C G/G T/T PD 0.17 0.06 3.00 
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G/G C/C T/T C/C PD 0.11 0.11 1.00 

G/G C/C T/T C/T PD 0.33 0.28 1.20 

G/G C/C T/T T/T PD 0.22 0.00 ∞ 

A/A C/G G/T C/T Ctr 1.93 3.42 0.56 

A/A C/G G/G C/T Ctr 0.83 1.21 0.68 

A/A C/G G/G T/T Ctr 0.28 0.33 0.83 

A/A C/G T/T C/C Ctr 0.33 1.16 0.29 

A/A C/G T/T T/T Ctr 0.39 0.44 0.88 

A/A G/G G/T C/C Ctr 0.50 0.66 0.75 

A/A G/G G/T C/T Ctr 0.83 1.93 0.43 

A/A G/G G/G C/T Ctr 0.11 0.50 0.22 

A/A G/G G/G T/T Ctr 0.00 0.22 0.00 

A/A G/G T/T C/C Ctr 0.28 0.44 0.63 

A/A G/G T/T C/T Ctr 0.17 0.77 0.21 

A/A G/G T/T T/T Ctr 0.17 0.22 0.75 

A/A C/C G/T C/C Ctr 0.66 0.88 0.75 

A/A C/C G/T T/T Ctr 0.28 0.50 0.56 

A/A C/C G/G C/T Ctr 0.28 0.77 0.36 

A/A C/C G/G T/T Ctr 0.00 0.06 0.00 

A/A C/C T/T T/T Ctr 0.17 0.28 0.60 

A/G C/G G/T C/T Ctr 3.64 5.18 0.70 

A/G C/G G/G C/C Ctr 0.44 1.05 0.42 

A/G C/G G/G C/T Ctr 0.88 1.43 0.62 

A/G G/G G/T C/T Ctr 1.54 1.71 0.90 

A/G G/G G/T T/T Ctr 0.39 0.44 0.88 

A/G G/G G/G C/T Ctr 0.22 0.61 0.36 

A/G C/C G/T C/C Ctr 1.05 1.49 0.70 

A/G C/C G/G T/T Ctr 0.17 0.33 0.50 

A/G C/C T/T C/C Ctr 0.33 0.50 0.67 

A/G C/C T/T C/T Ctr 0.61 0.88 0.69 

A/G C/C T/T T/T Ctr 0.22 0.66 0.33 

G/G C/G G/G C/T Ctr 0.33 0.61 0.55 

G/G C/G T/T C/T Ctr 0.44 0.50 0.89 

G/G G/G G/T C/C Ctr 0.28 0.55 0.50 

G/G G/G G/G T/T Ctr 0.06 0.17 0.33 

G/G G/G T/T C/C Ctr 0.11 0.22 0.50 

G/G C/C G/T C/T Ctr 0.28 0.33 0.83 

Total genotype combinations that predict                
PD status: 

PD 31.24 20.22 1.54 

Ctr 18.13 30.41 0.60 

Table A3. Distribution of genotypes in the interaction of rs356219 in SNCA, rs8111699 in STK11, 
rs456998 in FCHSD1 and rs1732170 in GSK3B with PD risk. Freq.=frequency; PD=Parkinson’s disease 
group; Ctr=Control group 
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Figure A2. Distribution of high-risk, early PD onset, and low-risk, late PD onset, genotypes in the 
interaction of rs11868112 in RPTOR, rs356219 in SNCA and rs6456121 in RPS6KA2 with PD AAO. 
Light gray boxes present combinations for early PD onset and dark gray boxes present the combinations for 
late PD onset. In each cell is shown the average of PD age at onset (56,66 years) in a horizontal line and in 
vertical the difference in years of each combination from the global mean.  
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Genotype 
Predicted 
‘PD AAO’ 

PD onset 
Average 
(years) 

diff. from 
global avg. 

(56,66 years) 

Frequency 
(%) 

SNCA RPTOR RPS6KA2 

rs356219 rs11868112 rs6456121 

G/G C/T C/T Early 56.18 -0.48 2.95 

G/G C/T C/C Early 53.77 -2.88 4.16 

G/G C/T T/T Early 47.00 -9.66 0.40 

A/A C/T C/T Early 55.57 -1.09 6.58 

A/A C/T T/T Early 49.62 -7.04 1.74 

A/G C/T C/C Early 54.87 -1.79 13.15 

A/G C/T T/T Early 52.26 -4.40 3.09 

G/G C/C C/C Early 55.00 -1.66 3.89 

A/A C/C C/C Early 55.40 -1.26 4.70 

A/A C/C T/T Early 49.25 -7.41 0.54 

A/G C/C C/T Early 55.07 -1.59 6.04 

A/G C/C C/C Early 52.64 -4.02 7.11 

A/G C/C T/T Early 53.10 -3.56 1.34 

G/G T/T T/T Early 53.00 -3.66 0.40 

A/A T/T T/T Early 54.00 -2.66 1.07 

A/G T/T C/T Early 49.85 -6.81 4.43 

A/G T/T T/T Early 52.67 -3.99 0.81 

A/A C/T C/C Late 62.64 5.98 7.11 

A/G C/T C/T Late 60.83 4.17 11.01 

G/G C/C C/T Late 63.50 6.84 1.34 

G/G C/C T/T Late 62.60 5.94 0.67 

A/A C/C C/T Late 61.39 4.73 5.50 

G/G T/T C/T Late 57.43 0.77 0.94 

G/G T/T C/C Late 60.67 4.01 1.21 

A/A T/T C/T Late 63.80 7.14 2.01 

A/A T/T C/C Late 59.50 2.84 2.68 

A/G T/T C/C Late 59.71 3.05 5.10 

Total frequency (%) of genotype combinations that predict             
PD age at onset: 

EARLY 62.42 

LATE 37.58 

Table A4. Distribution of genotypes in the interaction of rs11868112 in RPTOR, rs356219 in SNCA 
and rs6456121 in RPS6KA2 with PD AAO.  
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Figure A3. Association of the SNPs rs356219 in SNCA, rs11868112 in RPTOR and rs6456121 in 
RPS6KA2 genes with PD age at onset (AAO) in LRKK2 PD patients. (A) SNP interaction map with PD 
AAO. The nodes were obtained in the epistatic analyses with the MDR software and represent the 
polymorphisms, including the gene that contain the SNP, while the numeric values inside represent the main 
information gain. The links show the interaction between SNPs. The color of the lines indicates the type of 
interaction explaining synergy or redundancy (blue=correlation and orange=synergistic relationship). (B) 
Distribution of high-risk, early PD onset, and low-risk genotypes, late PD onset. Light gray boxes present 
combinations for early PD onset and dark gray boxes present the combinations for late PD onset. In each 
cell is shown the average of PD age at onset (56,74 years) in a horizontal line and in vertical the difference 
in years of each combination from the global mean. 
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Figure A4. Distribution of high-risk, early LID onset, and low-risk, late LID onset, genotypes in the 
interaction of rs1043098 in EIF4EBP2, rs2043112 in RICTOR and rs4790904 in PRKCA with LID onset. 
Light gray boxes present combinations for early LID onset and dark gray boxes present the combinations 
for late LID onset. In each cell is shown the TTD average (7,6239 years) in a horizontal line and in vertical 
the difference in years of each combination from the global mean.  
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Table A5. Distribution of genotypes in the interaction of rs1043098 in EIF4EBP2, rs2043112 in 
RICTOR and rs4790904 in PRKCA with LID onset.  

 

 

 

 

 

 

 

Genotype 
Predicted 
'LID onset' 

LID 
onset 

Average 
(years) 

diff. from 
global avg. 
(7,62 years) 

 

EIF4EBP2 RICTOR PRKCA 
Frequency 

(%) 
rs1043098 rs2043112 rs4790904  

T/T G/G C/T Early 5.44 -2.18 4.13 

T/T G/G T/T Early 6.64 -0.99 5.05 

T/T A/G C/T Early 6.00 -1.62 3.67 

T/T A/G T/T Early 6.18 -1.45 7.80 

T/T A/A C/T Early 4.00 -3.62 0.46 

T/T A/A T/T Early 2.00 -5.62 0.46 

T/T A/A C/C Early 2.00 -5.62 0.46 

C/C G/G T/T Early 5.95 -1.68 8.72 

C/C A/G C/T Early 5.62 -2.01 5.96 

C/C A/G C/C Early 5.00 -2.62 0.46 

C/C A/A T/T Early 6.67 -0.96 2.75 

C/T G/G C/T Early 4.89 -2.74 4.13 

C/T G/G T/T Early 7.29 -0.33 11.01 

C/T A/G C/T Early 7.59 -0.04 7.80 

C/T A/G T/T Early 6.86 -0.77 12.84 

C/T A/A C/C Early 4.00 -3.62 0.46 

T/T G/G C/C Late 14.00 6.38 0.92 

T/T A/G C/C Late 8.00 0.38 0.46 

C/C G/G C/T Late 9.29 1.66 3.21 

C/C G/G C/C Late 11.00 3.38 0.46 

C/C A/G T/T Late 12.88 5.25 11.01 

C/C A/A C/T Late 9.50 1.88 0.92 

C/C A/A C/C Late 8.00 0.38 0.46 

C/T A/A C/T Late 9.00 1.38 0.92 

C/T A/A T/T Late 11.50 3.88 5.50 

Total frequency (%) of genotype combinations that predict        
LID onset: 

EARLY 76.16 

LATE 23.86 
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Figure A5. Distribution of high-risk, moderate/severe LID, and low-risk, no/mild LID, genotypes in the 
interaction of rs1292034 in RPS6KB1, rs12628 in HRAS, rs6456121 in RPS6KA2 and rs456998 in 
FCHSD1 with LID severity. Dark gray boxes present the high-risk factor combinations (moderate/severe 
LID severity) and light gray boxes present the low-risk factor combinations (no/mild LID severity). Each cell 
shows the number of PD patients with moderate/severe LID with that specific genotype on the left bar and 
control group with no/mild LID on the right bar. 
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Genotype 
Predicted LID 

severity 

Freq. 
moderate-

severe 
(%) 

Freq.  
no-
mild  
(%) 

Ratio 
moderate-
severe/no-

mild 

RPS6KB1 HRAS RPS6KA2 FCHSD1 

rs1292034 rs12628 rs6456121 rs456998 

A/G A/A C/T G/T No/very mild/mild 1.58 2.22 0.71 

A/G A/A C/T T/T No/very mild/mild 0.79 1.43 0.56 

A/G A/A C/T G/G No/ very mild/mild 0.00 1.27 0.00 

A/G A/A C/C G/T No very mild//mild 0.79 2.54 0.31 

A/G A/A C/C T/T No/ very mild/mild 0.79 2.07 0.38 

A/G A/A C/C G/G No/ very mild/mild 0.00 0.95 0.00 

A/G A/A T/T T/T No/ very mild/mild 0.00 0.64 0.00 

A/G A/G C/T T/T No/ very mild/mild 0.00 1.43 0.00 

A/G A/G C/T G/G No/ very mild/mild 0.00 0.79 0.00 

A/G A/G C/C G/T No/ very mild/mild 0.00 3.18 0.00 

A/G A/G T/T G/T No/ very mild/mild 0.00 0.79 0.00 

A/G A/G T/T T/T No/ very mild/mild 0.00 0.16 0.00 

A/G G/G C/T T/T No/ very mild/mild 0.00 1.11 0.00 

A/G G/G C/C T/T No/ very mild/mild 0.00 0.79 0.00 

A/A A/A C/T G/T No/ very mild/mild 0.00 1.11 0.00 

A/A A/A C/T T/T No/ very mild/mild 0.00 0.64 0.00 

A/A A/A C/T G/G No/ very mild/mild 0.00 0.31 0.00 

A/A A/A C/C T/T No/ very mild/mild 0.00 0.64 0.00 

A/A A/A C/C G/G No/ very mild/mild 0.00 0.48 0.00 

A/A A/A T/T T/T No/ very mild/mild 0.00 0.16 0.00 

A/A A/A T/T G/G No/ very mild/mild 0.00 0.16 0.00 

A/A A/G T/T G/T No/ very mild/mild 0.00 0.32 0.00 

A/A G/G C/T T/T No/ very mild/mild 0.00 0.16 0.00 

A/A G/G C/C G/T No/ very mild/mild 0.00 0.48 0.00 

A/A G/G C/C T/T No/ very mild/mild 0.00 0.16 0.00 

A/A G/G T/T G/G No/ very mild/mild 0.00 0.16 0.00 

G/G A/A C/T G/T No/ very mild/mild 0.00 2.38 0.00 

G/G A/A C/T T/T No/ very mild/mild 0.00 1.27 0.00 

G/G A/A C/T G/G No/ very mild/mild 0.00 0.64 0.00 

G/G A/A C/C T/T No/ very mild/mild 0.00 1.59 0.00 

G/G A/A C/C G/G No/ very mild/mild 0.00 0.32 0.00 

G/G A/A T/T G/T No/ very mild/mild 0.00 0.48 0.00 

G/G A/A T/T T/T No/ very mild/mild 0.00 0.31 0.00 

G/G A/A T/T G/G No/ very mild/mild 0.00 0.16 0.00 

G/G A/G C/T G/T No/ very mild/mild 0.00 1.91 0.00 

G/G A/G C/T G/G No/ very mild/mild 0.00 0.95 0.00 

G/G A/G C/C G/T No/ very mild/mild 0.00 2.38 0.00 

G/G A/G C/C G/G No/ very mild/mild 0.00 0.48 0.00 

G/G A/G T/T T/T No/ very mild/mild 0.00 0.32 0.00 

G/G G/G C/C G/T No/ very mild/mild 0.00 0.32 0.00 

G/G G/G C/C T/T No/ very mild/mild 0.00 0.16 0.00 

G/G G/G C/C G/G No/ very mild/mild 0.00 0.64 0.00 

G/G G/G T/T T/T No/ very mild/mild 0.00 0.16 0.00 

A/G A/A T/T G/T Moderate/severe 1.58 0.32 4.94 

A/G A/A T/T G/G Moderate/severe 0.79 0.16 4.94 
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A/G A/G C/T G/T Moderate/severe 5.56 1.59 3.50 

A/G A/G C/C T/T Moderate/severe 2.38 1.11 2.14 

A/G A/G C/C G/G Moderate/severe 3.18 0.48 6.67 

A/G G/G C/T G/T Moderate/severe 3.18 0.48 6.67 

A/G G/G C/T G/G Moderate/severe 0.79 0.16 4.94 

A/G G/G C/C G/T Moderate/severe 2.38 0.64 3.75 

A/G G/G C/C G/G Moderate/severe 0.79 0.32 2.50 

A/G G/G T/T G/T Moderate/severe 0.79 0.16 4.94 

A/A A/A C/C G/T Moderate/severe 3.18 0.64 4.97 

A/A A/A T/T G/T Moderate/severe 0.79 0.32 2.50 

A/A A/G C/T G/T Moderate/severe 0.79 0.64 1.25 

A/A A/G C/T T/T Moderate/severe 0.79 0.00 ∞ 

A/A A/G C/T G/G Moderate/severe 0.79 0.00 ∞ 

A/A A/G C/C G/T Moderate/severe 3.18 0.79 4.02 

A/A A/G C/C T/T Moderate/severe 0.79 0.64 1.25 

A/A A/G C/C G/G Moderate/severe 0.79 0.48 1.67 

A/A G/G C/T G/T Moderate/severe 0.79 0.32 2.50 

G/G A/A C/C G/T Moderate/severe 2.38 1.91 1.25 

G/G A/G C/T T/T Moderate/severe 0.79 0.79 1.00 

G/G A/G C/C T/T Moderate/severe 1.75 0.64 2.75 

G/G A/G T/T G/T Moderate/severe 2.38 0.00 ∞ 

G/G G/G C/T G/T Moderate/severe 0.79 0.16 4.94 

G/G G/G C/T T/T Moderate/severe 1.59 0.16 9.94 

G/G G/G C/T G/G Moderate/severe 0.79 0.64 1.25 

Total genotype combinations that predict      
LID severity:  

NO/VERY MILD/MILD  3,95 38,62 0,10 

MODERATE/SEVERE 43,78 13,55 3,23 

Table A6. Distribution of genotypes in the interaction of rs1292034 in RPS6KB1, rs12628 in HRAS, 
rs6456121 in RPS6KA2 and rs456998 in FCHSD1 with LID severity. Freq.=frequency. 
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