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ABSTRACT 
 

Despite considerable progress in the understanding of molecular underpinnings of neuronal malfunction and 

cognitive impairment associated with Alzheimer’s disease (AD), the physiopathology of the disorder is complex 

and poorly understood. Chronic environmental stress and the major stress hormones, glucocorticoids (GC), 

are suggested precipitating factors for AD, and have been shown to trigger APP misprocessing and Aβ 

production as well as Tau hyperphosphorylation, accumulation and downstream neuronal atrophy and 

malfunction. However, the mechanisms that regulate intraneuronal trafficking and homeostasis of Aβ & Tau 

remain poorly understood. Given the critical role of Rab GTPases as master regulators of endosomal protein 

trafficking, these PhD studies have explored the role of Rabs in Aβ & Tau proteostasis and their significance in 

AD pathogenesis. We found that the levels of a specific Rab, Rab35, are significantly decreased aged animals, 

as well in animals exposed to high GC levels or chronic stress, known triggers of APP misprocessing. Using a 

gain-of-function screen of Rabs that regulate endocytic protein trafficking, we showed that Rab35 is the most 

potent suppressor of the interaction of APP and BACE, the first enzyme involved in APP misprocessing towards 

the generation of Aβ. On the contrary, reduced Rab35 may promote the APP misprocessing suggesting Rab35 

as an important regulator of the intraneuronal cascade that generates Aβ. In another set of studies of this PhD 

thesis, we demonstrated for the first time that Rab35 also controls degradation of Tau protein into the 

endolysosomal pathway through the Rab35-driven induction of the endosomal sorting complex required for 

transport (ESCRT) machinery. We also detected a phospho-dependent selectivity of Tau sorting into the 

Rab35/ESCRT pathway, while high GC levels suppress Rab35 expression and ESCRT machinery leading to 

Tau accumulation on both in vitro and in vivo studies. Importantly, AAV-mediated Rab35 expression rescues 

both GC-induced Tau accumulation and neuronal atrophy in the hippocampus of experimental animals. 

Altogether, the findings of these PhD studies suggest an essential role for Rab35 in the intraneuronal 

mechanisms underlying Aβ generation and Tau accumulation in AD as well as their significance to the 

precipitating role of chronic stress towards brain pathology. As emerging evidence suggest that the involvement 

of Tau in multiple neuropathological conditions, including Alzheimer’s disease, frontotemporal dementia, 

chronic stress and epilepsy, identifying the cellular pathways responsible for Tau intra- and extra-cellular 

trafficking, as well as positive and negative regulators of these pathways, has broad therapeutic relevance. 
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RESUMO 
 

Apesar do progresso considerável na compreensão das bases moleculares do mau funcionamento neuronal e 

do comprometimento cognitivo associado à doença de Alzheimer (DA), a fisiopatologia da doença é complexa 

e pouco compreendida. O stress ambiental crónico e as principais hormonas do stress, os glucocorticóides 

(GC), são sugeridos como factores desencadeantes da DA, e têm mostrado desencadear o mal processamento 

da APP e a produção de Aβ, bem como a hiperfosforilação e acumulação da Tau, conduzindo a atrofia 

neuronal. No entanto, os mecanismos que regulam o tráfego intraneuronal e a homeostase de Aβ e Tau 

permanecem pouco compreendidos. Dado o papel crítico das Rab GTPases como reguladores do tráfico de 

proteína endossomais, este trabalho de doutoramento explorara o papel das Rabs na proteostase da Aβ e da 

Tau, assim como a sua importância na patogénese da DA. Descobrimos que os níveis de uma Rab específica, 

Rab35, estão significativamente diminuídos em animais envelhecidos, assim como em animais expostos a 

altos níveis de GC ou stress crónico, desencadeadores do processamento amiloidogénico de APP. Usando um 

ensaio  de ganho de função de Rabs, que regulam o tráfego de proteínas endocíticas, mostramos que a Rab35 

é o supressor mais potente, entre estas, da interação entre APP e BACE, a primeira enzima envolvida no 

processamento de APP em Aβ. Pelo contrário, a redução dos níveis de Rab35 pode promover o processamento 

amiloidogénico de APP, sugerindo que a Rab35 é um importante regulador da cascata intraneuronal que gera 

Aβ. Noutro conjunto de estudos desta tese de doutoramento, demonstramos pela primeira vez que a Rab35 

também é capaz de controlar a degradação da proteína Tau na via endolisossomal através da indução do 

complexo Endosomal Sorting Complex Required for Transport (ESCRT) pela Rab35. Detectamos também que 

a selecção para a via Rab35/ESCRT é dependente do estado de fosforilação da Tau, enquanto que altos níveis 

de GC suprimem a expressão de Rab35, levando à acumulação de Tau in vitro e in vivo. A expressão de Rab35 

mediada por AAV é capaz de resgatar tanto a acumulação de Tau induzida por GC, como a atrofia neuronal 

no hipocampo destes animais. Em conjunto, os resultados apresentados nesta tese de doutoramento, sugerem 

um papel essencial para Rab35 nos mecanismos intraneuronais subjacentes à geração de Aβ e ao acúmulo 

de Tau na DA, bem como a sua importância para o efeito do stress na indução de patologia cerebral. Evidências 

emergentes sugerem que a Tau está envolvida em múltiplos mecanismos neuropatológicas, incluindo a doença 

de Alzheimer, demência frontotemporal, stress crónico e epilepsia, assim, identificar as vias celulares 

responsáveis pelo tráfico intra e extra-celular da Tau, bem como os seus reguladores positivos e negativos, 

tem uma ampla relevância terapêutica. 
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1. INTRODUCTION 
 

 
 
1.1 Alzheimer’s Disease – a world health problem 

        The advances in medicine and biomedical research over the past decades have led to a shift in 

the world demographics, with an increase in average life expectancy and a progressive ageing of the 

world’s population being registered by the World Health Organization (WHO). As a consequence, the 

incidence of age-related disorders such as dementia has been increasing, representing a tremendous 

burden for world health. Accordingly, WHO has declared dementia and Alzheimer’s disease (AD), the 

most common type of dementia, as first priority for the 2017-2026 world health plan. Indeed, WHO 

reports that 47 million people worldwide suffer from dementia, with approximately 9.9 million new 

cases every year.  

Alzheimer’s Disease (AD) is the most common cause of dementia (60-70% of dementia cases), 

currently afflicting as many as 33 million people worldwide and 180.000 people in Portugal (Alzheimer 

Europe, 2013), being the European country with the 4th highest prevalence of AD dementia (OECD 

Indicators, 2017). These numbers are expected to double every 20 years, at least until 2040 (Mayeux 

and Stern, 2012). AD incidence in the elderly is very high and has been consistently shown to increase 

with age, from an incidence rate of 0,5% per year in individuals aged between 65 to 70 years to 6-8% 

in individuals over 85 years (Mayeux and Stern, 2012). AD not only shortens life expectancy, but is 

also the major cause of disability, decreased quality of life, and institutionalization among the elderly. 

Indeed, among individuals over 60 years of age, dementia is responsible for a higher percentage of 

years lived with disability than stroke, musculoskeletal disorders or cardiovascular disease (Qiu and 

Kivipelto, 2009). Furthermore, AD inflicts a devastating burden on caregivers, severely affecting family 

health and welfare as well as the healthcare systems of many countries around the world. Thus, there 

is global concern about the growing AD epidemic, and both research and clinical efforts have been 

increasingly focused on identifying prophylactic as well as therapeutic strategies against AD. 

 

1.2 Alzheimer’s Disease – Clinical presentation and mechanisms of pathology 

AD patients suffer from progressive memory loss, with other cognitive functions being gradually 

affected/damaged as the disease progresses, such as language, executive and visuospatial functions, 
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and emotional regulation. Additionally, patients can display mood and personality changes as well as 

increased anxiety and confusion. This variety of symptoms arises from underlying cellular dysfunction 

in the brain, leading to widespread neuronal atrophy and loss that disturbs complex processes such 

as memory and cognition. The neuropathological hallmarks of AD are senile plaques, composed of 

extracellular aggregates of Aβ peptide, and neurofibrillary tangles (NFTs), arising from the intracellular 

aggregation of hyperphosphorylated Tau protein (Querfurth and Laferla, 2010), which are 

accompanied by astrogliosis  and microglial cell activation (Serrano-pozo et al., 2011). Each lesion 

has a characteristic pattern of distribution, appearing in specific brain regions and spreading 

throughout the brain as the disease progresses (Serrano-pozo et al., 2011; Spires-jones and Hyman, 

2014). Amyloid plaques appear and mainly accumulate in the neocortex, while the allocortex, basal 

ganglia, brainstem and cerebellum are affected afterwards and to a lesser extent (Serrano-pozo et al., 

2011). NFTs have a more predictable spatiotemporal pattern of distribution compared to amyloid 

plaques. NFTs start in the allocortex of the medial temporal lobe, which includes the entorhinal cortex 

and hippocampus, spreading later to the associative neocortex, while somewhat sparing the primary 

sensory, motor and visual areas (Serrano-pozo et al., 2011). Several studies have established that the 

amount and distribution of NFTs correlates with both the severity and duration of the disease 

(Giannakopoulos and Herrmann, 2003; Gomez-isla et al., 1997; Ingelsson et al., 2004).  However, 

the quantity of amyloid lesions exhibits no correlation with the severity or duration of disease 

(Giannakopoulos and Herrmann, 2003; Ingelsson et al., 2004; Spires-jones and Hyman, 2014). 

Despite these differences in the clinicopathological correlations of amyloid and Tau lesions, it is known 

that the accumulation of both neurotoxic products is required for the development of AD. Interestingly, 

these lesions are also found in the brains of healthy aged individuals, supporting the idea that they 

can also occur during normal ageing. 

Figure 1. Neuropathologival hallmarks of Alzheimer’s Disease. Brain section from neocortex of an AD patient, 
stained using double label immunohistochemistry for Aβ, showing senile plaques (green arrows), and Tau 
protein, staining NFTs (blue arrows); adapted from (Nelson et al., 2012)). 
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1.2.1 Amyloid-β – the initiator of AD neurodegeneration? 

 The main component of amyloid plaques is Aβ, which is formed from the sequential cleavage 

of Amyloid Precursor Protein (APP). APP is a type I transmembrane protein, consisting of a single 

membrane-spanning domain, a large extracellular N-terminus, and a shorter cytoplasmic C-terminus 

(Haass et al., 2012). The rate limiting step for Aβ production is the proteolytic cleavage of APP by β-

secretase (BACE), resulting in a short, membrane-associated C-terminal fragment, C99. This fragment 

undergoes a second cleavage by γ-secretase within the transmembrane domain, resulting in its 

membrane release and generating Aβ (Agostinho and Pli, 2015; Haass et al., 2012).   

Figure 2. Proteolytic processing of APP through the amyloidogenic and non-amyloidogenic pathways. 

APP can undergo cleavage through the amyloidogenic or non-amyloidogenic pathways. In the former, APP is 

cleaved by BACE1, leading to the formation of C99, which is then cleaved by γ-secretase to produce Aβ. In the 

latter, APP is cleaved within the Aβ sequence, thus preventing its formation, and instead generating C83, which 

is then cleaved by γ-secretase to produce p3; adapted from Vaz-Silva J’s Master thesis. 

APP intracellular trafficking and distribution within the cell determines its proteolytic fate. APP 

is synthetized in the endoplasmatic reticulum (ER), being transported to plasma membrane (PM) 

trough the secretory pathway, where it undergoes post-translational modifications by N- and O-linked 

glycosylation. A small fraction of APP is reported to reach the PM, while the majority of APP localizes 

to the Golgi pathway and trans-Golgi Network (TGN), however most studies were performed under 

APP overexpressing conditions (Haass et al., 2012). At the PM, surface APP is rapidly endocytosed 

into early endosomes and recycling endosomes, where it can be recycled back to the PM or to TGN 

(Ubelmann et al., 2017). Additionally, endosomal APP can also be sorted for degradation in the 
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lysosome through the endo-lysosomal pathway (Edgar et al., 2015; Haass et al., 1992). Surface APP 

at the PM is cleaved by α-secretase, which cleaves APP within the Aβ sequence and thus, prevents 

Aβ generation (Agostinho and Pli, 2015). BACE and γ-secretase cleavage mainly occurs in the 

endosomal compartments, which presents an acidic environment that is ideal for BACE activity. 

Endocytosis of both APP and BACE is essential for Aβ production. Indeed, inhibiting endocytosis has 

been shown to reduce Aβ levels, while synaptic activity, which leads to increased endocytosis, 

increases Aβ levels (Cirrito et al., 2005). Since neuronal trafficking of APP and BACE is mainly 

segregated, endocytosis promotes the convergence of both proteins within the endosomal 

compartment (Ubelmann et al., 2017). Interestingly, several genes identified as being strongly linked 

to AD, such as BIN1, CD2AP and SORL1, have been implicated in regulation of trafficking pathways 

into and out of endosomes (Small et al., 2017).  Indeed, deregulation of these proteins seems to be 

involved in endosomal traffic jams that destabilizes membrane trafficking and promotes increased 

residence time of APP and/or BACE within the endosomal pathway, thus affecting Aβ levels (Small et 

al., 2017). Once produced, Aβ is either secreted to the extracellular environment or it can be 

accumulated in endosomes. 

Figure 3. APP and BACE membrane trafficking dynamics. Recently synthetized proteins travel and 

mature through the secretory pathway (1) until the plasma membrane (PM) (2). APP and BACE are internalized 

from the PM and meet within the endocytic pathway (3), which provide the necessary acidic environment for 

BACE activity. At the early endosome, APP and/or BACE can be recycled through recycling endosomes (4) to 

the PM (5) or back to the trans-Golgi Network (6). They can be sorted through the endosomal system into late 
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endosomes (7), which can either fuse with lysosomes for protein degradation (8) or fuse with the PM and 

release their contents in the form of exosomes (9).; adapted from Vaz-Silva J’s Master thesis. 

The majority of Aβ peptide produced has a length of 40 residues (Aβ40), while a 42 residue 

peptide variant (Aβ42) is produced to a lesser extent. Aβ42 is more hydrophobic, and thus more 

prone to fibril formation and aggregation, and represents the predominant isoform found in senile 

plaques (Masters and Selkoe, 2012). Aβ isolation and sequencing represented a turning point in AD 

research, and decades of research has presented strong evidence about its role in AD development, 

being associated with profound neuronal and synaptic changes in the brain.  

Initially, Aβ plaques were considered the main accountable for neurotoxicity, however further 

studies proposed Aβ oligomers as the primary source of Aβ-induced toxicity. Indeed, APP transgenic 

mice, which overproduce Aβ, present synaptic changes and cognitive impairments before developing 

amyloid plaques, which suggests a neurotoxic influence of soluble Aβ (Mucke and Selkoe, 2012). Aβ 

oligomers have been shown to regulate both pre- and post-synaptic functions. At physiological low 

levels, Aβ was shown to facilitate presynaptic function, improving the release probability of synaptic 

vesicles and enhancing synaptic activity (Mucke and Selkoe, 2012). At high levels, Aβ is known to 

alter excitatory glutamatergic signaling and lead to synaptic loss (Palop and Mucke, 2010). Indeed, 

Aβ was suggested to function has a feedback loop controlling neuronal excitability at the post-synaptic 

level, since its extracellular release increases with neuronal activity (Cirrito et al., 2005). Additionally, 

pathological levels of Aβ oligomers are known to impair long-term potentiation (LTP) and induce long-

term depression (LTD) and spine loss (Palop and Mucke, 2010), while also altering dendritic 

architecture through cytoskeleton remodeling through activation of through its activation of 

extracellular-signal regulated kinase/mitogen activated protein kinase (ERK/MAP kinase) (Small et al., 

2001).  

Additionally, Aβ has been shown to stimulate Tau hyperphosphorylation through GSK3β 

activation (Lloret et al., 2015), as well as to impair protein homeostasis by destabilization of the 

proteasome system (Tseng et al., 2008). Indeed, not only Aβ, but also APP amyloidogenic processing 

into β-CTF, has been shown to destabilize Tau proteostasis (Moore et al., 2015), inducing Tau 

accumulation and hyperphosphorylation, thus suggesting an interplay between the Aβ overproduction 

and Tau pathology.   
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1.2.2 Tau protein – the final executor of neurodegeneration? 

As NFTs are mainly composed of hyperphosphorylated Tau protein, and emerging evidence 

suggests that the major detrimental effects of Aβ require Tau (Roberson et al., 2007), recent research 

efforts have focused on Tau’s role in neurons, and how Tau malfunction precipitates 

neurodegeneration in AD and other diseases – see also section 1.4.4.  

Tau is a member of the microtubule-associated protein (MAP) family, and early studies on Tau 

focused on understanding its role in microtubule (MT) assembly and stability. Tau interacts with MTs 

through its microtubule-binding domain (MB), a region composed of either 3 (3R-Tau) or 4 (4R-Tau) 

repeats of an evolutionarily conserved tubulin binding motif. These isoforms have different binding 

affinities, with 4R-Tau isoforms presenting a greater affinity for microtubule binding than 3R-Tau 

isoforms. Tau’s dynamic regulation of microtubule stability is in part regulated by its phosphorylation 

state. Dephosphorylated Tau has a higher affinity for MT binding, promoting its stability and 

polymerization, while phosphorylation of Tau at specific epitopes can decrease or even completely 

abolish its MT binding ability. Although Tau phosphorylation regulates its physiological function, the 

aberrant hyperphosphorylated state, such as is found in disease, is thought to contribute to impaired 

MT binding and neuronal destabilization and pathology. 

Tau is encoded by a single gene present in chromosome 17q21, which contains 16 exons. Full-

length Tau protein has 441 amino acids, composed of exons 1-13. Exons 2, 3 and 10 can undergo 

alternative mRNA splicing, being responsible for the existence of 6 Tau isoforms that differ by the 

absence or presence of 1 or 2 inserts in the N-terminus, and by the presence of 3 or 4 repeats of the 

tubulin binding motif at the C-terminus (Andreadis et al., 1992). Adults express all six isoforms of Tau, 

while in the fetal brain only the shortest isoform (0N3R) is expressed (Bakota et al., 2017). Tau is 

primarily expressed in the central and peripheral nervous system, where it is most abundant in 

neurons, though also expressed at lower levels in astrocytes and oligodendrocytes (Götz et al., 2013). 

Tau is also found in kidney, lung, and testis. In brain sections from mature animals, Tau is primarily 

observed in the axonal compartment of neurons, with little or no presence in the somatodendritic 

compartment (Dotti et al., 1987; Götz et al., 2013). However, in cultured hippocampal neurons, Tau 

compartmentalization does not occur, and Tau is present throughout the dendrites, axons and somata 

(Dotti et al., 1987). In brain tissue from patients with AD and other tauopathies, Tau loses its axonal 
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enrichment and redistributes to the soma and dendrites, where it accumulates in the early 

pathological state. Although this phenomenon is considered aberrant, recent studies have shown that 

Tau can be locally translated in dendritic spines during physiological events. 

 Figure 4. MAPT gene and the Tau splicing isoforms. Alternative splicing leads to the generation of six 

different Tau isoforms. Tau protein includes two major domains: the N-terminal projection and C-terminal 

domains. Tau isoforms differ by the absence or presence of one or two N-terminal inserts encoded by exon 2 

and 3, as well as the presence of either three or four repeat regions coded by exons 9, 10, 11 and 12 in the 

C-terminus; adapted from (Bakota et al., 2017).  

Although considerable research has focused on the role of Tau in microtubule dynamics, the 

fact is that Tau has a wide array of functions and interactors that are yet to be uncovered. Indeed, 

Tau is classified as an intrinsically disordered protein (IDP), with several IDP regions that fail to form 

a stable structure, providing conformational flexibility and thus a larger area for interaction (Bakota et 

al., 2017). In the Biological General Repository for Interaction Datasets (BioGRID) database, Tau is 

predicted to have 118 interactors. The structural instability of the IDP regions facilitates several 

biological processes, such as alternative splicing and post-translational modifications (PTM). Tau is 

subject to several PTM, such as phosphorylation, ubiquitination, methylation, acetylation and O-

GlcNAc modification (Morris et al., 2015). Since Tau is hyperphosphorylated in neurodegenerative 

disease states, phosphorylation is the most extensively studied PTM.  

 

Figure 5. Post-translational modifications of Tau. Post-translational modifications of endogenous Tau identified 

in the brain of WT-mice; adapted from (Morris et al., 2015). 
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Besides regulating Tau affinity for microtubules as previously described, Tau phosphorylation 

also seems to have a critical role on its intracellular distribution. In axons, Tau is found mainly in a 

dephosphorylated state, while in the soma around 80% of Tau is phosphorylated (Mandell and Banker, 

1996). It was recently demonstrated that hyperphosphorylation-mimetic mutants of Tau undergo 

increased sorting to dendritic spines, while phosphorylation-deficient mutants do not undergo sorting 

to the synapses (Hoover et al., 2010). Furthermore, phosphorylation of Tau at specific epitopes was 

shown to be essential for its translocation into dendritic spines, and is regulated by distinct signals 

including synaptic activity (e.g. phosphorylation at threonine 205) and Aβ (e.g. phosphorylation at 

serine 404) (Frandemiche et al., 2014). Additionally, it was recently shown that di-phosphorylated 

Tau in the 386-404 region is enriched at the post-synaptic density (Morris et al., 2015). These studies 

demonstrate that Tau has specific phosphorylation signatures that regulate its localization and 

function in neurons, under both physiological and pathological conditions. 

Other PTMs have also been shown to modulate Tau function and distribution in the cell. 

Acetylation of Tau has been shown to impair its degradation and clearance (Min et al., 2010), as well 

as AMPA receptor trafficking during long-term potentiation (LTP) (Tracy et al., 2016), interfering with 

microtubule regulation (Cohen et al., 2011) and promoting aggregation. On the other hand, 

ubiquitination signals Tau degradation, but also weakens its microtubule-binding activity (Min et al., 

2013). Ubiquitination and acetylation typically occur on lysine residues, leading to opposite effects on 

protein fate (Min et al., 2010; Morris et al., 2015), and suggesting that disruption of the balance 

between ubiquitination and acetylation could lead to Tau accumulation and ultimately to disease 

states. Indeed, in severe dementia cases, levels of Tau acetylation were elevated compared to those 

without cognitive impairment. Additionally, ubiquitinated Tau species are found in tangles; however, 

the effect of ubiquitination on Tau aggregation remains unclear (Min et al., 2013).  

Understanding the complex role of Tau within neurons is not an easy task due to its multiple 

binding partners, each with distinct functions. Thus, it was unexpected when conventional knockout 

of Tau (Tau-KO) in animal models presented no obvious behavioral or histological alterations in vivo 

(Dawson et al., 2001; Harada et al., 1994). The lack of effect on neuronal development and cellular 

function has been attributed to compensatory mechanisms, including the increased expression of 

certain MAP proteins. However, it was recently shown that aged Tau-KO mice exhibited increased 

motor impairment compared to control mice, a phenotype that was not observed in younger animals. 

This motor impairment seemed to result from diminished conductivity in the sciatic nerve due to 
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degeneration of myelinated fibers and progressive hypomyelination (Lopes et al., 2016a). Thus, 

further work is needed to better understand the impact of Tau in the nervous system. 

 

1.2.3 Tau proteostasis – a novel target against AD 

Accumulating evidence from clinical and animal studies suggests that Tau 

hyperphosphorylation and pathology correlates with synaptic loss and memory deficits in AD. Thus, 

reducing Tau levels is suggested as a promising therapeutic strategy in AD since recent experimental 

evidence shows that Tau reduction attenuates neuronal dysfunction and cognitive deficits in mouse 

models of AD (Rapoport et al., 2002; Roberson et al., 2007; Zempel et al., 2013). Thus, there is an 

increasing interest in understanding the mechanisms of Tau proteostasis, which regulate the balance 

between degradation and accumulation of Tau in the brain, since they may underlie disease-related 

Tau accumulation and aggregation in brain. 

Clearance of both physiological and pathological forms of Tau can occur through the 

proteasomal and autophagic degradative systems. Ubiquitination, wherein the small protein ubiquitin 

is conjugated to lysine residues on target proteins, is the major signal for protein degradation in the 

cell (Piper et al., 2014). Polyubiquitin chains, in which ubiquitin moieties are added to the initial 

ubiquitin at specific lysine residues, have specific biochemical signatures that can determine the 

protein’s degradative fate. For instance, the most extensively characterized polyubiquitination chains, 

formed via ubiquitylation of lysine at position 48 (K48) or position 63 (K63), lead to proteasome-

mediated degradation (K48) (Chesser et al., 2013), or degradation via the endocytic and autophagy 

pathways (K63) (Piper et al., 2014). Monoubiquitinated and polyubiquitinated forms of Tau have been 

found to accumulate in NFTs, suggesting impaired removal of proteins tagged for degradation (Wang 

and Mandelkow, 2012). Although polyubiquitinated Tau was initially identified mainly in the K48-linked 

form, new studies have also demonstrated the presence of K6-, K11- and K63-linked polyubiquitinated 

Tau, suggesting the involvement of multiple degradative pathways (Min et al., 2013; Wang and 

Mandelkow, 2012). 

The proteasomal pathway represents a major form of clearance for damaged or misfolded 

proteins. The canonical ubiquitin-proteasomal pathway (UPS) degrades substrates that are covalently 

tagged with polyubiquitin chains, and targeted to the 26S proteasome for proteolysis. Although Tau 

should represent an ideal UPS substrate, being a relatively small and unfolded protein, its proteasomal 
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degradation is somewhat controversial (Wang and Mandelkow, 2012). While several cellular studies 

show that Tau is a substrate of the UPS under physiological conditions (David et al., 2002; Dickey et 

al., 2007; Shimura et al., 2004), others have contrastingly shown that the role of the UPS in Tau 

degradation is negligible (Blard et al., 2005; Brown et al., 2005; Delobel et al., 2005). Interestingly, 

studies performed in both the mouse neuroblastoma cell line (N2a) or in primary cultured neurons 

(Brown et al., 2005; Delobel et al., 2005; Krüger et al., 2012) have shown little impact of the 

proteasome on Tau degradation. For instance, suppressing proteasomal activity in primary cultured 

neurons led to decreased, rather than increased, Tau levels (Krüger et al., 2012). Moreover, 

hyperphosphorylated Tau aggregates have been shown to be inaccessible to the narrow pore of the 

proteasome, and thus cannot be degraded through the UPS. 

Autophagy is a clearance mechanism for both long-lived proteins as well as aggregates and 

organelles, which are catabolized in the lysosome. Three types of autophagy have been described: 

macroautophagy, microautophagy and chaperone-mediated autophagy. The most common type is 

macroautophagy, which involves the formation of a double membrane phagophore to sequester the 

substrate, followed by the formation of an autophagosome that can fuse with the lysosome for 

degradation. Macroautophagy inhibition through 3-methyladenine treatment has been shown to 

increase levels of both soluble and insoluble Tau (Kaushik et al., 2009), while autophagy inducers 

enhance Tau clearance (Congdon et al., 2012; Krüger et al., 2012) and reduce the levels of Tau 

aggregates in Tauopathy mouse models (Lavenir et al., 2012). Impairment of lysosomal function has 

also been found to increase Tau accumulation and slow its degradation (Chesser et al., 2013; 

Hamano et al., 2008). However, the lysosome is the converging degradative organelle for several 

pathways, and its dysfunction does not represent unequivocal evidence of Tau degradation via 

macroautophagy. Another lysosomal degradative pathway is chaperone-mediate autophagy (CMA), in 

which cytosolic proteins are directly selected for lysosomal degradation through Hsc70 recognition of 

a conserved KFERQ motif, followed by translocation into the lysosome via LAMP2A binding (Min et 

al., 2013; Wang and Mandelkow, 2012). Tau contains two versions of this KFERQ targeting motif, and 

has been shown to undergo CMA; however, this pathway can also promote Tau aggregation due to 

the failure of some Tau mutants to undergo translocation, leading to generation of aggregation-prone 

Tau fragments (Kaushik et al., 2009). 

Previous work indicated that Tau degradation mainly relies on the UPS and autophagic systems. 

However, little research has been done to understand the potential role of another major cellular 
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degradative system, the endosomal-lysosomal pathway. In this study, we focused on unraveling the 

importance of intracellular endosomal and lysosomal trafficking for Tau proteostasis.  

 

1.3 The endosomal-lysosomal system – an essential player in neuronal proteostasis 

Intracellular membrane dynamics play a vital role in eukaryotic cell physiology, 

compartmentalizing the cell in different processing hubs, each with specialized roles. The 

endolysosomal system is a fundamental component of every cell, regulating the sorting, recycling and 

degradation of different cargos from the plasma membrane to the lysosome. Given its importance, 

many of the proteins involved in the regulation of this complex system are highly conserved and can 

be detected even in the earliest eukaryotic ancestors (Schmid et al., 2014). Although this pathway 

has mainly been studied as an intermediate for degradation, it participates in other cellular functions 

such as cell signaling, recycling, and cell polarity, among others (Maxfield, 2014). 

 

 

Figure 6. The endosomal-lysosomal system. Upon internalization, recently formed endocytic vesicles 

are directed for the tubulovesicular EE, where cargo can be sorted for recycling back to the plasma membrane 
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either directly or through recycling endosomes, or it can be selected for progression through the endolysosomal 

pathway, thus being directed to LE. In LE/MVBs, cargo is trapped inside ILVs, which fuse with the lysosomes 

for degradation. Alternatively, LE/MVBs can fuse with the PM, releasing their contents in the form of exosomes 

(not shown). Constant crosstalk between the TGN and the different endocytic compartments occurs, providing 

the pathway with essential components for its normal function and serving as an additional recycling pathway 

for internalized cargo; adapted from Huotari and Helenius, 2011. 

The endolysosomal system can be roughly divided into three intracellular components: early 

endosomes, late endosomes, and lysosomes, with cargo being sorted and transported sequentially 

through the different compartments. Endocytosis is the primary step in the pathway, wherein small 

endocytic vesicles are formed from invaginations of the plasma membrane, thus internalizing not only 

the components present at the membrane, but also nutrients and molecules from the extracellular 

environment (Maxfield, 2014). The internalized cargo is transported and fused with the early 

endosomes (EE), a network of dynamic tubulovesicular structures located at the cell’s periphery, 

resulting in the transfer of cargo and addition of membrane from endocytic vesicles into this structure 

(Klumperman and Raposo, 2014). The EE functions as a key sorting station, where proteins and lipids 

can be recycled to back the plasma membrane either directly or indirectly via the recycling endosomal 

compartment, while other molecules can undergo retrograde transport to the trans-Golgi Network 

(TGN) or be routed towards the lysosome (Scott et al., 2014). The small GTPase Rab5 is the master 

regulator of EE membrane dynamics, being involved in biogenesis, fusion and normal functioning. 

Recently, it was shown that knockdown of Rab5 to negligible levels leads to a dramatic decrease in 

the number of EEs, and a consequent reduction of late endosomes and lysosomes (Zeigerer et al., 

2012). 

Late endosomes (LE) function as a second trafficking hub and sorting station in the 

endolysosomal pathway. The transition between EE and LE is thought to occur progressively, through 

fission of tubular elements that are routed for recycling and the constant invagination of the endosomal 

membrane, to form intraluminal vesicles (ILVs). These steps lead to endosomal remodeling from a 

tubular into a globular-shaped, 250-1000 nm, endosome with distinctive lipid and protein 

compositions and the presence of small <50nm ILVs. A single endocytic compartment is suggested 

to mature through the different stages of the endocytic pathway. Indeed, it has been shown that 

individual endosomes can mature from EEs into LEs through the exchange of Rab5 for Rab7, a LE 

marker (Poteryaev et al., 2010; Rink et al., 2005). This hypothesis has been further supported by 

studies looking at LDL, showing that conversion of EEs into LEs is the major mode of its trafficking 

(Foret et al., 2012). However, other models, such as endocytic transport between heterotypic 
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compartments, have also been proposed. During the maturation process, LEs progressively 

accumulate ILVs, and thus many electron microscopy studies use the accumulation of ILVs as a tool 

to distinguish between EEs and LEs (Futter et al., 1996). The high number of ILVs gives a distinctive 

appearance to LEs, which are also termed multivesicular bodies (MVBs). ILVs main function is to 

sequester ubiquitinated cargo tagged for degradation (Williams and Urbé, 2007). The major complex 

regulating all the steps, from cargo sorting to membrane budding and fission, is the Endosomal Sorting 

Complex Requires for Transport (ESCRT), which will be discussed in greater detail below. Mature LEs 

can fuse to lysosomes, delivering their intraluminal content for degradation. Additionally, LEs are also 

important for the function of lysosomes, since they deliver essential proteins for lysosomal function, 

such as hydrolases, that arrive in a constant influx from the TGN (Huotari and Helenius, 2011). 

However, another fate is possible for this endocytic compartment: fusion with the PM, thus releasing 

its intraluminal contents in the form of small signaling vesicles, termed exosomes.  

Lysosomes are responsible for the degradation of incoming cargo for metabolic reuse, 

representing the ‘point of no return’ for many macromolecules, such as proteins, carbohydrates, 

nucleic acids and lipids. Lysosomes are typically spherical organelles with diameters between 200 

nm and >1µm (Klumperman and Raposo, 2014) and an acidic pH (approximately 4.5-5), essential 

for the proper activity of their many hydrolases. Disruption of lysosomal function leads to the 

accumulation of cellular waste, compromising the function of the whole cell. As such, disruption of 

endosomal-lysosomal trafficking is implicated in several proteinopathies, including neurodegenerative 

diseases, due to the accumulation of dysfunctional proteins. Indeed, abnormalities of the endosomal-

lysosomal system, including endosomal enlargement and high levels of lysosomal hydrolases, are 

reported as the earliest intracellular features of AD, before the emergence of Aβ plaques or NFTs and 

the appearance of symptoms. Additionally, in lysosomal storage disorders such as Niemann-Pick 

disease type C (NPC), where a common pathological hallmark is the accumulation of lysosomal 

substrates, NFTs accumulate in the brains of patients, suggesting that Tau pathology can occur with 

disruption of the lysosomal pathway. 

 

 

1.3.1 Endosomal Sorting Complex Required for Transport 

The ESCRT pathway is composed of a series of four protein complexes (ESCRT-0, -I, -II and -III) 

that are sequentially recruited to the endosomal membrane, regulating both cargo sorting and 

membrane budding dynamics. 
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Ubiquitination serves as a sorting signal throughout the endocytic system, redirecting proteins 

from the recycling pathway to the degradative pathway (Piper et al., 2014). Multiple-

monoubiquitinated and K63-linked polyubiquitinated proteins are recognized and sorted by the ESCRT 

complex, which concentrates cargo in endosomal clathrin microdomains before being internalized 

into ILVs, thus preventing the cargo from re-entering the recycling endosome or fusing with the PM 

(Piper et al., 2014).  Components of the ESCRT-0, -I and -II contain ubiquitin-interacting motifs, being 

the major complexes involved in cargo sorting.  

 

Figure 7. ESCRT machinery involved in cargo sorting through the endosomal-lysosomal pathway. The four 

ESCRT complexes are recruited to endosomal membrane by their interactions with membranes, clathrin, 

ubiquitin and/or each other; adapted from Urbe 2007. 

 

 

ESCRT-0 component hepatocyte growth factor (HGF)-regulated tyrosine kinase substrate (Hrs) 

is the first protein of this complex network to be recruited to the endosomal membrane, since it 

contains a FYVE domain, a lipid-binding motif that interacts with phosphatidylinositol 3-phosphate 

(PI3P), which is enriched on early endosomes. ESCRT-0 is essential for the initial selection of 

ubiquitinated cargo. Additionally, Hrs participates in the recruitment of downstream ESCRT proteins 

by direct interaction with ESCRT-I component, Tumor susceptibility gene 101 (TSG101) (Williams and 

Urbé, 2007). 

Besides its structural function, TSG101 also possesses ubiquitin interacting domains that 

participate in the recognition of ubiquitinated cargo. Indeed, in vitro studies have demonstrated that 
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depletion of TSG101 has a strong inhibitory effect on cargo degradation and alters endosomal 

morphology, supporting its importance for the proper functioning of this system. Proteins of the 

ESCRT-III complex are mainly involved in the formation of ILVs through membrane deformation and 

recruitment of accessory proteins for membrane budding and fission (Williams and Urbé, 2007). 

 

1.3.2 Rab35 – a star among Rab GTPases 

Rab GTPases are the largest family of small GTPases, with approximately 70 members in 

humans, and are important organizers of membrane trafficking in all eukaryotic cells (Wandinger-ness 

and Zerial, 2014). Rab GTPases contribute to the structural and functional identity of intracellular 

membrane compartments. A key aspect of this function is the innate characteristic of Rab GTPases 

as “molecular switches” that cycle between an active (GTP-bound) and inactive (GDP-bound) state. In 

GDP-bound form, Rab GTPases are usually cytosolic and chaperoned by Rab GDP dissociation 

inhibitor (GDI), which stabilizes the inactive state. While in the GTP-bound state, Rab GTPases are 

usually bound to membranes, recruiting effectors that recognize the activated Rabs and catalyze 

downstream evens, such as recruitment of signaling pathways, vesicle trafficking, and membrane 

fusion, among others (Sheehan and Waites, 2017). This reversible association with membranes may 

be due to the presence of a hydrophobic geranylgeranyl group (Stenmark, 2009), essential for 

mediating Rab GTPases function by allowing changes in membrane composition and intracellular fate 

of organelles, as in the previously discussed example of Rab5 exchange for Rab7. 
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Figure 8. Overview of Rab GTPases and its intracellular distribution. Rab GTPases are distributed across most 

intracellular membranes, contributing to their identity and function. Rab5 is localized to early endosomes, 

regulating endocytosis and endosomal fusion of clathrin-coated vesicles. Rab11 is involved in the protein 

recycling through the recycling endosomes. Rab7 is associated to late endosomes, mediating their maturarion 

and fusion with lysosomes. Rab35 is known to regulate protein recycling to the plasma membrane, retrograde 

trafficking to the trans-Golgi Network, as well as regulating protein sorting and degradation through the 

endolysosomal pathway (adapted from (Stenmark, 2009)). 

 

In these PhD studies, we focused on a specific Rab GTPase, Rab35. Rab35 was shown to be 

involved in the regulation of synaptic vesicle protein degradation through the regulation of the ESCRT 

complex (Sheehan et al., 2016; Uytterhoeven et al., 2011). Indeed, it was found that Hrs is an effector 

of Rab35, and is recruited upon Rab35 activation and subsequently serves to recruit downstream 

ESCRT pathway components (Sheehan et al., 2016). Interestingly, Rab35 and subsequent synaptic 

vesicle degradation was shown to be promoted by neuronal activity, consistent with its essential role 

in the maintenance of neuronal physiology and health (Sheehan et al., 2016). 

Additional functions have been described for Rab35, such as regulation of a fast recycling 

pathway from early endosomes to the PM (Kouranti et al., 2006) and regulation of endocytic recycling 

(Kouranti et al., 2006). Furthermore, Rab35 regulates trafficking into the retrograde pathway, a 
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recycling pathway from endocytic compartments back to the TGN (Cauvin et al., 2016). Specifically, 

Rab35 activation was shown to increase the retrograde trafficking of Mannose-6-Phosphate Receptor, 

an important protein that mediates the delivery of enzymes to lysosomes. Interestingly, genes 

identified as risk factors for late-onset AD, namely VPS35 and VPS26, encode proteins that regulate 

the retrograde pathway (Small, 2008; Small et al., 2005). 

Recent studies have begun to focus on the role of Rabs in neurodegenerative diseases including 

AD. Indeed, a subset of Rab GTPases, including Rab5 and Rab11, have been recently linked to AD 

neuropathology, through the regulation of APP amyloidogenic processing in endosomes (Ginsberg et 

al., 2012; Udayar et al., 2013). Additionally, it has been found that levels of specific Rab GTPases are 

altered in human patients with AD, highlighting the involvement of intracellular trafficking dynamics in 

disease pathophysiology (Ginsberg et al., 2010a, 2010b). 

 

1.4 Chronic stress – a key precipitant of brain malfunction and AD 

AD is increasingly accepted as a multifactorial disorder, with many risk factors suggested to precipitate 

AD. Recent attention has been given to the detrimental role of prolonged exposure to lifetime stress, 

as clinical studies suggest that stress may be causally related to AD. But how is stress defined and 

perceived by organisms? 

 

1.4.1 Stress and the HPA axis 

Nature seeks balance and equilibrium in its mechanisms. As such, living organisms tend to 

maintain their integrity and homeostatic balance with the internal and external environment. Stress 

is considered to be a disruption to homeostasis after the exposure to endogenous or exogenous 

challenges or “stressors”, which are considered unpleasant or threatening to the system (Kloet et 

al., 2008; McEwen, 2003). The organism’s response to stress represents an attempt to maintain its 

balance through the challenges presented, adapting and restoring homeostasis by generating a 

cascade of complex events. Effective coping requires the generation of a stress response upon 

exposure to a stressor, as well as its termination after stressor removal (Kloet et al., 2005). In 

organisms such as humans, maladaptative modifications can occur when the stress response is 

inappropriate and/or extended in time, leading to pathology in different systems, including the 
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nervous and immune systems (Sorrells and Sapolsky, 2007). The perception of stress challenges, 

as well as the persistence of their consequences, are very diverse among different individuals 

(Koolhaas et al., 2011). 

Figure 9. Schematic representation of the HPA axis. Upon stress exposure, CRH is released by the 

hypothalamus triggering ACTH release by the pituitary into the bloodstream. ACTH stimulates corticosteroid 

secretion by the adrenal cortex, which function as a negative feedback signal to the hypothalamus and 

The physiological response to stress can be separated into two different phases, the fast and 

the delayed response phase. During the fast phase, also known as the “fight or flight” phase, activation 

of the autonomic nervous system (SNA) occurs, leading to the release of catecholamines such as 

adrenaline and noradrenaline from the adrenal medulla.  This action heightens the body’s 

responsiveness to the situation at hand by increasing respiratory frequency and heart rate, blood flow 

to vital organs, as well as blood pressure and basal metabolic rate. During the delayed response 

phase, activation of the hypothalamus-pituitary-adrenal (HPA) axis stimulates release of corticotropin-

releasing hormone (CRH) in the paraventricular nucleus of the hypothalamus (PVN), which in turn 

promotes the release of adrenocorticotropic hormone (ACTH) from the pituitary, culminating in the 

secretion of glucocorticoids, the “stress hormones”, by the cortex of the adrenal gland (Lupien et al., 

2009). Glucocorticoids (GC) function as an inhibitory signal to the hypothalamus and pituitary, in a 

negative feedback loop of the HPA axis that is essential to prevent chronic hypersecretion of 

hormones, which could have deleterious effects such as loss of body mass and impaired immunity.  
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GC travel through the circulatory system, reaching every system in the human body and 

initiating adaptations to stressful events. GC are small, lipophilic molecules that can penetrate plasma 

membranes and the blood-brain barrier, exerting their effects on the brain through binding to 

glucocorticoid receptors (GR) and/or mineralocorticoids receptors (MR) within the cells (Kloet et al., 

2005). Interestingly, corticosteroids show a higher affinity for MR, with GR demonstrating almost 10 

fold lower affinity (Joëls and Baram, 2009). The difference in receptor affinity leads to preferential 

binding of GC to the MR, even at low levels, while the GR is only partially occupied under these 

conditions (Kloet et al., 2008). Thus, GR become increasingly activated as GC levels start to increase, 

which allows for a proper response and adaptation to stress. Upon entering the cell, GC bind to the 

GR, resulting in its homodimerization and translocation to the nucleus where it regulates gene 

transcription, thus affecting many cellular pathways and leading to an adaptative response to stress 

(Joëls and Baram, 2009). The GR initial activation by GC and translocation from cytoplasm to nucleus 

requires the involvement of molecular chaperones that bind to GR, such as Hsp90, Hsp70 and Hop. 

These are essential for opening of the GR binding cleft, enabling its steroid-binding activity (Murphy et 

al., 2003). 

 

1.4.2. Stress action in the brain 

GR are ubiquitously and abundantly expressed throughout the brain, exhibiting broad effects 

and making them important targets of stress exposure, while MR expression is restricted to specific 

brain areas such as the hippocampus and amygdala (Joëls and Baram, 2009). Together, both 

receptors regulate the brain’s sensitivity for stress, and determine its adaptation and coping ability. 

Interestingly, it has been shown that changes in GR expression are involved in the brain’s susceptibility 

to stress, as well as the development of neuropsychiatric disorders. 

The hippocampus is a crucial area involved in memory formation and retrieval. Under normal 

conditions, GC are involved in synaptic plasticity regulation, modulating long-term potentiation (LTP), 

which is an essential event in memory formation (Diamond et al., 1992). However, under stressful 

situations and high GC levels, LTP is impaired, while long-term depression, leading to weakening of 

neuronal synapses, is facilitated. Furthermore, GC have also been implicated in adult neurogenesis, 

regulation of dendrite dynamics, glutamate transmission and neuronal calcium influx, likely through 

N-methyl-d-aspartate (NMDA) receptors (Cameron and Gould, 1994; Kim et al., 2002). 
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1.4.3. Chronic stress and brain pathology 

Acute stress is usually adaptive and beneficial, having a crucial role in the maintenance of 

mental and physical health (Kloet et al., 2005). However, chronic exposure to stress can lead to 

maladaptive coping mechanisms, elevated levels of GC, and eventual brain damage. The effects of 

stress and the stress response vary among individuals, depending on personal coping strategies and 

stress sensitivity, making it difficult to understand the complete consequences of its exposure. 

However, some mechanisms and effects of chronic stress exposure are well documented. 

Stress affects neuronal structural remodeling, altering brain morphology in a region-specific 

manner. Studies have shown that chronic stress induces a decrease in hippocampal and prefrontal 

cortex volume (Cerqueira et al., 2007a, 2007b; Pinto et al., 2014). Here, chronic stress leads to 

synaptic loss, as well as atrophy of apical, but not basal, dendrites of the hippocampal area CA3 and 

CA1 pyramidal neurons (Pinto et al., 2014; Sotiropoulos et al., 2008a). In humans, a positive 

correlation between elevated blood cortisol levels, reduced hippocampal size and impaired cognition 

has been observed, which is reversible following the decrease of corticosteroid levels. Interestingly, in 

other brain areas, such as the amygdala and nucleus accumbens, prolonged exposure to stress leads 

to an increase in dendritic arborization (Campioni et al., 2009; Sapolsky, 2003). Additionally, GC have 

been proposed to induce cell death of pyramidal neurons in the hippocampus, due to increased 

calcium influx and excitotoxicity. In more recent studies with animal models of stress, cell death was 

rarely found and happened only in the most extreme cases.  

Stress and GC also significantly reduce adult neurogenesis in the dentate gyrus of the 

hippocampus, thus leading to a decreased number of newly generated neurons (Krishnan and Nestler, 

2008). These new cells are functional, integrating into the hippocampal circuitry and being involved 

in memory formation. Altogether, these findings support a critical role of GC and stress in the 

regulation of brain morphology and function. However, the underlying molecular mechanism 

regulating these complex events are still not well understood.  
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Figure 10. The influence of stress in the brain along the life cycle. Stress exposure influences brain in a 

variety of ways at different stages in life. Notably, brain areas that present a rapid decline with ageing are highly 

susceptible to the effect of stress exposure during adulthood and aging (red bars); adapted from (Lupien et al., 

2009).  

 

 

1.4.4 Chronic stress and AD neurodegeneration 

 

Aged individuals have a compromised ability to cope with stress, and are at greater risk of 

suffering from maladaptative effects of excessive stress exposure. Inappropriate stress responses 

include exaggerated or prolonged GC release, indicating a deregulation of the HPA axis feedback 

mechanisms. Multiple links between chronic stress and AD neurodegenerative pathology have been 

described. Indeed, both AD and chronic stress cause synaptic loss and dendritic atrophy, leading to 

cognitive impairments (Sotiropoulos et al., 2008a). The GC negative feedback loop has also been 

shown to be reduced in AD patients as a major part of the AD patients exhibit dysregulation of HPA 

axis followed by  elevated cortisol levels (Elgh et al., 2006). The latter positively correlates with the 

severity of cognitive impairment in these patients (Elgh et al., 2006). Furthermore, two transgenic AD 

mouse models exhibit altered corticosteroid secretion, although it is difficult to know whether this is 

cause or consequence of the disease (Green et al., 2006; Touma et al., 2004). Chronic stress also 

exacerbates memory deficits in AD transgenic mouse models, suggesting that stress accelerates 

disease progression (Jeong et al., 2006). 

Additional evidence has revealed a close relationship between chronic stress/GC and AD 

disease mechanisms at the molecular level. Several studies demonstrate that chronic stress and GC 

promote APP processing through the amyloidogenic pathway, leading to increased C99 levels and Aβ 
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production (Catania et al., 2009a). In these studies, GC was shown to up-regulate APP and BACE1 

transcription through GR binding, since both APP and BACE have glucocorticoid response elements 

(GRE) in their promoter regions (Green et al., 2006). Other reports also demonstrate increased levels 

of γ-secretase complex, such as Nicastrin, by chronic stress. Interestingly, it has been shown that GC 

potentiate APP misprocessing and Aβ production in AD models that were previously stressed, which 

is a finding of major importance, since stressful situations usually occur intermittently throughout life, 

instead of being the result of a single event (Catania et al., 2009a). Together, these studies suggest 

that stress has a cumulative effect on AD progression and that exposure to different events throughout 

live can potentiate the development of disease pathology. 

Chronic stress and GC also aggravate Tau pathology, another key pathological mechanism of 

AD. Previous studies in animal models demonstrate that stress triggers Tau hyperphosphorylation and 

accumulation in neuronal cell bodies, affecting Tau phosphorylation at specific epitopes correlated 

with cytoskeletal pathology, synaptic loss, and hippocampal atrophy in AD patients (Sotiropoulos et 

al., 2011a). More recently, it has been demonstrated that GC and chronic stress are also responsible 

for the missorting and build-up of Tau in dendritic spines, leading to the accumulation of Tau with 

specific phosphorylation signatures (Pinheiro et al., 2016). In contrast to APP and BACE, the effect of 

GC on Tau levels is not dependent on its synthesis, since GC does not affect Tau expression levels 

(Sotiropoulos et al., 2008b). However, previous cellular and animal studies demonstrated that chronic 

stress and high GC levels trigger different aspects of Tau pathology, such as Tau hyperphosphorylation 

at different phospho-epitopes, truncation of Tau protein, as well as accumulation and aggregation of 

Tau into neurotoxic inclusions ((Sierra-fonseca and Gosselink, 2018; Sotiropoulos et al., 2011b) ). 

Interestingly, recent studies also show that stress and GC cause missorting of Tau to synapses, 

triggering GluN2B-related excitotoxic signaling (Lopes et al., 2016b). Importantly, knockdown of Tau 

blocks stress-induced brain pathology, preventing neuronal dendritic atrophy and synaptic loss as well 

as memory and mood impairments (Lopes et al., 2016b). The above studies conclusively show that 

APP misprocessing and Tau accumulation represent key neuronal mechanisms through which chronic 

stress and elevated GC levels trigger neuronal malfunction, synaptic loss and memory impairment 

precipitating AD pathology. However, it remains unclear how stress and GC trigger the APP 

misprocessing and the generation of Aβ as well as the accumulation of hyperphosphorylated Tau and 

which mechanisms may participate in the intraneuronal processing and trafficking of both APP and 

Tau that facilitates the overproduction of Aβ and Tau accumulation in AD neurons. Based on the 

suggested critical role of Rab GTPases as master regulators of protein trafficking and proteostasis, 
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these PhD studies explore the role of Rabs in Aβ & Tau proteostasis and their significance in AD 

(etio)pathogenesis. 

 

Figure 11. Schematic representation of the working hypothesis of these PhD studies monitoring the role 

of Rabs on intraneuronal mechanisms of trafficking and proteostasis related to APP misprocessing and Tau 

accumulation in stress and AD brain pathology.  
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AIMS 

 

Over the last decade, many research efforts have focused on elucidating the intracellular mechanisms 

that underlie Alzheimer’s disease (AD), including Amyloid Precursor Protein (APP) misprocessing and 

accumulation of hyperphosphorylated Tau. However, our knowledge about the intracellular trafficking 

and processing of APP and Tau in both healthy and diseased neurons remains limited.  

  

Rab GTPases are master regulators of endosomal protein trafficking, contributing to the structural and 

functional identity of intracellular membrane compartments. Given the critical roles of Rab GTPases 

in endosomal trafficking and in light of the growing awareness that endolysosomal defects are linked 

to the pathogenesis of neurodegenerative diseases, the main goal of this PhD thesis is to understand 

the role of the Rabs and endosomal-lysosomal system in the regulation of APP and Tau proteostasis, 

and its involvement in the intraneuronal mechanisms through which chronic stress and GC trigger 

APP misprocessing and Tau accumulation towards the precipitation of  AD pathology. In particular, 

the objectives of this PhD thesis are summarized below: 

 

− study the role of endolysosomal pathway in APP intracellular trafficking and proteostasis  

− understand the involvement of Rab GTPases in Aβ generation under pathological conditions; 

− clarify the potential involvement of ESCRT pathway and Rab GTPases in Tau degradation 

− investigate the impact of chronic stress and main stress hormones, GC, on Rab GTPases 

and endolysosomal degradation as part of Tau accumulation and pathology;  

− monitor the therapeutic potential of Rab35 against pathological conditions related to Tau 

accumulation and downstream neuronal malfunction and atrophy.  
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Disclaimer: 

All data presented in figure 1A-B, figure 3 and supplementary figure 1, respective results and figure 

legend are adapted from Joao Vaz-Silva’s Master thesis and should not be considered as constituent 

part of this PhD thesis, however we could not exclude them from this chapter since this data is an 

integral part of the submitted manuscript. 

 

Abstract 

Cleavage of amyloid precursor protein (APP) into neurotoxic amyloid-β (Aβ) peptide is a key event in 

Alzheimer’s disease pathogenesis, but the intraneuronal mechanisms responsible for Aβ 

overproduction remain unclear. A series of complex membrane trafficking events regulate APP 

cleavage by β-secretase (BACE), the rate-limiting step in Aβ production. As master regulators of vesicle 

biogenesis, transport, and fusion, Rab GTPases catalyze the trafficking of APP and BACE1 throughout 

the endosomal network, and have recently been implicated in AD etiology. Here, we identify one such 

endocytic Rab, Rab35, as a potent negative regulator of Aβ production, and find that its levels are 

downregulated in AD and other pathological conditions promoting APP misprocessing such as 

exposure to chronic stress, a risk factor of AD. Moreover, we demonstrate that Rab35 attenuates Aβ 

production by decreasing the trafficking of both APP and BACE1 into the endosomal network, the 

major site of Aβ production. Mechanistically, Rab35 decreases endosomal APP levels by stimulating 

its fast recycling to the plasma membrane, and reduces endosomal BACE1 levels by stimulating its 

trafficking through the retrograde pathway to the trans-Golgi Network. These studies suggest that 
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Rab35 is a negative regulator of APP and BACE1 intraneuronal trafficking and subsequent Aβ 

production while deficits in Rab35 may promote AD brain pathology. 

 

Introduction 

Alzheimer’s disease (AD) is an age-related neurodegenerative disease that causes progressive 

memory loss and dementia. A pathological hallmark of AD is the presence of cerebral amyloid 

plaques, composed of aggregated amyloid-β (Aβ) peptides that accumulate following the proteolytic 

cleavage of Amyloid Precursor Protein (APP) (Querfurth and LaFerla, 2010). While the toxicity of 

amyloid plaques remains controversial, considerable evidence shows that Aβ peptides are neurotoxic, 

supporting the ‘amyloid cascade’ hypothesis that AD is initiated by Aβ production (Mucke and Selkoe, 

2012). Indeed, familial early-onset forms of AD are caused by autosomal dominant mutations in APP 

or presenilin genes that promote amyloidogenic processing of APP into Aβ. However, 95% of AD cases 

are sporadic and late-onset (LOAD), precipitated by a complex interplay of environmental and genetic 

risk factors . Intriguingly, many of the recently-identified genetic risk factors for AD are linked to 

endosomal protein trafficking.  

 The rate-limiting step for Aβ production is APP cleavage by -secretase 1 (BACE1); thus, APP 

and BACE1 trafficking/localization within the cell determine APP cleavage fate (Haass et al., 2012). 

After synthesis in the endoplasmatic reticulum (ER), APP and BACE1 are transported to the plasma 

membrane (PM) and subsequently internalized into the endosomal network, which contains the 

optimal acidic pH for BACE1 activity and has been identified as a major site of Aβ generation (Haass 

et al., 2012). Indeed, endocytosis of APP and BACE1 is essential for Aβ production (Cirrito et al., 

2005; Zou et al., 2007), and AD-linked genes are known to induce endosomal dysfunction and prolong 

the resident times of APP and/or BACE in endosomal compartments, accelerating Aβ production 

(Small et al., 2017; Ubelmann et al., 2017).  

 Rab GTPases are master regulators of endosomal protein trafficking, contributing to the 

structural and functional identity of intracellular membrane compartments (Stenmark, 2009). Rabs 

cycle between active (GTP-bound) and inactive (GDP-bound) states, with GTP-bound Rabs recruiting 

effectors that catalyze downstream events such as membrane fusion and vesicle transport (Stenmark, 

2009). Given their critical roles in endosomal trafficking, recent studies have begun to explore the role 

of Rabs in AD pathogenesis, and have identified a subset linked to AD etiology through their regulation 

of APP trafficking (Ginsberg et al., 2010, 2012; Udayar et al., 2013). However, the contributions of 
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Rab GTPases to AD pathophysiology and their molecular mechanisms of action remain poorly 

understood. 

 In the current study, we identify a specific Rab GTPase, Rab35, whose levels are significantly 

decreased under conditions that promote AD pathomechanisms (stress, advanced age), potentially 

linking it to disease etiology. Indeed, we find that Rab35 is the most potent suppressor of APP/BACE 

interaction in a gain-of-function screen of Rabs that regulate endocytic protein trafficking. Moreover, 

Rab35 overexpression decreases Aβ production in Neuro2a cells and human-derived cortical neurons. 

Mechanistically, we show that Rab35 decreases the localization and trafficking of both APP and BACE 

to endosomes, by stimulating APP recycling between endosomes and the PM, and BACE retrograde 

trafficking to the trans-Golgi network. Together, these findings implicate Rab35 as an important 

regulator of Aβ production, and suggest that inhibition of Rab35 expression or activity could be a 

precipitating factor in AD pathogenesis. 

 

Results 

 

Rab35 levels are decreased in pathological conditions of APP amyloidogenic processing 

Our recent work implicates Rab35 as a critical regulator of Tau pathology downstream of stress and 

glucocorticoids (GCs), the major stress hormones. Given that stress/GCs also stimulate Aβ production 

(Green et al., 2006b), and Rab35 is a key regulator of endosomal protein trafficking, we tested whether 

Rab35 also mediates APP misprocessing. In our previous study, we found that Rab35 levels were 

downregulated by GCs (Vaz-Silva et al., 2018). Therefore, we first assessed whether Rab35 levels 

were decreased not only by GCs, but also in response to chronic unpredictable stress, shown to 

stimulate Aβ production and AD progression in both transgenic animal models and human patients. 

We found that Rab35 levels were decreased by ~60% in chronically stressed animals compared to 

controls (Fig. 1C, D), and this decrease was not observed for other Rabs associated with endocytic 

protein trafficking (Fig. 1E, F). In parallel, we analyzed Rab35 levels in animals infused with Aβ 

peptides in the hippocampus to mimic early stages of AD. Remarkably, we found that Aβ infusion also 

dramatically decreased Rab35 levels, and that this effect was again specific for Rab35 (Fig. 1C, D). 

Since ageing is the highest risk factor for AD, we also compared Rab35 levels between young (4 

month old) and aged (22-24 month old) rats. Again, we observed a significant (~25%) decrease in 

hippocampal Rab35 levels in aged animals  (Fig. 1A, B), suggesting dysregulation of Rab35 expression 
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with age. Together, these experiments suggest a negative correlation between Rab35 levels and 

conditions favoring Aβ production, potentially implicating Rab35 in APP misprocessing. 

 

  

Figure 1. Hippocampal Rab35 levels decrease with ageing, chronic stress and Aβ infusion. A, B) 

Representative immunoblots (A) and quantification of Rab35 levels (B) in hippocampus of young (4-month-old) 

and aged (22- to 24-month-old) animals. Protein levels of Rab35 are decreased in aged animals (n = 13–17 

per condition, unpaired Student’s t-test, **P = 0.0056). C, D) Representative immunoblots (A) and 

quantification of Rab35 levels (B) in hippocampus of control (CON), stressed and Aβ-infused animals. Both 

chronic stress and Aβ-infusion decreases Rab35 protein levels in these animals. (n = 8–10 per condition, 

oneway ANOVA, Dunnet post hoc analysis, **PCON vs. stressed = 0.0075, **PCON vs. Aβ-infused = 0.0069). 
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E, F) Representative immunoblots (E) and quantification of Rab 5, 7, 8, 11 and 14 levels (F) in hippocampus 

of control (CON), stressed and Aβ-infused animals. Only Rab14 presented changes by infusion of Aβ (n=8–10 

per condition, oneway ANOVA, Dunnet post hoc analysis, *PCON vs. Aβ-infused = 0.0228). 

 

 

Rab35 suppresses APP amyloidogenic processing through regulation of APP/BACE1 interaction 

To assess whether Rab35 has a role in APP processing and Aβ production, we measured the levels 

of APP and its cleavage products in human induced pluripotent stem cell (iPSC)-derived cortical 

neurons lentivirally transduced with mCherry-tagged Rab35. Overexpression/gain-of-function of 

Rab35 did not alter total APP levels (Fig. 2A, B), but decreased the levels of APP C-terminal fragments 

(CTFs) by ~25% (Fig. 2A, C), and the levels of secreted Aβ42 and Aβ40 peptides by ~20% (Fig. 2C, 

D). The Aβ42/40 ratio was similar between conditions, indicating that production of both Aβ peptides 

was equally affected. These findings suggest a crucial role for Rab35 in the regulation of APP 

trafficking through the amyloidogenic pathway. 

 

Figure 2. Rab35 suppresses amyloidogenic processing of APP. A-C) Representative immunoblots (A) and 

quantification of APP (B) and CTFs (C) from iPSC-derived neurons transduced with mCherry or mCh-Rab35, 

and probed for APP and CTFs, tubulin and mCherry. Overexpression of Rab35 decreased CTF levels, but did 
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not alter total APP protein levels (n=19-21 per condition, unpaired Student’s t-test, *P = 0.0172). D, E) 

Measurement of Aβ peptides secreted by iPSC-derived human neurons transduced with mCherry or mCh-

Rab35. Rab35 overexpression decreased the levels of both Aβ40 and Aβ42 peptides (n=19-20, (Aβ40) 

unpaired Student’s t-test, **P = 0.0088, (Aβ42) unpaired Student’s t-test, **P = 0.0097). F) Ratio of 

Aβ42/Aβ40 in the culture medium of iPSC-derived neurons, showing no alteration based on Rab35 levels. 

 

  Since the rate limiting step for Aβ production is the cleavage of APP by BACE1 protease, we 

analyzed the effects of Rab35 and other endocytic Rab GTPases on APP/ BACE1 interaction through 

a previously-described bimolecular fluorescence complementation assay (Das et al., 2016). Here, 

APP was tagged with the N-terminal fragment of Venus fluorescent protein (VN), and BACE1 with the 

complementary C-terminal fragment (VC) (Fig.3A). First, we assessed Venus fluorescence expression, 

indicative of the APP/BACE interaction, in N2a cells co-expressing APP:VN and BACE:VC together with 

soluble mCherry (Fig. 3B). Next, using flow cytometry, we analyzed the median fluorescence intensity 

of Venus signal in N2a cells co-expressing APP:VN and BACE:VC together with the HA-tagged Rab 

GTPases. The HA tag was used to identify Rab-expressing cells in which Venus fluorescence was 

measured. Of the Rabs analyzed, Rab35 had the strongest suppressive effect on Venus fluorescence, 

indicating its ability to negatively regulate APP/BACE1 interaction and amyloidogenic APP processing. 

To confirm these findings, we performed fluorescence microscopy on N2a cells co-transfected with 

APP:VN and BACE:VC together with mCh or mCh-Rab35. Cells overexpressing Rab35 exhibited 

significantly less Venus fluorescence compared to mCh-expressing controls (Suppl. Fig.1A-B), 

confirming that Rab35 is an important regulator of amyloidogenic APP processing. Moreover, we 

assessed the effect of Rab35 on endogenous APP/BACE interaction, using the proximity ligation assay 

(PLA) in primary hippocampal neurons transduced either with mCh or mCh-Rab35. Consistent with 

our previous experiments, we found that Rab35 gain-of-function significantly decreased the number 

of PLA puncta, representing colocalized APP/BACE1, in neuronal cell bodies (Fig. 3D-E). Finally, since 

elevated GC levels are known to trigger amyloidogenic processing of APP (Green et al., 2006b) and 

to reduce Rab35 expression (Vaz-Silva et al., 2018), we hypothesized that stress/GC may influence 

APP/BACE interaction through Rab35. To test this concept, we performed the Venus fluorescence 

complementation assay in N2a cells transfected with mCh or mCh-Rab35 and treated with either 

DMSO (CON) or dexamethasone (GC), a synthetic glucocorticoid. Here, we found that GC treatment 

significantly increased Venus intensity in control mCh-expressing N2a cells, but not in Rab35-

expressing cells (Suppl Fig. 1E-F; Rab35 x GC interaction (F1, 291=5,989, p=0,015), overall effect of 

Rab35 (F1, 291= 41,35, p<0,0001), an overall effect of GC (F1, 291= 12,19, p=0,0006; Two-way 
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ANOVA). These findings suggest that Rab35 gain-of-function can suppress GC-induced amyloidogenic 

processing of APP. 

 

 

 

Figure 3. Rab35 is a negative regulator of APP/BACE interaction. A) Schematic of bimolecular fluorescence 

complementation assay with APP and BACE tagged with complementary (VN- or VC-) fragments of Venus 

fluorescence protein (VFP). Interaction between APP and BACE leads to reconstitution of VFP, allowing the 

identification of this interaction through analysis of fluorescence intensity. B) Representative 

immunofluorescence images of VFP signal, representing APP and BACE interaction, in N2a cells co-transfected 

with APP:VN and BACE:VC, as well as mCherry for cell labeling. C) Screening results for the effects of Rab 

GTPase gain-of-function on VFP fluorescence intensity (representing APP/BACE interaction) in N2a cells 
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analyzed through flow cytometry. Rabs 6, 15 and 26 were identified as positive regulators, and Rabs 3, 35 and 

39 as negative regulators of this interaction (**p<0.01, ***p<0.001, ****p<0.0001 One-way ANOVA, Dunnet 

post-hoc analysis, n=2 experiments). D, E) Proximity ligation assay (PLA) for APP/BACE interaction in primary 

hippocampal neurons transduced with either mCh or mCh-Rab35. Rab35 gain-of-function decreased the 

number of PLA puncta, representing endogenous APP and BACE interaction, in neuronal cell bodies compared 

to mCh control (**p<0.01, unpaired student’s t-test, n=2 experiments). 

 

 

Supplementary Figure 1. GC-induced APP/BACE interaction is blocked by Rab35 overexpression. A, B) 

Validation of Rab35 as a regulator of APP/BACE interaction by immunofluorescence microscopy of N2a cells 

expressing mCh or mCh-Rab35, co-transfected with APP:VN or BACE:VC. Rab35 overexpression significantly 

decreased VFP fluorescence, representing APP/BACE interaction (Scale bar: 10 µm) (n=26-27 cells per 

condition, Mann–Whitney U-test, ****P<0.0001). C, D) Representative immunofluorescence images of 

APP/BACE Venus signal in N2a cells expressing mCh or mCh-Rab35 and treated with either GC or vehicle 

control. GC treatment led to an increase in APP/BACE interaction, quantified by Venus fluorescence intensity, 
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in mCh-expressing cells, but this effect was blocked and comparable to the control condition in mCh-Rab35 

expressing cells, which exhibit an overall decrease in Venus fluorescence (Scale bar: 10 µm) (n=3 experiments, 

two-way ANOVA, Rab35 x GC interaction F1, 291=5,989 P=0,015, overall Rab35 effect F1, 291= 41,35, 

P<0,0001, overall GC effect F1, 291= 12,19, p=0,0006, Tukey post hoc analysis *# p<0.05 against mCh 

control, ***p<0.001). 

 

 

Rab35 regulates APP and BACE intracellular distribution 

Rab35 regulates multiple cellular trafficking events to maintain a normal distribution of plasma 

membrane and endosomal proteins (Chaineau et al., 2013). To determine whether Rab35 influences 

the trafficking of APP and/or BACE, we investigated the effects of Rab35 gain- or loss-of-function on 

APP and BACE colocalization with endosomal markers in hippocampal neurons. We found that Rab35 

indeed regulates APP distribution within the endocytic pathway, as its  overexpression decreased APP 

colocalization with both EEA1-positive early endosomes and Rab11-positive recycling endosomes, 

while its knockdown had the opposite effect (Fig. 4A, B; Suppl. Fig. 2 A, B). We previously 

demonstrated that Rab35 mediates protein degradation through the recruitment of the Endosomal 

Sorting Complex Required for Transport (ESCRT) pathway (Sheehan et al., 2016). Since APP has been 

shown to undergo degradation through the ESCRT pathway (Edgar et al., 2015), we analyzed the 

effects of Rab35 on APP degradation and colocalization with late endosomes (LEs)/lysosomes. Using 

a previously described cycloheximide (CHX)-chase assay to measure APP degradation, we found that 

Rab35 gain or loss-of-function did not significantly alter the degradation kinetics of APP or APP CTFs 

(Suppl. Fig. 2 E, F). Moreover, Rab35 knockdown led to an increased colocalization of APP with LAMP-

1 positive LEs/lysosomes, further indicating that Rab35 activation does not stimulate APP 

degradation. We also assessed the effects of Rab35 overexpression/knockdown on APP colocalization 

with trans-Golgi Network (TGN) marker syntaxin-6, but found no significant differences between these 

conditions and the control (Fig. 4C, D). Our results demonstrate that Rab35 promotes APP sorting 

out of the endosomal network, without altering APP degradation or localization at the TGN. 

 We next assessed BACE1 distribution in the endosomal and TGN compartments. As with APP, 

we found that Rab35 overexpression decreased, and knockdown increased, BACE1 localization to 

Rab11-positive endosomes (Fig. 5A, B). However, in contrast to APP, Rab35 overexpression led to an 

increase in BACE1 colocalization with syntaxin-6, indicative of higher levels of BACE1 in the TGN (Fig. 

5C, D). Since Aβ production occurs mainly in acidic recycling endosomes where APP and BACE1 

converge following endocytosis, our findings suggest that Rab35 activation decreases Aβ generation 

by decreasing APP and BACE1 residence within this compartment. 
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Figure 4. Rab35 decreases APP colocalization with recycling endosomes but not the TGN. A, B) Representative 

images and quantification of 14 DIV neurons transduced with mCh, mCh-Rab35, or shRab35, and 

immunostained for APP and Rab11. Rab35 knockdown increased APP colocalization with Rab11-positive 

recycling endosomes, while Rab35 overexpression had the opposite effect, indicating that Rab35 stimulates 

sorting of APP out of the endosomal network (Scale bar: 10 µm) (n = 62–78 cells per conditions, one-way 

ANOVA, Dunnet pos hoc analysis, ***PmCh vs. mCh-Rab35= 0.0010, ****PmCh vs. shRab35 <0.0001). C, 

D) Representative images and quantification of 14 DIV neurons transduced with mCh, mCh-Rab35, or 

shRab35, and immunostained for APP and syntaxin-6. No significant changes were observed in APP 

colocalization with syntaxin-6 by depletion and/or overexpression of Rab35 (Scale bar: 10 µm)  (n=64-70 cells 

per condition). 
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Supplementary Figure 2. APP endosomal distribution, but not degradation, is regulated by Rab35. A-B) 

Representative images and quantification of 14 DIV neurons transduced with mCh, mCh-Rab35, or shRab35, 

and immunostained for APP and early endosome marker EEA1. Rab35 knockdown increased, and 

overexpression decreased, APP colocalization with EEA1 (Scale bar: 10 µm) (n = 51–62 cells per conditions, 

one-way ANOVA, Dunnet pos hoc analysis, ***PmCh vs. mCh-Rab35= 0.0155, ****PmCh vs. shRab35 

<0.0001). C, D) Representative images and quantification of 14 DIV neurons transduced with mCh, mCh-

Rab35, or shRab35, and immunostained for APP and late endosome/lysosome marker LAMP1. Rab35 

knockdown increased APP colocalization with LAMP1, while Rab35 overexpression did not significantly alter 

this change (Scale bar: 10 µm) (n = 50–54 cells per conditions, one-way ANOVA, Dunnet pos hoc analysis, 
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PmCh vs. mCh-Rab35= 0.4369, *PmCh vs. shRab35 =0.0213). E-G) Representative immunoblots (E) and 

quantification of APP and CTF degradation (F, G) from 14 DIV primary neurons transduced with EGFP, GFP-

Rab35 or shRab35, treated with cycloheximide (CHX) for 0, 2, 4 or 8 hours, and probed for APP, CTFs and 

tubulin. Modulation of Rab35 levels did not alter APP and/or CTF degradation dynamics (nAPP=7-8 per 

condition/timepoint, nCTFs=5-6 per condition/timepoint). 

 

Figure 5. Rab35 decreases BACE1 colocalization with recycling endosomes, and increases colocalization with 

TGN. A, B) Representative images and quantification of 14 DIV neurons transduced with mCh, mCh-Rab35, or 

shRab35, and immunostained for BACE1 and Rab11. Rab35 overexpression decreased, and knockdown 

increased, BACE1 colocalization with Rab11, suggesting that Rab35 regulates BACE1 trafficking to the 

endosomal network (Scale bar: 10 µm) (n = 58-66 cells per condition, one-way ANOVA, Dunnet pos hoc 

analysis, ****PmCh vs. mCh-Rab35<0.0001, **PmCh vs. shRab35 = 0.0011). C, D) Representative images 

and quantification of 14 DIV neurons transduced with mCh, mCh-Rab35, or shRab35, and immunostained for 

BACE1 and syntaxin-6. Overexpression of Rab35 increased BACE1 colocalization with the TGN; however, 
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knockdown of Rab35 did not significantly change this colocalization (Scale bar: 10 µm) (n = 68-69 cells per 

condition, one-way ANOVA, Dunnet pos hoc analysis, **PmCh vs. mCh-Rab35 = 0.0068). 

 

Rab35 stimulates APP recycling into the plasma membrane 

Rab35 has been shown to regulate a fast endocytic recycling pathway from early endosomes to the 

PM that operates in parallel to Rab11 recycling endosomes (Kouranti et al., 2006). Moreover, Rab35 

activation stimulates the retrograde trafficking of Mannose-6-Phosphate Receptor to the TGN, 

suggesting a role in sorting proteins into the retrograde pathway (Cauvin et al., 2016). To determine 

whether Rab35 mediates APP and/or BACE sorting into either of these pathways, we used antibody 

feeding assays to monitor APP and BACE internalization and trafficking in N2a cells. We first assessed 

the retrograde trafficking of APP. Here, cell-surface GFP-APP was labeled with 22C11 antibody, and 

colocalization of the internalized, antibody-labeled protein with syntaxin-6 was measured at different 

timepoints (0, 10, 30, 60 minutes post-labeling) in cells expressing control or HA-Rab35 constructs. 

We found that Rab35 overexpression did not alter the colocalization of internalized APP with the TGN 

(Fig. 6A, B), suggesting that APP trafficking through the retrograde pathway was not affected by 

Rab35. However, we did observe significantly increased cell-surface APP levels in N2a cells 

overexpressing Rab35 versus the control construct (Fig. 6A, C). Since surface APP is mainly cleaved 

by α-secretase, which prevents Aβ production, this finding is consistent with Rab35’s role as a 

negative regulator of amyloidogenic APP processing. Moreover, these data suggest that Rab35 may 

promote the fast endocytic recycling of APP to the PM. To test this concept, we measured the recycling 

of internalized APP back to the PM at several time points, again using 22C11 antibody to label cell-

surface GFP-APP, followed by incubation with unlabeled secondary antibody to block the signal from 

residual non-internalized APP. Recycled APP was then detected at the PM with fluorophore-conjugated 

secondary antibodies. Here, our results showed that Rab35 overexpression increased both APP 

internalization and recycling to the PM after a 60 min incubation period (Fig. 6D-F). These data 

indicate that Rab35 overexpression stimulates APP endocytosis recycling, and time at the PM, thereby 

decreasing its accumulation in endosomes.  
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Figure 6. Rab35 stimulates APP recycling to the plasma membrane A-B) Representative images and 

quantification of N2a cells cotransfected with GFP-APP and HA vector control or HA-Rab35, in which cell-surface 

APP was labeled with 22C11 antibody, and cells were incubated for 0, 10, 30 or 60 minutes of ‘chase’ time 

prior to their fixation and immunostaining with syntaxin-6 to label the TGN. Overexpression of Rab35 did not 

significantly alter the colocalization of APP with syntaxin-6 at any timepoint, indicating no change in its trafficking 

to the TGN (n=53-69 cells per condition/timepoint). C) Rab35 overexpression increased the level of cell-surface 

APP assessed at timepoint 0, indicating that Rab35 boosts APP levels at the PM (n = 62–66 cells per condition, 

Mann–Whitney U-test, ****P < 0.0001). D-F) Representative images and quantification of N2a cells 

cotransfected with GFP-APP and either HA or HA-Rab35, in which APP recycling was assessed after labelling 
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cell-surface APP with 22C11 and analyzing its internalization or reappearance at the PM after 0, 10, 30 and 

60 minutes of chase. Rab35 overexpression increased APP internalization and recycling at the 60 minute 

timepoint, indicating its ability to stimulate fast endocytic recycling of APP (APP recycling, n=39-58 cells per 

condition/timepoint, 2-way ANOVA, Time × Rab35 interaction F3,377 = 8.866 P < 0.0001, overall Rab35 

effect F1,377 = 14.11 P=0.0002, Sidak post hoc analysis ****P<0.0001) (APP internalization, n=39-58 cells 

per condition/timepoint, 2-way ANOVA, Time × Rab35 interaction F3,375 = 12.34 P < 0.0001, overall Rab35 

effect F1,375 = 26.57 P < 0.0001, Sidak post hoc analysis *P = 0.0163, ****P<0.0001). 

 

Rab35 promotes BACE1 trafficking through the retrograde pathway 

We similarly assessed whether Rab35 stimulates BACE1 trafficking into the retrograde and/or fast 

endocytic recycling pathways, using an N-terminal FLAG-tagged BACE1 construct together with FLAG 

antibody. Interestingly, we found that Rab35 overexpression increased the colocalization of 

internalized BACE1 with syntaxin-6 at the 30- and 60-minute time points (Fig. 7A, B), and increased 

BACE1 internalization at the 0 min timepoint (Fig. 7D), but decreased BACE1 recycling to the PM 

after 60 minutes (Fig. 7D, E). Moreover, cell-surface BACE1 levels are decreased in Rab35-

overexpressing cells, in contrast to surface APP levels (Fig. 7A, C). Together, these findings 

demonstrate that Rab35 stimulates BACE1 trafficking through the retrograde pathway, increasing its 

retrieval from the PM and endosomal compartment to the TGN, and decreasing its localization to 

recycling endosomes, where it would converge with APP and stimulate Ab production. 
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Figure 7. Rab35 stimulates the retrograde trafficking of BACE1. A-C) Representative images and quantification 

of N2a cells cotransfected with FLAG-BACE1 and either HA or HA-Rab35, in which cell-surface BACE1 was 

labeled with anti-FLAG antibody, and cells were incubated for 0, 10, 30 and 60 minutes of chase time prior to 

fixation and immunostaining with syntaxin-6.  Overexpression of Rab35 increased trafficking of internalized 

BACE1 to the TGN at both the 30- and 60-minute timepoints (n=61-72 cells per condition/timepoint, 2-way 

ANOVA, Time × Rab35 interaction F3,521 = 4.936 P = 0.0022, overall Rab35 effect F1,572 = 6.211 P = 

0.0130, Sidak post hoc analysis *P = 0.0323, **P=0.0014). C) Rab35 overexpression increased cell-surface 

BACE1 levels at timepoint 0 (n=63-70 cells per condition, Mann–Whitney U-test, ***P= 0.0007). D-F) 

Representative images and quantification of N2a cells cotransfected with FLAG-BACE1 and either HA or HA-
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Rab35, in which BACE recycling was assessed after labelling cell-surface BACE with anti-FLAG antibody and 

analyzed its reappearance at the PM after 0, 10, 30 and 60 minutes incubation. Rab35 overexpression 

decreased BACE1 recycling to the PM at the 60 minute timepoint (n=41-49 cells per condition/timepoint, 2-

way ANOVA, Time × Rab35 interaction F3,337 = 5.951 P = 0.0006, Sidak post hoc analysis *P = 0.0164, 

**P=0.0088), and increased BACE1 internalization at the 0 minute timepoint (n=40-49 cells per 

condition/timepoint, 2-way ANOVA, Time × Rab35 interaction F3,331 = 6.049 P = 0.0005, overall Rab35 

effect F1,331 = 4.852 P = 0.0283, Sidak post hoc analysis  ***P=0.0004). 

 

Discussion 

Numerous studies suggest that Aβ production is the triggering event for development of AD, 

underscoring the need to elucidate the cellular and molecular mechanisms of amyloidogenic APP 

processing in order to identify therapeutic targets. The current study reveals novel roles for Rab35 in 

APP and BACE1 trafficking, and implicates this Rab as a potent negative regulator of Aβ generation 

and thus the earliest event in AD pathogenesis. Moreover, studies indicate that Aβ is not the only toxic 

component of the amyloidogenic pathway, as β-CTFs are themselves neurotoxic and can promote 

Tau hyperphosphorylation and accumulation independently of Aβ production (Moore et al., 2015). 

Thus, instead of focusing exclusively on Aβ production, our study aims to uncover the mechanisms 

underlying APP/BACE1 interaction, the rate-limiting step for amyloidogenic cleavage of APP. We have 

identified Rab35 as a negative regulator of APP/BACE interaction both in cell lines and primary 

neuronal cultures, and shown that its gain-of-function leads to decreased levels of APP CTFs as well 

as Aβ40/42 peptides. 

 Interestingly, we find that Rab35 levels are decreased in multiple conditions linked to AD, 

including ageing, the strongest AD risk factor identified to date (Querfurth and LaFerla, 2010). Indeed, 

several studies report increased levels of Aβ and APP amyloidogenic processing in aged animals 

(Cisternas et al., 2018; Kimura et al., 2009, 2016). Although the underlying mechanism is still 

unknown, our results suggest a possible role for Rab35 in age-induced APP misprocessing. Moreover, 

Rab35 levels are decreased in animals exposed to chronic stress, another AD risk factor known to 

trigger Aβ production, leading to synaptic and dendritic atrophy and downstream cognitive and mood 

deficits (Catania et al., 2009; Lopes et al., 2016; Sotiropoulos et al., 2011). Here, we show that GCs 

influence APP/BACE interaction and that this effect is blocked by Rab35 overexpression, 

demonstrating an influence of chronic stress/GCs as well as Rab35 on the intracellular trafficking 

dynamics of these proteins. Our findings further suggest that upregulation of Rab35 levels or activity 

is a possible therapeutic intervention for stress-induced AD pathology. In addition, a recent study has 

demonstrated that aged mice expressing human ApoE4 exhibit decreased levels of Rab35 in their 
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brains compared to control animals (Alldred et al., 2018). The ApoE4 allele is the strongest genetic 

risk factor for LOAD, and its carriers exhibit significantly increased Aβ accumulation compared to 

carriers of other ApoE alleles (Huang et al., 2017). Altogether, these findings indicate that 

downregulation of Rab35 levels is a shared characteristic of several AD risk factors, highlighting the 

importance of investigating its relevance for disease etiology.  

 The earliest cellular features of AD are abnormalities of the endocytic and lysosomal 

machinery (Nixon, 2005), suggesting that dysfunction of endosomal trafficking is a triggering event 

for Aβ overproduction/accumulation and AD pathogenesis. Indeed, the endosomal compartment is 

the major site of Aβ production, and conditions associated with decreased residence of APP in this 

compartment typically decrease Aβ generation (Small et al., 2017). We recently demonstrated that 

Rab35 mediates the degradation of synaptic vesicle proteins and microtubule-associated protein Tau 

through the ESCRT pathway (Sheehan et al., 2016; Vaz-Silva et al., 2018). Thus, it is conceivable that 

Rab35 promotes the fast removal of APP from endosomes by stimulating its degradation. However, 

while APP is known to be degraded through the ESCRT pathway, we did not see any effect of Rab35 

gain- or loss-of-function on APP or CTF degradation rates, suggesting that Rab35 does not directly 

mediate the lysosomal degradation of APP. Interestingly, Aβ and β-CTFs are known to impair 

endosomal protein sorting and induce Tau accumulation, and we observe that infusion of Aβ into the 

rat hippocampus dramatically decreases Rab35 levels (Moore et al., 2015; Willén et al., 2017). These 

findings suggest that Aβ could indirectly promote Tau accumulation through inhibition of the 

Rab35/ESCRT pathway. Future studies are needed to test this concept and clarify the mechanism of 

Aβ-induced downregulation of Rab35. 

 Rab35 is also known to regulate a fast recycling pathway from early endosomes to the plasma 

membrane (Kouranti et al., 2006), and our study demonstrates that Rab35 gain-of-function increases 

the rate of APP endocytosis and recycling back to the plasma membrane. This function may be 

responsible for the faster removal of APP from recycling endosomes, thus preventing BACE-mediated 

cleavage in this compartment. Indeed, we find that Rab35 overexpression also increases levels of APP 

at the plasma membrane, where APP can be cleaved by α-secretase, preventing its amyloidogenic 

processing and Aβ production. In addition to its regulation of fast endocytic recycling, Rab35 also 

regulates protein trafficking through the retrograde pathway, which mediates protein retrieval from the 

endocytic pathway to the TGN (Cauvin et al., 2016). Interestingly, genes identified as risk factors for 

LOAD, namely VPS35 and VPS26, encode proteins that regulate the retrograde pathway, and APP 

trafficking through this pathway is hypothesized to circumvent its processing by BACE1 in endosomes. 
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Surprisingly, while we did not see any effect of Rab35 on the retrograde trafficking of APP, we found 

that Rab35 gain-of-function stimulates the retrograde trafficking of BACE1, with a higher percentage 

of endocytosed BACE1 reaching the TGN after 30 and 60 minutes compared to the control condition. 

This increase in BACE1 retrograde trafficking is hypothesized to reduce its residence time within the 

endosomal compartment, thus preventing its interaction with APP and subsequent amyloidogenic 

processing.  

 Previous studies report that BACE1 is endocytosed from the plasma membrane into the 

endosomal network through an Arf6-dependent pathway (Sannerud et al., 2011). Interestingly, Rab35 

and Arf6 are known to negatively regulate one another’s activation in a variety of cellular processes 

(i.e. cell migration, vesicle secretion, cytokinesis), suggesting that Rab35 overexpression may reduce 

BACE endocytosis via Arf6 inhibition, thereby preventing BACE1 interaction with APP in endosomes. 

Although we have not detected concordant changes in BACE1 internalization dynamics, further studies 

should be performed to clarify the Arf6/Rab35 signaling relationship in the context of APP and BACE 

trafficking.  

 In summary, we identify Rab35 as a crucial regulator of APP and BACE1 trafficking, with 

important implications for Aβ production and downstream amyloid pathology. Based on emerging 

evidence implicating endosomal dysfunction in AD etiology, and the role of Rab35-mediated 

endosomal sorting in both APP processing and Tau degradation, it is clear that additional work is 

needed to investigate the therapeutic relevance of Rab35 and its trafficking pathways for AD pathology. 

 

 

Materials and Methods 

 

Primary neurons and cell lines 

Primary neuronal cultures were prepared from E18 Sprague Dawley rat embryos and maintained for 

14 DIV before use, as described previously (Sheehan et al, 2016). Neuro2a (N2a) neuroblastoma 

cells (ATCC CCL-131) and HEK293T cells (Sigma) were grown in DMEM-GlutaMAX (Invitrogen) with 

10% FBS (Atlanta Biological) and Anti-Anti (ThermoFisher) and kept at 37°C in 5% CO2. During 

dexamethasone treatment in N2a cells, FBS content in the growth media was reduced to 3%. 

Human iPSC-derived neuronal primary cultures were generated using manual rosette selection and 

maintained on Matrigel (Corning) (Topol et al., 2015). Concentrated lentiviruses express control-

sgRNA or hu-APP-sgRNA were made using Lenti-X concentrator (Clontech). The iPSC-derived neuronal 
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cultures were transduced with either control-sgRNA or hu-APP-sgRNA after Accutase splitting and were 

submitted to puromycin selection the subsequent day. Polyclonal lines were expanded and treated 

with puromycin for 5 more days before banking. Neuronal differentiations were carried out by plating 

165,000 cells/12 well-well in N2/B27 media (DMEM/F12 base) supplemented with BDNF 

(20 ng/ml) and laminin (1 ug/ml). 

 

Pharmacological treatments 

Pharmacological agents were used in the following concentrations and time courses: cycloheximide 

(Calbiochem, 0.2 µg/µl, 2, 4 or 8h), dexamethasone (Invivogen, 10 µM, 48 h) 

 

Lentivirus production, transduction, and DNA transfection 

DNA constructs were described previously (Sheehan et al, 2016; Vaz-Silva J et al, 2018). APP:VN and 

BACE:VC constructs were a gift from Dr. Subhojit Roy. Briefly, Rab GTPases were subcloned into 

pKH3 vector at the EcoRI site. Lentivirus was produced as previously described (Sheehan et al, 2016). 

Neurons were transduced with 50–150 µl of lentiviral supernatant per well (12-well plates) or 10–40 

µl per coverslip (24-well plates) either at 3 DIV for shRNA transduction or 10 DIV in gain-of-function 

experiments. Respective controls were transduced on the same day for all experimental conditions. 

Primary neuronal cultures were collected for immunoblotting or immunocytochemistry at 14 DIV. 

N2a cells were transfected using Lipofectamine 3000 after 24h of plating, according to the 

manufacturer’s instructions. For co-transfection in APP/BACE Venus assay, a double transfection was 

performed 48h after the first, to allow expression of the Rab GTPases constructs. These cells were 

then collected 18h after the second transfection. 

 

Flow cytometry 

N2a cells were detached using TrypLE Express (Life Technologies), for 5 min at 37ºC, resuspended 

in culture medium, and centrifuged (3,000 rpm, 5 minutes, 4 ̊ C). The pellet was washed once with 

0.2 mM EDTA and 0.02% BSA in 1x PBS (Flow buffer) and centrifuged again. The cell pellet was 

resuspended in 100 μl of flow buffer and then fixed with 4% paraformaldehyde solution for 15 min. 

Cells were washed with 1x PBS and resuspended in 1.5 % FBS and 0.05% saponin in 1x PBS 

(permeabilization solution) and placed on a shaker for 30 min, before centrifugation. Supernatant was 

discarded, and the cell pellet resuspended in permeabilization solution with anti-HA-tag Alexa(R)-647 

(Cell Signaling technologies) for immunostaining, placed on a shaker for 90 minutes at 4ºC. After 
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washing twice with flow buffer, cells were resuspended in ice-cold Flow Buffer (0,2% FBS, 0.5mM 

EDTA in PBS) and strained through a 35μm nylon mesh to promote single cell suspensions and kept 

in ice. Cells and fluorescence were analyzed in a BD Fortessa Cell Analyser and BD FACSDiva software 

(BD Biosciences). Unstained cells were used as a control for background fluorescence. Far-red (APC) 

and green (FITC) fluorescence were analyzed, as they marked the HA-tag and Venus fluorescence 

(APP/BACE interaction), respectively. 50,000 events were recorded for each sample, with two 

samples for each condition. Flow Cytometry data was analyzed using FCS Express 6 (DeNovo 

Software). Median fluorescence intensity of the Venus (APP/BACE) signal was calculated for the HA+ 

cells only, thus in double positive cells. The Venus median fluorescence intensity of each sample was 

compared to the average Venus median fluorescence of all samples, thus comparing each condition 

to the average of the whole population. Results were presented as percentage of the average. 

 

Proximity ligation assay 

Proximity ligation assay (PLA) was performed in N2a cells according to manufacturer’s instructions 

(Duolink, Sigma). Until the PLA probe incubation step, all manipulations were performed as detailed 

above for the immunocytochemistry procedure. PLA probes were diluted in blocking solution. The 

primary antibody pairs used were C1/6.1 (anti-APP, Mouse; Biolegend) and anti-BACE (Rabbit, Cell 

Signaling Technology). All protocol steps were performed at 37°C in a humidity chamber, except for 

the washing steps. Coverslips were then mounted using Duolink In situ Mounting Media with DAPI. 

 

Aβ Measurements 

Human iPSC-derived neuronal cultures were kept for 3 days post-transduction, after which 50% of the 

media was changed. Then, conditioned media was collected after 72h, centrifuged at 2,000 rcf for 5 

min and stored at –80ºC. Aβ42 and Aβ40 levels were measured using V-PLEX Aβ Peptide Panel 1 

(4G8) Kit (MesoScaleDiscovery, MSD) following the manufacturer’s protocol and their concentration 

was presented as percentage of control levels. 

 

Animals 

Male Wistar rats (Charles River Laboratories, France) were maintained under standard laboratory 

environmental conditions (lights on from 8a.m to 8p.m, room temperature 22°C, relative humidity 

55%, ad libitum access to food and water). 4- and 22/24-month old male Wistar Rats (Charles River 

Laboratories, Spain), young and age, respectively, were paired under standard laboratory conditions 
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(8:00 A.M. to 8:00 P.M.; 22 °C) with ad libitum access to food and drink. All experimental procedures 

were approved by the local ethical committee of University of Minho and national authority for animal 

experimentation; all experiments were in accordance with the guidelines for the care and handling of 

laboratory animals, as described in the Directive 2010/63/EU. 

 

Drugs and Treatment 

For monitoring the effect of Aβ-driven hippocampal pathology, we used 5 months old animals.  Aβ1-

40 (Eurogentec) was diluted to 2.5 µg/ul with sterile saline and incubated at 37°C for 1 week, as 

previously described for the Aβ1-40 aggregates (Prediger et al, 2007). For injection of Aβ1-40, 

animals were intraperitoneally anesthetized with 75 mg/kg ketamine (Imalgene, Merial) and 1mg/kg 

medatomidine (Dorbene, Cymedica). Aβ1-40 [2.5µg/µl, 4µl (600ml/min)] was stereotaxically 

injected bilaterally into the hippocampus (coordinates from Bregma: -3.0mm anteroposterior, 

+2.2mm mediolateral, -2.8mm dorsoventral according to Paxinos and Watson. The needle was kept 

in place for 5 minutes before retraction. The animals were removed from the stereotaxic frame, 

sutured and let to recover one day before starting the drug treatment. Sterile saline was bilaterally 

injected into the hippocampus of control animals. 

Chronic unpredictable stress paradigm lasted for 4 months and consisted of random application of 

one of the following stressors (one stressor per day): (i) rocking platform, (ii) air dryer, (iii) cold water 

and (iv) overcrowding. 

 

Western blotting 

For western blotting experiments, human iPSC-derived neuronal cultures were collected in Lysis Buffer 

(50 mm Tris-Base, 150 mm NaCl, 1% Triton X-100, 0.5% deoxycholic acid) with protease inhibitor 

(Roche) and phosphatase inhibitor cocktails II and III (Sigma) and clarified by centrifugation at high 

speed (10 min, 20,000 g). Rat dorsal hippocampi were homogenized in lysis buffer (50 mm Tris-

Base, 150 mm NaCl, 1% Triton X-100, 0.5% deoxycholic acid) or RIPA buffer with protease inhibitor 

(Roche) and phosphatase inhibitor cocktails II and III (Sigma) and clarified by centrifugation at high 

speed (10 min, 20,000 rcf). Protein concentration was determined using the BCA protein assay kit 

(ThermoFisher Scientific) and the same amount of protein was used for each condition, which was 

diluted and denatured in 2× SDS sample buffer (Bio-Rad). Samples were subject to SDS–PAGE, 

transferred to nitrocellulose membranes using wet (Mini Trans-Blot Cell, Bio-Rad), and probed with 

primary antibody in 5% BSA/PBS + 0.1% Tween-20, followed by DyLight 680 or 800 anti-rabbit, anti-



 99 

mouse (Thermo Scientific) or by HRP-conjugated secondaries (Bio-Rad). Membranes were imaged 

using an Odyssey Infrared Imager (model 9120, LI-COR Biosciences), and protein intensity was 

measured using the Image Studio Lite software (LI-COR Biosciences). 

 

Immunofluorescence microscopy 

Immunofluorescence staining in neurons and N2a cells was performed as previously described 

(Sheehan et al, 2016). Briefly, cells were fixed with Lorene’s Fix (60 mM PIPES, 25 mM HEPES, 10 

mM EGTA, 2 mM MgCl2, 0.12 M sucrose, 4% formaldehyde) for 15 min, and primary and secondary 

antibody incubations were performed in blocking buffer (2% glycine, 2% BSA, 0.2% gelatin, 50 mM 

NH4Cl in 1× PBS) overnight at 4°C or for 1 h at room temperature, respectively. Images were 

acquired using a Zeiss LSM 800 confocal microscope equipped with Airyscan module, using either a 

63× objective (Plan-Apochromat, NA 1.4), for neurons or N2a cell imaging, or a 40× objective 

(Neofluar, NA 1.4) for imaging of rat brain sections.  

 

Antibody feeding assay 

N2a cells were co-transfected with APP-GFP or FLAG-BACE1 and HA or HA-Rab35 constructs. 

Approximately 48 hours after plating, cells were starved in serum-free DMEM for 30 minutes. Cells 

were then incubated for 30 min at 4C with 22C11 antibody (anti-N-terminus of APP, Millipore) or 

anti-FLAG (Millipore). Antibodies were diluted in complete medium + 1M HEPES. Following antibody 

incubation, cells were washed with complete medium + HEPES and fixed with Lorene’s fixative for 15 

min or incubated at 37C for 10, 30, or 60 min and then fixed, followed by washing with 1X PBS. 

 

Recycling assay 

N2a cells were co-transfected with APP-GFP or FLAG-BACE1 and HA or HA-Rab35 constructs. 

Approximately 48 hours after plating, cells were starved in serum-free DMEM for 30 minutes. Cells 

were then incubated for 30 min at 4C with 22C11 antibody (anti-N-terminus of APP, Millipore) or 

anti-FLAG (Millipore). Following antibody pulse, coverslips were washed with complete medium + 

HEPES and incubated with goat-anti-mouse unconjugated antibody for 30 min at 4C to allow APP or 

BACE internalization. Antibodies were diluted in complete medium + 1M HEPES. Coverslips were 

washed with complete medium + HEPES and fixed with Lorene’s fixative  for 15 min or incubated at 

37C for 10, 30, or 60 min and then fixed, followed by washing with 1X PBS. 
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Image analysis 

Images were analyzed and processed using the Fiji software. PLA puncta were counted using the 

Multi-point tool, and cell area was measured with Polygon selection tool. Fluorescence intensity was 

measured after performing a Z-projection using the SUM function. 

Colocalization analysis between APP or BACE1 and intracellular compartments was determined using 

the JACoP plugin, in order to obtain the Mander’s coefficient corresponding to the fraction of APP or 

BACE1 colocalized with each compartment.  

For surface protein analysis, a Z-projection using the SUM function was performed for the APP-GFP 

or BACE1 channels, as well as for N-terminal of APP or BACE1 at the 0min time point. For each 

image, all cells expressing APP-GFP or BACE1 were outlined. Per cell, the fluorescence intensity N-

terminal of APP or FLAG-BACE1 at timepoint 0 min was normalized to fluorescence intensity of total 

APP-GFP or BACE1.  

 

Antibodies 

Table 1. List of primary antibodies used in this study. 
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Statistical analysis 

Graphing and statistics analysis were performed using Prism (GraphPad). Shapiro–Wilk normality test 

was used to determine whether data sets were modeled by a normal distribution. Unpaired, two-tailed 

t-tests, one-way ANOVA, or two-way ANOVAs were used with values of P < 0.05 being considered as 

significantly different. 
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General Discussion 
 

The endosomal-lysosomal system is essential for cell function and health. Indeed, considerable 

evidence suggests a close relation between endosomal-lysosomal dysfunction and a surprising 

number of neurodegenerative disorders. Despite the distinct etiologies and clinical presentations of 

AD, NPC and Down Syndrome, they all share similar brain pathological features, presenting 

neurodegeneration together with NFT formation and, importantly, very early development of 

endosomal-lysosomal abnormalities (Nixon, 2005). However, morphological and functional 

abnormalities of the endocytic and lysosomal organelles are not only associated with disease, as a 

recent study demonstrated that ageing leads to impaired endosomal-lysosomal function (Cannizzo et 

al., 2012). Notably, as age is the main risk factor for developing AD (Mayeux and Stern, 2012; 

Querfurth and Laferla, 2010), we can hypothesize that disturbances in the normal ageing process are 

responsible for endosomal disfunction, eventually leading to disease. Furthermore, accumulation of 

dysfunctional proteins such as Tau appears to drive the pathological processes underlying AD and 

other neurodegenerative diseases, while relieving the protein burden seems to be protective, 

suggesting a critical role of proteostasis regulation for disease progression. Therefore, it is of major 

interest to identify the genetic and environmental factors that regulate the endolysosomal system, 

which will allow us to decipher the mechanisms of disease and provide new therapeutic targets.  

 

In the current PhD thesis, we demonstrate that the Rab35/ESCRT pathway plays an essential 

role in the turnover of Tau, and that downregulation of this pathway by GCs leads to dysregulation of 

Tau proteostasis. Moreover, Rab35 gain-of-function rescues GC-induced Tau accumulation, indicating 

that upregulation of this pathway could have therapeutic benefit for mitigating stress-related brain 

pathology. Additionally, we identify Rab35 as a negative regulator of APP amyloidogenic processing in 

neurons, through the regulation of both APP and BACE membrane trafficking dynamics, decreasing 

their convergence within the endosomal system. Furthermore, Rab35 is downregulated in several AD-

related risk factors, such as ageing and chronic stress, with possible relevance for stress influence on 

AD-related pathomechanisms. 

 

3.1 The endosomal-lysosomal system and Tau pathology 

Classically, the endolysosomal pathway, and ESCRT complex in particular, are thought to 

mediate membrane-associated receptor degradation. However, recent evidence has shown that 
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inhibiting the ESCRT complex through knockdown of ESCRT-I or -III components also affects the 

delivery of soluble cytosolic proteins, i.e. GAPDH and aldolase, to the vesicles of LE/MVBs. These 

findings suggest that the ESCRT pathway also contributes to the degradation of soluble cytosolic 

proteins (Sahu et al., 2011). Tau was first described as a cytosolic protein, but it is now known that 

Tau has both cytosolic and membrane-associated pools, and that it localizes to the plasma membrane 

(PM), synaptosomal membranes, and synaptic vesicle membranes (Lopes et al., 2016; Pinheiro et 

al., 2016; Pooler et al., 2012; Zhou et al., 2017). 

To examine whether the endolysosomal pathway mediates Tau degradation, we analyzed Tau 

distribution along the endocytic pathway. We were able to identify Tau in early endosome (EE), (late 

endosome/multiple vesicular bodies (LE/MVBs), and lysosomes by high resolution light as well as 

electron microscopy, thus demonstrating that Tau is present throughout the compartments of the 

endolysosomal pathway. Since the ESCRT pathway is responsible for ubiquitinated protein sorting to 

MVBs, our finding that Tau interacts with Hrs, the initial ESCRT protein and a major cargo sorter, in a 

ubiquitination-dependent manner suggests that Tau is a cargo of this pathway. Furthermore, we have 

shown that modulation of the ESCRT pathway impacts the degradation of Tau in healthy neurons, 

demonstrating that Tau is indeed a cargo of the ESCRT complex. Recent studies demonstrate that 

dysfunction of the ESCRT machinery leads to the accumulation of ubiquitylated proteins, impaired 

endosomal trafficking and cell death in the brain (Oshima et al., 2016; Watson et al., 2015; Zhang et 

al., 2017); thus, it is likely that some components of the ESCRT have a yet unreported role in 

neurodegenerative diseases such as AD. Thus far, a mutation in the ESCRT-III component, CHMP2b, 

has been described in the etiology of a familial form of frontotemporal dementia (FTD) termed ‘FTD 

linked to chromosome 3’ (Han et al., 2012). 

Our lab has previously shown that the small GTPase Rab35 is a key regulator of the ESCRT 

pathway, recruiting ESCRT-0 component Hrs to synaptic vesicle (SV) pools in order to facilitate protein 

degradation (Sheehan et al., 2016). Here, we report that Rab35 also stimulates Tau degradation, 

promoting ESCRT and Tau interaction, and leading to increased delivery of Tau to lysosomes. Notably, 

AD patients are thought to manifest synaptic dysfunction early in disease (Morris, 2001; Scheff et al., 

2006). Furthermore, Tau was recently shown to associate with SV membranes, and mutated 

pathological forms of Tau to interfere with presynaptic function and decrease neurotransmission 

through the reduction of SV cycling/release and mobility (Zhou et al., 2017). Together with our 

findings, these suggest that Rab35/ESCRT function could facilitate Tau removal and degradation from 
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the presynaptic protein pool, while impairment to this pathway could result in decreased clearance of 

SV-associated Tau, resulting in its accumulation and impairment of presynaptic function. 

Interestingly, Tau phosphorylation at specific epitopes can regulate its distribution between 

cytosolic and membrane-associated pools (Pooler et al., 2012). Our findings demonstrate that the 

phosphorylation signature of Tau determines its ability to undergo degradation via the Rab35/ESCRT 

pathway. Specifically, Tau phosphorylated at pSer396/404 and pSer262, but not pSer202, can 

undergo degradation by the Rab35/ESCRT pathway through the endosomal-lysosomal system. Future 

studies should address the relationship between phosphorylation and Tau’s membrane association 

and ability to undergo sorting and degradation through this pathway. 

 Besides phosphorylation, other Tau PTMs such as acetylation and ubiquitylation are also 

known to affect its neuronal fate (Morris et al., 2015). Tau acetylation has been shown to reduce 

turnover rates by inhibiting ubiquitination, leading to impaired Tau function and promoting its 

pathological aggregation (Cohen et al., 2011; Min et al., 2010). On the other hand, ubiquitination 

targets proteins for degradation. The most studied chains for degradative protein sorting are Lys-48 

and Lys-63, which sort proteins into the UPS or lysosomal system, respectively (Chesser et al., 2013; 

Piper et al., 2014). Interestingly, Lys-63 tagged proteins are often found in protein aggregates (Tan et 

al., 2008), suggesting a relationship between dysfunctional lysosomal degradation and the 

accumulation of Lys-63 ubiquitinated proteins. In this study, we show that GC exposure leads to a 

dramatic accumulation of ubiquitinated Tau, most likely related to a failure in degradation rather than 

an increase in Tau ubiquitination, since total Tau levels similarly increase in these cells. Interestingly, 

activation of the Rab35/ESCRT pathway prevents this accumulation, restoring Tau to normal levels. 

Thus, dysregulation of this pathway by GC seems to promote ubiquitylated Tau accumulation and 

ultimately its aggregation. 

 

3.2 Rab35 and Alzheimer’s Disease genetic risk factor 

Most animal models of AD express mutations implicated in familial forms of AD, which 

represent a minority of AD cases, have earlier age of onset, and exhibit faster rates of disease 

progression. Familial AD usually affects genes encoding APP or presenilin-1 or -2, which increase Aβ 

production and lead to plaque formation. However, 95% of the reported AD cases are sporadic and 

late-onset (LOAD) and have multifactorial causes, highlighting the urgent need to identify 

environmental and genetic risk factors in order to identify possible therapeutic targets and preventive 

strategies (Small et al., 2017). Genome-wide association studies (GWAS) have identified several 
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genetic risk factors, many of which are involved in endocytic membrane recycling, retromer transport 

and lysosomal degradation, such as BIN1, SORL1, CD2AP and PICALM (Small et al., 2017) . So far, 

the ApoE4 allele is the strongest genetic risk factor for LOAD, whereas the ApoE2 allele is protective 

(Huang et al., 2017; Schmukler and Michaelson, 2018). In both AD patients and apparently healthy 

individuals, ApoE4 carriers exhibit brain Aβ accumulation, and in vitro it has been demonstrated that 

ApoE4 increases Aβ production when compared to the other ApoE isoforms (Huang et al., 2017). 

Additionally, ApoE4 enhances Aβ oligomerization, possibly promoting its toxicity (Schmukler and 

Michaelson, 2018). Although the effects of ApoE4 on Aβ have been a major focus of study, it was 

recently shown that ApoE4 also markedly exacerbates Tau pathology in a P301S mouse model of 

tauopathy (Shi et al., 2017). Indeed, in vitro treatment of P301S-Tau-expressing neurons with any 

ApoE isoform reduces neuritic arborization and increases cell death, with these effects being the most 

prominent with the ApoE4 isoform. Furthermore, in patients with sporadic primary tauopathies or AD, 

the presence of the ApoE4 allele worsens neurodegeneration independently of Aβ pathology, and 

increases the rate of disease progression (Shi et al., 2017). These findings demonstrate that ApoE4 

promotes Tau-mediated neurodegeneration and Tau pathology, although the mechanisms behind this 

effect are not fully understood. Notably, a very recent study has demonstrated that ApoE4 expressing 

mice exhibit decreased levels of Rab35 with ageing, resulting in an overall decrease of Rab35 protein 

levels on the brain (Alldred et al., 2018). Furthermore, it is known that inheritance of the ApoE4 allele 

accentuates endosomal pathology at early stages of AD while accumulating work suggests an 

etiopathogenic relationship between ApoE4 and APP misprocessing  (Nixon, 2005; Schmukler and 

Michaelson, 2018). In line to this notion, this PhD thesis findings show that Rab35 levels are reduced 

in different pathological conditions that promote APP misprocessing such as AD Tg and non-Tg rodent 

models as well as in aged animals and animals under chronic stress. Note that ageing is the strongest 

risk factor for AD, while chronic stress and elevated GC levels are susceptibility factors for brain 

pathology and are shown to trigger both APP misprocessing and accumulation of hyperphosphorylated 

Tau. Together with the above findings, this PhD studies suggest that reduction to Rab35 and the 

related dysfunction of the endosomal-lysosomal system, may be central for regulating APP 

amyloidogenic processing and Tau pathology. However, this hypothesis needs to be further tested. 
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3.3 Rab35 and Exosomal Secretion of Tau 

Pathogenic forms of Tau can be secreted from neurons and glia in exosomes, and recent 

studies indicate that this mechanism may be responsible for the spreading of Tau pathology between 

brain regions (Asai et al., 2015; Wang et al., 2017; Xiao et al., 2017). Exosomes derive from MVBs 

and typically require the ESCRT machinery for their biogenesis (Colombo et al., 2013; Hessvik and 

Llorente, 2017). Inhibition of Rab35 in oligodendrocytes was found to promote intracellular 

accumulation of endosomal vesicles and impair exosomal secretion from these cells, suggesting a 

possible role for Rab35 in exosome secretion through a docking or tethering function (Hsu et al., 

2010). However, in a more recent study, Rab35 knockdown did not affect the number or size of 

exosomes released by lung carcinoma cells, although it did lead to cargo accumulation in late 

endosomes (Novo et al., 2018). Given these data, it is conceivable that activation of the Rab35/ESCRT 

pathway could stimulate the loss of Tau via exosome secretion rather than degradation. However, we 

think this possibility highly unlikely, as Rab35 is not implicated in neuronal exosome secretion (Beckett 

et al., 2013; Blanc and Vidal, 2017; Koles et al., 2012) and additionally, Rab35-mediated exosome 

secretion does not appear to require the ESCRT machinery (Abrami et al., 2013; Beckett et al., 2013). 

Furthermore, all published studies on exosomal secretion of Tau use overexpression models, as only 

a small fraction of endogenous Tau can be detected in exosomes (Wang et al., 2017). Indeed, many 

questions remain about the roles of exosomes in both the healthy brain and the development of Tau 

pathology. Future studies will address whether the Rab35/ESCRT pathway mediates the propagation 

and/or degradation of mutant pathogenic Tau species, and investigate how these functions contribute 

to Tau pathology in AD and other diseases. 

 

3.4 Chronic stress as a disruptive factor for pathological ageing and Alzheimer’s Disease 

Prolonged stressful experiences and excessive GC exposure are known to be susceptibility 

factors for the development of brain pathology, and here we focus on the implications for AD 

pathology.  

Ageing is highly correlated with alterations of the hypothalamus-pituitary-adrenal (HPA) axis 

function. Reports show that one third of aged rats exhibit basal GC hypersecretion, which inversely 

correlates with hippocampal volume and memory function (Lupien et al., 2009). The same was shown 

to be true in humans, since healthy aged individuals exhibit higher mean diurnal levels of GC than 

younger individuals, while the increase in cortisol levels was shown to negatively correlate with 

memory scores and hippocampal volume in aged individuals (Kloet et al., 2005; Lupien et al., 1998). 
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These results suggest a close relation of HPA axis function in aged animals with hippocampal atrophy 

and memory impairment, two major characteristics of neurodegenerative diseases, including AD. 

Therefore, clinical studies assessed HPA function in AD patients, and found high cortisol levels in 

these individuals, as well as a positive correlation between increased cortisol levels and memory 

impairment (Dong et al., 2006; Rasmuson et al., 2009). Altogether, stress and HPA axis function 

appear to be central in the process of healthy ageing, while disruption of its regulation and GC 

hypersecretion seems to be associated with accelerated/pathological ageing processes. 

We observed an effect of ageing on the regulation of Rab35 levels, suggesting an imbalance on 

membrane trafficking dynamics with age. Indeed, previous studies report an age-dependent endocytic 

pathology via regulation of Rab GTPases, with aged animals presenting altered levels of both Rab5 

and Rab11 (Kimura et al., 2009).  Interestingly, elevated GC and chronic stress have also decreased 

Rab35 levels similarly to aged animals, thus supporting the idea that stress could act through ageing-

related mechanisms. Additionally, aged animals present increased APP amyloidogenic processing and 

Aβ production (Cisternas et al., 2018; Kimura et al., 2009, 2016), which was also shown to be 

triggered by chronic stress and GC (Catania et al., 2009; Green et al., 2006; Sotiropoulos et al., 

2008). Previous studies have reported an increase in APP amyloidogenic processing by GC due to a 

transcriptional up-regulation of APP and BACE expression by GR, since both proteins contain GRE in 

their promoter region (Green et al., 2006). Here, we show that GC increased APP/BACE interaction 

in cells expressing exogenous APP:VN and BACE:VC, which are not under the GRE transcriptional 

regulation. This GC-induced effect is blocked by Rab35 overexpression, which points towards an GC-

induced effect on membrane trafficking dynamics.  

In our work, we also demonstrate that GC have an effect on protein sorting and degradation via 

the endo-lysosomal system. However, since chronic stress affects multiple pathways, more thorough 

studies must be performed to characterize the complete effects of GC exposure on endocytic function 

in the brain, including its role in endocytosis, recycling, and retromer trafficking or exosome secretion. 

Unfortunately, it is not simple to dissect the mechanisms of endosomal-lysosomal dysfunction in 

brains of animal models, since such studies require high magnification imaging of intracellular 

compartment morphology and dynamics, which present many technical limitations. Moreover, 

techniques for biochemically isolating the different compartments are challenging, usually leading to 

some amount of contamination from other organelles, and preventing precise morphology 

characterization. 
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Furthermore, since ageing is also known to affect the endosomal-lysosomal system (Kaushik 

and Cuervo, 2015), it would be interesting to study the correlation between basal GC secretion and 

endosomal-lysosomal function in the context of healthy ageing. Analyzing the impact of cumulative 

stress on endosomal-lysosomal function, and the reversibility of any pathological changes, would also 

help us to identify the molecular point of no-return for pathological processes. Indeed, previous studies 

have shown that the detrimental effects of chronic stress on brain structure and function exhibit a 

cumulative profile, with stress-induced impairments starting in the hippocampus and progressing 

towards the prefrontal cortex (PFC) and other cortical areas. Notably, similar spatiotemporal patterns 

are described for Tau pathology and its spreading in AD patients.  

Tau is essential for chronic stress and GC-induced brain pathology, with studies demonstrating 

that stress induces abnormal hyperphosphorylation of Tau in the hippocampus and PFC accompanied 

by neuronal atrophy (Sotiropoulos et al.), while Tau ablation completely prevents the deleterious 

effects of stress on the brain (Lopes et al., 2016, 2017). Additionally, previous studies have reported 

that GC promotes Tau missorting into the dendritic compartment, leading to Tau accumulation at the 

synaptic level in a phosphorylation-dependent manner (Lopes et al., 2016; Pinheiro et al., 2016). 

Here, we show that GC impairs Tau turnover, promoting accumulation of ubiquitylated Tau protein by 

downregulating Rab35 expression and thereby suppressing cargo sorting into the ESCRT pathway. 

Furthermore, we demonstrate that activation of Rab35 in vivo prevents Tau accumulation at the 

synaptic level. Since Tau has been recently shown to undergo local translation in the dendritic 

compartment (Li and Götz, 2017), we can hypothesize that stress-induced Tau accumulation in 

dendritic spines could be the result of decreased endo-lysosomal degradation in this compartment, 

and thus activation of Tau clearance through this system would ease the burden on the stressed 

synapse and pose a possible therapeutical target.  

Since most neurodegenerative diseases result from accumulation of dysfunctional proteins that 

compromise neuronal function, future studies should look to the influence of this pathway in other 

proteionopathies such as Parkinson’s Disease, where α-synuclein accumulation and aggregation is 

described as one of the major mechanisms for disease development.  Additionally, since the 

endosomal-lysosomal pathway communicates with other degradative pathways such as 

macroautophagy and chaperone-mediated autophagy, studies should focus on the importance of this 

interplay for disease physiopathology. Indeed, a recent study found that chronic stress triggers mTOR-

dependent inhibition of autophagy, leading to the accumulation of Tau aggregates and cell death in 

P301L-Tau expressing mouse models and cell lines (Silva et al., 2018). 
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Future studies should focus on the impact of this pathway on Tau aggregation, a major hallmark 

of AD, which occurs in the cytoplasm and can have neurotoxic effects on the cell (Sierra-fonseca and 

Gosselink, 2018). Since most of our work was performed in healthy neurons expressing physiological 

levels of Tau, it was difficult to evaluate the impact of the Rab35/ESCRT pathway on Tau aggregation. 

Studies with transgenic mouse models expressing aggregation-prone mutant Tau will help us 

understand the relevance of the endosomal-lysosomal pathway for the removal of pathogenic forms 

of Tau, as well as the impact of pathological Tau on endosomal function, since it could serve as a 

destabilizing factor. 

 

Figure 1. Working model of Tau degradation through the Rab35/ESCRT pathway. Rab35 mediates Tau 

clearance via the endolysosomal pathway by recruiting initial ESCRT component Hrs, which recognizes and 

sorts ubiquitylated Tau into early endosomes for packaging into MVBs. GC suppress transcription of Rab35, 

which in turn decreases Tau sorting into MVBs and its subsequent degradation by lysosomes, leading to Tau 

accumulation and related neuronal atrophy. 

 

Importantly, we show that sorting of Tau by the Rab35/ESCRT pathway is essential for GC-

induced neuronal damage in vivo, since Rab35 gain-of-function in the hippocampus of middle-aged 

rats was able to block dendritic atrophy evoked by increased exposure to GC. Since neuronal atrophy 

usually underlies stress-induced mood and cognitive deficits, future studies will address the effect of 

Rab35 on stress-induced behavioral deficits, to determine whether promoting Tau degradative sorting 

is able to prevent clinical symptoms such as memory impairment. However, since behavior is the 
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result of neuronal circuitry and synaptic connections between different brain areas, and stress impacts 

multiple different brain regions, future studies tackling this question should modulate activation of the 

Rab35/ESCRT pathway throughout the brain, instead of the within the hippocampus as was 

performed in this PhD thesis. 

 

3.5 Chronic Stress, Rab35 and Aβ production 

Experimental studies show that stress and GC trigger the amyloidogenic processing of APP 

towards Aβ (Catania et al., 2009; Green et al., 2006; Sotiropoulos et al., 2008). Rab35 has a wide 

array of functions in the regulation of membrane trafficking dynamics, here we demonstrate that GC-

induced reduction in Rab35 levels contributes to the amyloidogenic pathology of chronic stress. 

Recently, Rab35 was suggested as a negative regulator of Aβ production and/or secretion in a screen 

of Rab GTPases performed in non-neuronal cells (Udayar et al., 2013). Our study shows that Rab35 

gain-of-function negatively regulates APP/BACE interaction in neurons, decreasing APP’s 

amyloidogenic processing and thus, reducing CTFs and Aβ levels. Interestingly, β-CTF is also 

considered to be neurotoxic, independently of Aβ since it impairs endosomal function, leading to 

endosomal enlargement, and has been shown to alter Tau proteostasis, inducing Tau 

hyperphosphorylation and accumulation (Jiang et al., 2010; Moore et al., 2015). Thus, Rab35 gain-

of-function could prevent deleterious effects of both Aβ and β-CTF. Since Aβ infusion decreases 

Rab35 levels in the hippocampus, we hypothesize that Aβ could also indirectly impair Tau proteostasis 

through modulation of the Rab35/ESCRT pathway.  

Rab35 regulates APP and BACE1 intraneuronal distribution, decreasing their accumulation in 

the endocytic pathway, while increasing BACE1 distribution within the TGN. Rab35 is regarded as a 

master Rab, with multiple roles in the regulation of membrane dynamics, several of which could 

impact APP or BACE1 interaction. For instance, Rab35 regulates a fast recycling pathway from EEs 

to the PM (Kouranti et al., 2006), and we’ve discovered that activation of Rab35 could result in 

increased removal of APP from endosomes to the PM, thus increasing surface APP levels and 

preventing BACE-mediated cleavage, which only occurs in the acidic environment of the endosomal 

pathway. This effect was specific for APP, since BACE1 recycling was decreased by Rab35 gain-of-

function.  Furthermore, APP undergoes degradation through the ESCRT sorting complex (Edgar et al., 

2015), and although activation of this pathway by Rab35 could be responsible for increased sorting 

of APP to the lysosome for degradation, our results report no concordant change with this hypothesis 

in APP degradation dynamics or lysosomal distribution in neurons, suggesting that APP undergoes 
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sorting through the endo-lysosomal pathway on a Rab35-independent manner. Additionally, Rab35 

regulates protein trafficking through the retromer pathway, controlling protein recycling from the 

endocytic pathway to the TGN (Cauvin et al., 2016). APP and/or BACE trafficking through the 

retrograde pathway has been associated with decreased Aβ production. Indeed, genes identified in 

GWAS studies as risk factors for AD were implicated in the regulation of this pathway, while ageing 

itself was shown to impair retrograde trafficking in non-human primate brains with possible 

implications for Aβ accumulation (Kimura et al., 2016). In our study, Rab35 activation could increase 

BACE1 trafficking, but not APP, through the retrograde pathway, increasing its transfer to the TGN 

and thus decreasing its time within the endosomal compartments, where it can cleave APP. 

Additionally, BACE1 is internalized from the PM into the endocytic pathway through an Arf6-dependent 

pathway (Sannerud et al., 2011). Rab35 negatively regulates Arf6 activation and vice-versa (Chaineau 

et al., 2013; Kobayashi and Fukuda, 2012), suggesting that Rab35 inhibition can increase BACE 

internalization into early endosomes via Arf6 activation, thereby increasing the amount of BACE in the 

endocytic compartment and promoting APP cleavage. Interestingly, we found that Rab35 gain-of-

function decreases both endosomal and surface levels of BACE1, while it presents decreased levels 

of BACE1 recycling at the 60 minutes timepoint. These findings suggest that the observed effects are 

likely due to retrograde activation by Rab35, which sequesters BACE1 from the endosome into the 

TGN, thus blocking its recycling to the PM and decreasing its surface levels. Additionally, we’ve 

observed an increased internalization of BACE at timepoint 0, suggesting a faster retrieval of BACE1 

from the membrane, thus Rab35 might be affecting BACE1 internalization through an Arf6-

independent alternative pathway. Further studies should be performed to understand the role of 

Rab35 in Aβ production in vivo, while also exploring its relevance for the processing of familial mutated 

forms of APP, since these APP mutations could lead to altered trafficking dynamics and/or affinity for 

BACE1 interaction (Haass et al., 1995). Overall, due to the multitude of described Rab35 functions 

that are capable of interfering with APP amyloidogenic processing, we hypothesize that this Rab 

GTPase is a key protein in the regulation of AD and stress-induced pathomechanims. 
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Figure 2. Working model of Rab35 regulation of APP/BACE1 interaction. Rab35 negatively regulates 

APP/BACE1 interaction, leading to decreased levels of CTF and Aβ production. Rab35 controls APP and BACE1 

intracellular trafficking, decreasing their distribution in the endosomal compartment, while increasing BACE1 

distribution in the TGN and cell surface levels of APP. Rab35 increases endocytosed BACE1 trafficking to the 

TGN, also promoting a decreased recycling and cell surface levels of BACE1. On the other hand, Rab35 

increases APP recycling to the PM, retrieving APP from the endocytic compartment and increasing APP surface 

levels at the PM. 

 

In summary, these PhD studies identify the Rab35 as a critical regulator of APP and Tau intraneuronal 

trafficking and proteostasis in both health and disease conditions. Inhibition of Rab35 expression or 

activity could evoke APP amyloidogenic processing, as well as ESCRT-driven dysregulation of Tau 

degradation, facilitating the overproduction of Aβ and Tau accumulation, respectively, in diseased 

neurons. Further studies should clarify the potential involvement of Rab35 (and/or other Rabs) in 

different pathological conditions and proteopathies, as well as monitor the therapeutic potential of 

Rab35 overexpression against Aβ- or Tau-related neuronal malfunction and atrophy in and beyond AD 

brain pathology. 
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