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ABSTACT 
Neurodegenerative disorders are progressive, age-dependent, devastating 

conditions with only symptomatic treatment available. The progressive accumulation 
and spread of misfolded proteins in the nervous system is the common attribute of 
multiple neurodegenerative diseases. In Alzheimer’s disease (AD), two types of 
aggregates accumulate and spread through the brain: extracellular amyloid plaques 
composed of β-amyloid peptide and intracellular neurofibrillary tangles composed of 
hyperphosphorylated tau protein. β-amyloid peptide originates from the pathological 
processing of amyloid precursor protein (APP). APP processing is susceptible to 
various stimuli and controlled by multiple proteins and interactions with lipids. The 
regulation of APP processing, however, is not fully understood. Tau is one of the 
major microtubule-associated proteins in neurons. In AD and other tauopathies, 
however, tau becomes hyperphosphorylated, detaches from microtubules, and first 
forms small soluble oligomers and then larger, insoluble aggregates. Like several other 
neurodegeneration-related proteins, pathological tau spreads through the brain via 
cell-to-cell transmission, which involves secretion and internalization stages, and can 
initiate templated misfolding of normal tau in recipient cells. Unfortunately, the 
mechanisms of cell-to-cell transfer and templated misfolding of tau are rather elusive. 

The aim of this thesis is to (1) develop novel assays to advance the understanding 
of the regulation of processing and trafficking of neurodegenerative-related proteins 
and (2) investigate the molecular mechanisms of tau secretion.  

In this thesis, two novel in vitro live-cell assays were developed based on protein-
fragment complementation to study APP, tau, and other neurodegeneration-associated 
proteins. The first assay can generate multiple readouts, reflecting cellular fates of 
APP: total cellular APP level, total secreted sAPP level in the media, APP-BACE1 
interaction in cells, and in culture media. The second assay can monitor protein 
localization to dynamic nanoscale cholesterol/sphingomyelin-rich microdomains at 
the plasma membrane, usually called lipid rafts. This assay may be beneficial for 
neurodegenerative disease research, as many misfolded proteins associate with lipid 
rafts, including APP and tau. 

Additionally, this thesis addressed the molecular mechanisms of tau secretion. In 
N2A cells overexpressing human tau as well as in primary neurons, tau secretion to 
the extracellular space was shown to occur via an unconventional, vesicle-free 
mechanism. Imaging studies have revealed that tau clusters at the plasma membrane 
in the discrete microdomains and does not localize to membranous intracellular 
organelles. Instead, tau secretion depended on the lipid composition of the plasma 
membrane, particularly on lipid-organizing lipid rafts, such as cholesterol and 
sphingolipids. Tau secretion was also shown to depend on its oligomerization state 
and heparan sulfate proteoglycans at the cell surface. The data collectively suggest 
that tau secretion happens via translocation through the plasma membrane, which 
likely occurs in lipid rafts. 

In summary, the studies included in this thesis provide both methodological and 
conceptual insights in the field of neurodegeneration.
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1. INTRODUCTION 
Neurodegenerative diseases are incurable and disabling conditions characterized 

by progressive degeneration and loss of cells, structures, and functions of the nervous 
system. Although clinically neurodegenerative disorders have a broad range of 
manifestations, generally they cause progressive mental or motor dysfunctions [1]. 
The majority of these diseases are sporadic, but hereditary conditions with Mendelian 
inheritance also exist; the examples of the latter include Huntington's disease (HD), 
spinocerebellar ataxias, and frontotemporal dementia and parkinsonism linked to 
chromosome 17 (FTDP-17), although one can consider the latter the familial form of 
frontotemporal lobar degeneration [2-4]. Many diseases that are predominantly 
sporadic with multifactorial origin, such as Alzheimer’s disease (AD), Parkinson’s 
disease (PD), and amyotrophic lateral sclerosis (ALS), also have familial forms that 
are often indistinguishable from the sporadic diseases in their clinical manifestations 
and neuropathology, suggesting etiological similarities between them [4-8]. 

The classification of neurodegenerative disorders is often done 
neuropathologically based on the major proteins forming deposits in neurons or glia 
(Table 1). Thus, diseases with an accumulation of a-synuclein-containing aggregates 
are termed a-synucleopathies, diseases with an accumulation of TAR DNA-binding 
protein 43 (TDP-43) aggregates are called TDP-43-proteinopathies, diseases with 
prion protein – prion diseases, and diseases with tau aggregates – tauopathies. 
Tauopathies are a very diverse group of diseases that includes both sporadic and 
familial neurodegenerative diseases with wide-ranging clinical manifestations. 
Tauopathies are further classified into primary and secondary tauopathies. In the first 
group, tau pathology is a major contributing factor in neurodegeneration, while in the 
second group tau pathology occurs with other pronounced pathologies [9]. Primary 
tauopathies include progressive supranuclear palsy, corticobasal degeneration, Pick’s 
disease, and FTDP-17; secondary tauopathies include Down’s syndrome, Lewy body 
disorders, prion disease, chronic traumatic encephalopathy, and AD. Tau aggregates 
and other disease-characteristic deposits, however, are not restricted to the associated 
clinical profiles – they often coexist in individual patients or can occur in non-diseased 
individuals [10]. 

The common feature of multiple neurodegenerative diseases is the progressive 
accumulation and spread of misfolded proteins in the nervous system. Correct stable 
or transient folding into the characteristic three-dimensional shape, or conformation, 
is essential for protein function; occasional folding mistakes are not catastrophic for a 
cell, as some misfolded proteins refold with the support of chaperone systems, while 
others undergo degradation via one of the clearance pathways. Some misfolded 
proteins, however, can escape or overload the clearance systems, progressively 
forming intracellular or extracellular protein aggregates of different sizes [11]. These 
misfolded proteins or their aggregates can also exit and enter neurons, moving from 
disease-affected to unaffected areas, where they induce subsequent pathological 
aggregation of the same types of proteins. This phenomenon is called the propagation 
of misfolded protein pathology and results in the progression of multiple 
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neurodegenerative disorders, each involving the aggregation of specific proteins in 
characteristic patterns and locations in the central nervous system (CNS) and/or in the 
peripheral nervous system (PNS) [12]. 

In AD, the most common neurodegenerative disorder, these aggregates are 
extracellular amyloid plaques composed of b-amyloid peptide (Ab) and intracellular 
neurofibrillary tangles (NFT) composed of hyperphosphorylated tau protein [13]. AD 
is characterized by progressive memory loss, challenges in thinking, reasoning and 
executive function, and changes in mood and personality [14]. In addition to 
extracellular amyloid plagues and intracellular NFT, hippocampal atrophy and 
ventricular enlargement are two other neuropathological hallmarks of AD. Only 1–
5% of AD cases are early-onset familial forms, which are caused by rare autosomal 
dominant mutations in gene encoding for the b-amyloid precursor protein (APP), the 
precursor of Ab, and two genes encoding subunits of g-secretase, the enzymatic 
complex involved in APP processing [15]. The majority of AD patients have the late-
onset sporadic form with a multifactorial etiology involving both environmental and 
genetic factors. The most prominent genetic risk factor is the ɛ4 allele of the 
apolipoprotein E (APOE) gene, which is involved in lipid metabolism in the brain [16-
18]. The most prominent non-genetic risk factor is aging, as the incidence of AD 
nearly doubles every five years between the ages of 50 and 80 [19]. Approximately 
50 million people worldwide suffer from AD and other forms of dementia, but the 
only available treatments to date are symptomatic [20, 21]. Therefore, understanding 
the physiological and pathological roles of APP and tau is necessary for determining 
new therapeutic targets and potentially developing a disease-modifying therapy. 

APP is a ubiquitous transmembrane protein implicated in diverse cellular 
processes but is mostly known as a precursor of Aβ. APP undergoes proteolytic 
processing via two alternative pathways: the major nonamyloidogenic pathway or the 
minor amyloidogenic pathway [22]. The first cleavage of APP by β-secretase in the 
latter pathway generates a membrane-bound C-terminal fragment (βCTF), which 
undergoes a further cleavage by g-secretase to generate Aβ, an aggregation-prone 
peptide that can form an array of oligomers and eventually amyloid plaques [22]. The 
amyloidogenic pathway of APP processing, in contrast to the nonamyloidogenic 
pathway, depends on membrane microdomains rich in cholesterol, or “rafts,” as APP 
localization to these microdomains promotes its processing by β-secretase [23-25]. 
Tau is one of the major microtubule-associated proteins in neurons whose functions 
are mainly regulated by site-specific phosphorylation [26, 27]. Under pathological 
conditions, however, it becomes hyperphosphorylated, detaches from microtubules, 
and forms protein aggregates not only in AD but in multiple tauopathies [9]. 

This thesis will address the normal and pathological functions of the two main 
proteins involved in the neuropathology of AD, APP and tau, with a special emphasis 
on early cellular events leading to pathology: the complex proteolytic processing of 
APP and the unconventional secretion of tau protein, the first step in its transcellular 
propagation. 
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Table 1. Classification of major transmissible* neurodegenerative disorders based on misfolding protein 

Misfolding protein Disease group Examples of diseases 

a-synuclein α-synucleinopathies Parkinson’s disease 
Dementia with Lewy bodies  

TDP-43 TDP-43 proteinopathies Frontotemporal lobar degeneration 
Amyotrophic lateral sclerosis 

FUS FUS proteinopathies Frontotemporal lobar degeneration 
Amyotrophic lateral sclerosis 

PrP Prion diseases Creutzfeldt-Jakob disease (CJD) 
Kuru 

tau Tauopathies Alzheimer’s disease 
Frontotemporal dementia and parkinsonism 
linked to chromosome 17 
Progressive supranuclear palsy 
Corticobasal degeneration 
Picks disease 
Chronic traumatic encephalopathy 

Aβ Alzheimer’s disease Alzheimer’s disease 
TDP-43: transactivation response DNA binding protein 43; FUS: fused in sarcoma; PrP: prion protein 
* The term “transmissible” is not synonymous with infectious. It refers to cell-to-cell spreading of misfolded 
protein pathology in the brain. 



Review of the literature 
 

 
 
 

4 

2. REVIEW OF THE LITERATURE 

1.1 APP 
1.1.1 APP gene and protein structure 

APP is widely known for being a precursor protein that gives rise to Aβ, but APP 
and its proteolytic products also play important roles in a range of biological 
processes, such as synaptic plasticity, neuronal development, neuronal homeostasis, 
and the regulation of transcription [28, 29]. The APP gene is located on chromosome 
21q21 and comprises 18 exons [28, 30]. The alternative splicing of exons seven and 
eight, encoding the Kunitz-type proteinase inhibitor domain (KPI) and the OX2 
antigen domain (OX2) of APP pre-RNA, generates three major isoforms of APP: 
APP770, APP751, and APP695, consisting of 770, 751, and 695 amino acids, respectively 
(Figure 1) [31, 32]. APP751 and APP770 are expressed in various amounts and 
proportions in multiple tissues, while APP695 expression is specific for the nervous 
system, where it is a major APP isoform, as the expression of other APP isoforms in 
neurons is significantly lower [33]. 

APP is a type I single-pass transmembrane protein that contains a large 
extracellular part, a transmembrane domain, and a short cytosolic tail [28, 34]. Figure 
1 shows the domain structure of APP. The E1 domain consists of two sub-domains – 
the N-terminal growth factor-like domain (GFLD), which contains the first heparin-
binding sub-domain (HBD), and the copper-binding domain (CuBD) [35-37]. The E2 
domain contains the second HBD and a RERMS sequence that has growth factor-like 
activity [37, 38]. The E1 domain plays a major role in the heparin-induced homo- and 
heterodimerization of APP in both cis-and trans-orientations, which in turn affects 
APP processing and cell adhesion; the E2 domain may also contribute to dimerization 
of APP [36, 39-45]. Both the E1 and E2 domains have multiple binding sites for 
copper and zinc, whose binding plays an important role in the regulation of APP 
dimerization [46-52]. The flexible and extended acidic domain (AcD), rich in glutamic 
and aspartic acids, directly links rigidly-folded E1 and E2 domains and also regulates 
APP dimerization [42, 53]. The juxtamembrane region (JMR), which is also flexible 
and extended, connects the E2 domain with the transmembrane domain (TMD) [53]. 
TMD contains a GxxxG sequence motif that directly binds cholesterol and may also 
contribute to homodimerization [54, 55]. The APP intracellular domain (AICD) is 
only 47 aa long, and contains a YENPTY sorting motif that regulates APP trafficking 
and endocytosis [56, 57]. In the longer APP isoforms, one or two additional domains 
are located between the AcD and E2 domains: the KPI and the very short OX2. APP770 
contains both of them, while APP751 lacks OX2, and the APP695 isoform lacks both of 
these domains [58, 59]. The JMR and TMD contain the sequence that gives rise to Aβ 
(Figure 1). 

APP belongs to a small protein family encompassing only three proteins: APP and 
two APP-like proteins (APLPs), APLP1 and APLP2. APLPs have a similar structural 
organization to APP, but they lack an Aβ sequence (Figure 1) [60-62]. The expression 
of APP and APLP2 is ubiquitous, with the strongest expression in the nervous system 
and at the neuromuscular junction, while expression of APLP1 is specific to the 
nervous system [33, 60-62]. APP family proteins have partially redundant functions, 
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as suggested by knockout studies. Individual knockouts of APP, APLP1, or APLP2 
and the double knockout of APP/APLP1 did not result in major abnormalities in mice; 
only the double knockout of APP/APLP2 or APLP1/APLP2 and the triple knockout 
of APP/APLP1/APLP2 resulted in early postnatal lethality probably due to 
neuromuscular junction deficits [63-66]. In addition to neuromuscular junction 
deficits, mice lacking all three APP family members exhibited cortical neuronal 
ectopia resembling cobblestone lissencephaly and a partial loss of cortical Cajal 
Retzius cells, a transient class of neurons that guide neuronal migration in the 
developing neocortex [67].  

1.1.2 Functions of APP and its proteolytic fragments 
APP, as well as APLP proteins and their proteolytic fragments, regulate multiple 

processes in the cell via four main modes of action: (1) as an adhesion molecule (full-
length [fl] protein); (2) as a receptor-like protein (fl, CTF); (3) as a ligand (fl proteins 
and proteolytic fragments); and (4) as a transcription regulator (AICD). In its role as 
an adhesion molecule, APP and its family members on the neighboring cells can form 

Figure 1. Schematic overview of the domain structure of APP isoforms and APP family proteins. 
APP contains many functional domains: (1) the N1 domain, consisting of heparin-binding-and-growth 
factor-like domain (HBD1/GFLD) and a copper-binding domain (CuBD); (2) an acidic domain, rich in 
aspartic and glutamic acids; (3) the Kunitz-type protease inhibitor domain (KPI; not present in 
APP695); (4) the 19-amino-acid OX2 antigen domain (OX2; present only in APP770); (5) the E2 
domain, containing the RERMS sequence; (6) the juxtamembrane region (JMR); (7) the transmembrane 
(TM) domain; and (8) the 47-amino-acid APP intracellular domain (AICD). The JMR region and the 
TM domain comprise the Aβ sequence. The inset shows the human Aβ- peptide sequence in red along 
with the several flanking amino acids and sites of APP cleavage by α-, β-, and γ-secretase. APP family 
members share many conserved domains, but the Aβ sequence is unique to APP. APLP2 also undergoes 
alternative splicing to generate 707- or 763-amino-acid-long transcripts (only the longest transcript is 
shown). 
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homo- and hetero-dimers with each other. This dimerization of APP/APLPs on the 
opposing sides of a synapse is important for its formation and stability (Figure 2A) 
[68, 69]. Furthermore, the binding of APP to extracellular matrix molecules, such as 
collagen I and laminin, is indispensable for neurite outgrowth and neuronal migration 
(Figure 2B) [70-73].  

As a receptor-like protein, APP can bind various ligands. For example, the binding 
of extracellular glycoproteins pancortins to transmembrane APP modulates cortical 
cell migration of neuronal precursor cells into the cortical plate (Figure 2C) [74]. 
Another ligand of APP related to neuronal migration is Reelin, whose binding to APP 
promotes neurite outgrowth [75]. The APP proteolytic fragment sAPPɑ can also bind 
to fl APP at the cell surface, and this binding initiates a heterotrimeric G protein-
mediated signaling that in turn activates the Akt cell survival pathway (Figure 2D) 
[76]. The interaction of APP with a heterotrimeric G protein can result in different 
outcomes depending on ligands and context. For example, based on studies in the 
hawkmoth Manduca sexta, APP ligands called contactins seem to initiate G protein-
mediated signaling upon binding to APP in migrating neurons, which prevents 
inappropriate migration and outgrowth [77, 78]. The binding of Aβ to APP at 
excitatory synapses promotes APP homodimerization, inducing structural 

Figure 2. Modes of actions of APP and its proteolytic fragment. Panels A-B demonstrate the role of 
APP as an adhesion molecule. C-E demonstrate its role as a receptor. D-F show the role of sAPP, Aβ, 
and fl APP as ligands. (A) APP forms homo- and heterodimers with APP or APLPs on the opposing 
membranes, resulting in the formation and stabilization of synapses. (B) APP binds components of the 
extracellular matrix, including collagen and laminin, which stimulate axon outgrowth. (C) The binding 
of secreted glycoproteins pancortins to APP can modulate APP-mediated responses in cortical cell 
migration; different pancortins have opposing effects on the migration. (D) sAPPα fragments can act 
as a ligand for the APP receptor, promoting neuroprotection via heterotrimeric G protein-mediated 
modulation of the PI3K/Akt pathway. (E) Aβ monomers and dimers bind to the E1 domain of APP and 
promote APP homodimerization, inducing structural rearrangements in the APP complex with the 
heterotrimeric G protein, which promotes presynaptic Ca2+ influx and the release of synaptic vesicles. 
(F) Fl APP acts as a ligand for death receptor 6 (DR6), promoting necrosis upon binding in DR6-
expressing cells. 
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rearrangements in the APP complex with the heterotrimeric G protein, increasing the 
release probability of synaptic vesicles (Figure 2E) [79]. 

The last two examples also illustrate how APP proteolytic fragments can function 
as ligands. Importantly, besides the Akt cell survival pathway, sAPPɑ can also activate 
two other pro-survival pathways: the nuclear factor-κB (NF-κB) pathway and the 
extracellular signal-regulated kinase (ERK) pathway [80, 81]. Another example of a 
sAPPɑ receptor is the α-7 nicotinic receptor (α7-nAChR), through which sAPPɑ can 
modulate cholinergic signaling by serving as an allosteric activator of this receptor 
[82]. Furthermore, a recent study demonstrated that the γ-aminobutyric acid type B 
receptor subunit 1a (GABABR1a) serves as a synaptic receptor for sAPP, whose 
binding suppresses synaptic transmission by inhibiting the release of synaptic vesicles 
at the presynaptic side and reduces neuronal activity at the postsynaptic side [83]. 
Interestingly, both sAPPɑ and Aβ can bind the p75 neurotrophin receptor, but the 
consequences of these binding events differ. While sAPPɑ binding to the p75 
neurotrophin receptor promotes neurite outgrowth, Aβ induces apoptosis [84-86]. 
Finally, sAPPɑ can even bind to BACE1 and inhibit the amyloidogenic processing of 
APP [87]. Aβ can also serve as a ligand. 

Not only proteolytic fragments, however, can function as ligands: fl APP can 
dimerize with other proteins on the same or neighboring cell to initiate the signaling 
pathways. For example, the binding of APP at the membrane of a tumor cell to death 
receptor 6 (DR6) at the membrane of the neighboring endothelial cell was shown to 
induce programmed necrosis in endothelial cells (Figure 2F), while cis-dimerization 
of APP with the same DR6 on the axonal membrane produced a slightly different 
outcome – it induced axon pruning [88-90]. 

The role of APP proteolytic fragments in the regulation of transcription is not fully 
understood and a subject of controversy [91]. Nevertheless, several studies confirmed 
the presence of AICD in the nucleus and its role as a transcription regulator [92-95]. 
AICD can both enhance and repress transcription, although not many genes are 
identified as AICD targets [91]. In addition to AICD, a recent study showed that Aβ42 
can also translocate to the nucleus and act as a repressor of gene transcription with 
LRP1 and KAI1 promoters [96]. 

1.1.3 APP processing 
1.1.3.1 Life cycle of APP inside the cell 

After synthesis in the endoplasmic reticulum (ER), APP traffics to the plasma 
membrane through the classic secretory pathway, which runs from the ER to the 
Golgi/trans-Golgi network (TGN), where the majority of APP stays, as only a small 
portion of it traffics further to the plasma membrane [97, 98]. Along this pathway, 
APP undergoes posttranslational modifications required for its maturation. The most 
important modifications are N-glycosylation, the attachment of glycans to a nitrogen 
atom that occurs in the ER, and O-glycosylation, the attachment of glycans to an 
oxygen atom of the hydroxyl groups that occurs in the Golgi/TGN after N-
glycosylation [99-101]. Both modifications are crucial for APP trafficking, as only 
glycosylated APP, called mature APP, can traffic to the plasma membrane [102, 103]. 
Other posttranslational modifications of APP include phosphorylation, 
palmitoylation, sulfation, ubiquitination, and sumoylation [97, 103-106]. These 
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posttranslational modifications can alter APP localization, trafficking, and processing, 
therefore affecting normal APP functions and Aβ generation [107].  

As APP secretases reside in different compartments, APP intracellular trafficking 
plays a crucial role in the regulation of its processing, which is mainly defined by the 
intersection of APP and its secretases in certain cellular compartments (Figure 3). To 
maintain its normal functioning, multiple stimuli control highly-responsive APP 
trafficking and processing, including alterations in lipid, Ca2+, and energy homeostasis 
[108-110]. At the plasma membrane, a part of the APP can undergo cleavage by 
nonamyloidogenic α-secretase, while the rest of the APP is quickly internalized 
through clathrin-dependent endocytosis into the early endosome (EE) and then 

Figure 3. APP intracellular trafficking. Following the synthesis in the ER, (1) APP traffics to the 
Golgi/TGN (2), where the majority of APP will stay. The minority of this APP then traffics from the 
Golgi/TGN to the plasma membrane, where it becomes internalized via clathrin-dependent endocytosis 
into EE (3). A small portion of APP is recycled back to the plasma membrane, (4) while the majority 
traffic to LE-lysosome pathway for degradation (5). Alternatively, APP can traffic along the retrograde 
pathway back to the Golgi/TGN; trafficking in the opposite direction from the Golgi/TGN to the EE 
(the anterograde pathway) also occurs (6). Finally, LE/MVBs can fuse with the plasma membrane to 
release exosomes containing APP to the extracellular space (7). Along the trafficking pathway, APP 
may undergo cleavage by secretases; the cellular locations where ɑ- or β-secretase can cleave APP are 
shown in the pictures by drawings of the enzymes, while locations of γ-secretase cleavage are omitted 
for clarity. ER – endoplasmic reticulum, TGN - trans Golgi network, EE – early endosome; RE – 
recycling endosome; LE/MVB – late endosome/multivesicular body 
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trafficked to the late endosome (LE)-lysosome pathway for degradation, back to the 
plasma membrane through the recycling endosomes, or along the retrograde pathway 
back to the Golgi/TGN [111-114]. APP can also traffic to EEs directly from the 
Golgi/TGN [115-117]. Multiple studies point to EEs or recycling endosomes as a 
place where the amyloidogenic cleavage by β-secretase predominantly occurs [118-
120]. Following the initial cleavage in both nonamyloidogenic and amyloidogenic 
pathways, pre-cleaved APP undergoes a second cleavage by γ-secretase (Figure 4). 
The location of this cleavage is still unclear, and there is significant controversy 
between multiple studies, but most likely it occurs in several intracellular 
compartments, including endosomes and the Golgi/TGN [120]. Aβ generated through 
the amyloidogenic pathway can be degraded inside the cell or released to the 
extracellular space [121]. Since its generation can occur at several locations, several 
pathways regulate this process. For example, Aβ generated in the Golgi/TGN can be 
packed into secretory vesicles, while Aβ generated in endosomal compartments can 
escape the cells through the secretion in exosomes, vesicles generated by inward 
budding of multivesicular bodies (MVBs)/LEs that fuse with the plasma membrane to 
release their content [122, 123]. 

1.1.3.2 Canonical processing of APP 
Under normal conditions, APP undergoes proteolytic processing via two canonical 

pathways: the major nonamyloidogenic pathway and the minor amyloidogenic (Figure 
4). In the nonamyloidogenic pathway, α-secretase performs the initial cleavage of APP 
in the middle of the Aβ sequence (Figure 1) to generate a soluble N-terminal fragment 
(sAPPα) and a membrane-bound 83-amino-acid-long C-terminal fragment (APP-C83 
or APP-αCTF). In the amyloidogenic pathway, β-secretase performs the initial 
cleavage, which generates a slightly different soluble N-terminal fragment (sAPPβ) 
and a membrane-bound 99-amino-acid-long C-terminal fragment (APP-C99 or APP-
βCTF), comprising the Aβ sequence (Figure 1). Interestingly, certain APP mutations 
observed in familial AD, such as the Lys670Asn/Met671Leu (the so called Swedish 
mutation), occur near the β-secretase cleavage site and make APP more prone to 
cleavage by β-secretase [124]. Nevertheless, in both pathways, γ-secretase further 
cleaves the membrane-bound C-terminal fragments, releasing a cytosolic peptide 
AICD in both pathways and either non-pathogenic p3 peptide in the 
nonamyloidogenic pathway or Aβ peptide in the amyloidogenic pathway. These 
canonical pathways most likely compete for APP; therefore, upregulation of one 
pathway should decrease the amount of substrate entering the other pathway [125]. 

Several enzymes belonging to the family of membrane-bound disintegrin and 
metalloproteases (ADAM) mediate the α-secretase activity, with ADAM10 being the 
main protease of APP [126-129]. The active α-secretase mainly localizes to the 
cellular surface [126]. In addition o APP, ADAMs have other substrates, such as 
growth factors, cytokines, or receptors [130]. For instance, the ADAM10-mediated 
cleavage of Notch, Eph/ephrin, and classic cadherins takes part in the generation of 
intracellular domains of these proteins with signaling and transcriptional functions. 
Most importantly, the α-secretase cleavage modulates APP functions, as fl APP and 
sAPPα play different roles in the cell [68, 76, 82]. As α-secretase cleaves within the 
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Aβ sequence between Lys‐16 and Leu‐17 (Figure 1), the processing of APP by α-
secretase does not generate Aβ and is considered protective against AD [131, 132]. 

β-site APP cleaving enzyme 1 (BACE1), a membrane-bound aspartyl protease, 
mediates the β-secretase cleavage of APP, which is the rate-limiting step in the 
generation of Aβ [133, 134]. Although β-secretases traffic between the Golgi/TGN, 
endosomes, and cell surface as APP, they require an acidic environment for optimal 
proteolytic activity [57, 118, 119]. Thus, cleavage may occur only in the intracellular 
compartments. In addition to APP, β-secretase cleaves multiple substrates, including 
Jagged1 and Jagged2, neuregulin1 and neuregulin3, neural adhesion molecule CHL1, 
Delta1, Interleukin 1 receptor type II (IL-1R2), and voltage-gated sodium channel β2 
subunit (Navβ2), thus playing an important role in astrogenesis, neurogenesis, and 
myelination [135-137]. BACE1-mediated cleavage of APP is not a solely pathological 
event, as the amyloidogenic pathway functions in the healthy brain as well; evidence 
also suggests that Aβ serves a range of physiological functions, including repairing 
leaks in the blood-brain barrier (BBB), protecting against infections, recovering from 
injury and modulating synaptic function [138]. 

γ-secretase is a multiprotein protease complex consisting of at least four major 
proteins: nicastrin, anterior pharynx defective 1 (APH1), presenilin enhancer 2 
(PEN2), and presenilin-1 or presenilin-2 [139-142]. The latter form the catalytic core 
of γ-secretase. The inclusion of presenilin-1 or presenilin-2 regulates the cellular 

Figure 4. Canonical processing of APP. The non-amyloidogenic pathway involves cleavage of the 
APP by α-secretase to produce soluble amino-terminal ectodomain of APP (sAPPα) and an 83-amino-
acid-long carboxy-terminal fragment (C83), which remains in the membrane. C83 is subsequently 
cleaved by γ-secretase to produce an APP intracellular domain (AICD) and a short fragment called p3. 
The amyloidogenic pathway involves cleavage of the APP by β-secretase to produce sAPPβ and a 
membrane-bound 99-amino-acid-long C-terminal fragment (C99). Subsequent cleavage of C99 by the 
γ-secretase complex generates AICD and amyloid-β peptide (Aβ). 
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localization of the γ-secretase complex – one with presenilin 1 mainly localizes to the 
plasma membrane, while the complex with presenilin-2 mainly localizes to the 
LE/lysosomes [143, 144]. g-secretase cleaves APP-CTFs at three heterogeneous sites 
(ε-, ζ-, and γ-sites) in a step-wise manner to generate products of different length, such 
as AICD50 or AICD49, Aβ40 or Aβ42 (Figure 1), and other minor species [145]. The 
first cleavage occurs at site ε-49 or ε-48, releasing either AICD50 or AICD49 into the 
cytosol and generating either Aβ48 (the minor pathway) or Aβ49 (the major pathway) 
[145]. In the major pathway, the second cleavage at the ζ-site generates Aβ46, which 
is further cleaved at two γ-sites to generate Aβ43 and finally Aβ40 [145, 146]. The 
minor pathway occurs through generation of Aβ48, which is trimmed at the ζ-site to 
generate Aβ45 and further at the γ-site to generate Aβ42. Cleavages, however, can 
continue to generate even shorter Aβ species. As the aggregation propensity of 
different Aβ species varies considerably, the ability to shift the balance between 
cleavages could be used for therapeutic purposes [147]. For instance, Aβ42 is more 
aggregation prone than Aβ40, and although its presence in the brain is considerably 
lower than Aβ40, it is the initial and major Aβ specie in amyloid plaques [148]. 
Interestingly, certain mutations in Presenilin-1 result in familial AD by enhancing the 
Aβ42-specific γ-secretase cleavage of APP [149, 150]. Apart from APP, γ-secretase 
cleaves numerous other transmembrane proteins, such as the survival receptor B-cell 
maturation antigen (BCMA), insulin and growth hormone receptors, and Notch1; 
cleavage of the latter is essential for cell-fate decisions [151-155]. 

1.1.3.3 Non-canonical processing of APP 
In addition to the canonical pathways, APP can undergo cleavage through several 

non-canonical pathways, including δ-secretase, η-secretase, meprin, and caspase 
cleavage pathways, generating novel fragments, which may have independent 
functions [156]. In these pathways, δ-secretase and η-secretase cleave the N-terminal 
part of APP, allowing for processing by ɑ- or β- and γ-secretases [29]. For example, 
in the η-secretase pathway, prior to ɑ- or β-secretase cleavage, APP is first cleaved by 
matrix metalloproteinase 5 (MT5) at the η-site of APP [156]. As this site is situated 
above the ɑ- and β-sites, such cleavage generates sAPPη and APP-CTFη, which can 
both undergo a subsequent cleavage by either ɑ- or β- and γ-secretases to generate 
Aηɑ or Aηβ peptides along with regular AICD and Aβ or p3 peptides. Caspase cleaves 
APP in the AICD region, which still permits ɑ- or β- and γ-secretase processing; 
meprin, by contrast, cleaves APP at three sites, one of which is inside the Aβ sequence. 
Therefore, the following γ-secretase cleavage generates amino-terminally truncated 
Aβ species [29]. 

1.1.3.4 The role of cholesterol and cholesterol/sphingomyelin-rich domains 
in APP processing 

A large body of evidence indicates that cholesterol plays an important role in the 
pathogenesis of AD. First, the strongest genetic risk factors for AD is the ε4 allele of 
the apolipoprotein gene APOE that encodes a  major lipoprotein in the brain [157]. 
The APOE ε4 allele not only considerably increases the risk of developing AD but 
also reduces the age of disease onset in a dose-dependent manner [17]. In addition to 
APOE, several other cholesterol-related genes are associated with an increased risk of 
AD, such as CLU and ABCA7 [158, 159]. Furthermore, animal studies support a link 
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between plasma cholesterol levels and APP processing in the brain; animals fed a 
cholesterol-enriched diet had an increased level of amyloid deposits in the brain, while 
the group taking cholesterol-lowering drugs had decreased deposits [160-162]. 
Although multiple attempts to confirm these results in humans provided very 
inconsistent data, the recent systematic review confirmed the association between high 
midlife serum cholesterol and an increased risk of late-life Alzheimer’s disease [163, 
164]. Additionally, the most compelling mechanistic evidence came from in vitro 
studies with cultured cells, which found that increasing cholesterol levels promoted 
amyloidogenic processing of APP and the enhanced generation of Aβ, while 
cholesterol depletion promoted the nonamyloidogenic processing and lowered Aβ 
generation [23, 25, 110]. In conclusion, many studies support the link between 
cholesterol and AD. The underlying mechanism of this connection is, however, 
unclear. 

One hypothesis explains this link through the dependence of APP processing on 
the cholesterol-dependent compartmentalization of APP along the plasma membrane. 
The dynamic interaction of lipids and proteins in the plasma membrane may result in 
their lateral segregation into microdomains with high membrane order and 
composition that is dissimilar to the rest of the membrane [165, 166]. Such lateral 
segregation of cholesterol and sphingolipids gives rise to dynamic nanoscale 
cholesterol/sphingomyelin-rich microdomains, usually called lipid rafts [165]. The 
term “lipid raft,” however, is problematic, as it lacks clarity and may define all types 
of membrane microdomains or specifically cholesterol/sphingomyelin-rich 
microdomains. Therefore, alternative and more appropriate names have emerged, such 
as “glycosphingolipid-enriched membranes” or “cholesterol-enriched membranes.” 
The term “lipid rafts,” however, is still the most recognized term, and therefore, it will 
be used in this thesis to specifically define cholesterol/sphingomyelin-rich 
microdomains. 

Lipid rafts are sensitive to alterations in cholesterol metabolism and cholesterol 
levels, as cholesterol helps to maintain their structure and stability [167, 168]. These 
microdomains are primarily present on the plasma membrane but also in endosomes, 
the Golgi/TGN, the ER and in other intracellular compartments [169-172]. 
Posttranslational lipid modifications generally determine the association of the protein 
with these microdomains; thus, the attachment of saturated fatty acids typically targets 
proteins to lipid rafts, while the attachment of unsaturated and branched fatty acids 
target proteins to non-raft membranes [173]. 

Importantly, both β-secretase and γ-secretase localize to lipid rafts; in contrast, α-
secretase is excluded from these microdomains [25, 174-176]. This difference in 
localization between α-secretase and β-secretase allows cells to regulate APP 
processing through differential compartmentalization of these proteins inside or 
outside of rafts. Indeed, a small pool of APP localizes to these microdomains, and this 
localization depends on cholesterol [177, 178]. Furthermore, such cholesterol-
dependent localization allows APP to encounter β-secretase and therefore promotes 
amyloidogenic cleavage and the generation of Aβ [24, 178]. Cholesterol also promotes 
the clathrin-mediated APP endocytosis required for its cleavage by β-secretase [178, 
179]. Low cholesterol, on the contrary, hinders the localization of APP to lipid rafts 
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and therefore increases the encounter of APP with α-secretase and nonamyloidogenic 
processing [25]. In contrast to the low number of APP in lipid rafts, the majority of 
APP CTFs localize to rafts where they have access to γ-secretase [180]. 

In addition to the generation of Aβ, cholesterol and lipid rafts play a role in 
other steps of the APP life cycle. For example, cholesterol and rafts can affect Aβ 
degradation via several mechanisms. First, cholesterol impairs the autophagy-
mediated clearance of Aβ via the disruption of autophagosome fusion with 
endosomal-lysosomal vesicles [181]. Additionally, lipid rafts harbor a subset of Aβ-
degrading enzymes, whose trafficking and functions are, therefore, sensitive to 
cholesterol levels [182, 183]. Furthermore, cholesterol likely promotes Aβ 
aggregation through lipid rafts, although some controversy exists concerning this issue 
[121]. 

The relationship between APP and cholesterol is bidirectional as APP and its 
proteolytic products also regulate cholesterol metabolism. First, Aβ seems to decrease 
de novo cholesterol synthesis by inhibiting the rate-limiting enzyme hydroxymethyl 
glutaryl CoA reductase (HMGR) [184]. Additionally, AICD inhibits the transcription 
of one of the major lipoprotein receptors, low density lipoprotein receptor-related 
protein 1 (LRP1), which is involved in lipoprotein cholesterol uptake by neurons 
[185]. Furthermore, APP proteolytic fragments may regulate the cholesterol supply 
from astrocytes to neurons. Thus, in cultured astrocytes, Aβ42 inhibit the expression 
of cholesterol transporter ABCA1, which is required for efficient cholesterol efflux 
from astrocytes [186]. Furthermore, sAPPɑ and sAPPβ seem to have opposing effects 
in the regulation of cholesterol biosynthesis in astrocytes via the promotion or 
repression of the gene expression of sterol regulatory element-binding protein-2 
(SREBP2), a master regulator of cholesterol metabolism [187]. 

Importantly, several studies indicated that the C-terminal fragment of APP-C99 
has a binding site for cholesterol in the membrane-buried GXXXG motif [54, 188]. 
These findings suggest the mechanistic link that can mediate the association between 
the membrane cholesterol level and the cholesterol-mediated amyloidogenic 
processing of APP. Unfortunately, our knowledge about the significance of 
cholesterol binding to APP is still fragmented. Interestingly, a recent computational 
study reported that cholesterol binding to APP depends on the charge level of Glu693 
and Asp694, which suggests that this binding is only stable in acidic environments, 
such as in endosomes, where cleavage by β-secretase and γ-secretase can take place 
[189]. Interestingly, mutations of both Glu693 and Asp694, which are suggested to 
enhance the interaction of APP with cholesterol, occur in familial AD [189]. A recent 
study further demonstrated that the binding of cholesterol to APP negatively regulates 
its localization to the synaptic surface membrane; both cholesterol depletion and APP 
mutations introduced at or near the cholesterol-binding site enhanced the localization 
of APP there either through the promotion of APP trafficking to the site or through 
the inhibition of its endocytosis [190]. Importantly, the expression of these APP 
mutants also reduced the membrane cholesterol level in a dominant-negative fashion, 
which again suggests a bidirectional relationship between APP and cholesterol. 

To conclude, these data suggest that APP, Ab, and AD are strongly linked to 
cholesterol metabolism on multiple levels. The link between APP processing and lipid 
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rafts is very plausible, but due to limitations of our existing methodology, our 
knowledge in this area is rather insufficient. The methodological problem arises from 
the small size and dynamic nature of these microdomains as well as high sensitivity 
required since only a small fraction of APP localizes to lipid rafts. On a systemic level, 
the role of cholesterol in AD pathogenesis is complex and multifaceted, as brain lipid 
metabolism is disconnected from systemic lipid metabolism. Moreover, as serum 
cholesterol levels are strongly linked to cardiovascular health and the brain is highly 
dependent on the blood supply of glucose and oxygen, high serum cholesterol may 
affect AD pathogenesis by worsening cardiovascular health [191]. 

1.1.4 The role of APP in neurodegeneration 
The early investigations in the field of AD identified Aβ as the main constituent of 

amyloid plaques in both AD and Down's syndrome, whose carriers have increased 
APP gene-dosage and develop AD-like pathology around the age of 40 [28, 192, 193]. 
Further investigations discovered that Aβ derives from APP, whose autosomal-
dominant mutations were later found to be present in the familial form of AD [194, 
195]. These key findings led to the appearance of the amyloid cascade hypothesis, 
which dominated the field of AD pathogenesis since 1992. The original hypothesis 
states that the “deposition of amyloid β protein (AβP), the main component of the 
plaques, is the causative agent of Alzheimer’s pathology and that the neurofibrillary 
tangles, cell loss, vascular damage, and dementia follow as a direct result of this 
deposition” [196]. Later, further data supported this hypothesis, in particular the 
finding of familial AD mutations in γ-secretase subunit genes and the generation of 
transgenic mice expressing high levels of human mutant APP, who progressively 
developed many of the pathological hallmarks of AD [197-199]. With time, more 
evidence appeared supporting or refining the hypothesis, such as the shift in focus to 
the increased ratio of Aβ42 to Aβ40 as a key early event in AD and on soluble 
oligomers of Aβ; therefore, Aβ became the main focus of AD research for almost 30 
years [200-202]. 

A large amount of evidence, however, did not fully agree with the original amyloid 
cascade hypothesis. First, multiple studies consistently showed that, in contrast to tau 
pathology, the accumulation of amyloid plaques does not correlate well with neuronal 
loss and cognitive decline, as many cognitively normal individuals had considerable 
amyloid plaque burden, while many severe AD cases had only a minor amount [203-
206]. Second, clinical trials targeting Aβ generation, clearance, or aggregation, 
although decreasing the amount of Aβ in the brain, failed to improve cognitive 
deficiencies in sporadic, late-onset AD patients [207]. 

Third, the problems with Aβ deposition-based mouse models of AD became more 
obvious. Not all models based on the overexpression of APP mutants showed 
cognitive impairment, and almost all of these models failed to develop robust 
neurodegeneration or deposition of NFTs [208]. 

Furthermore, in the BRI2-Aβ mouse model, in overexpressing BRI2-Aβ42 fusion 
protein, amyloid plaques were present, but no cognitive impairment followed [209, 
210]. Another AD model with the presence of amyloid plaques but with a reduced 
level of Aβ oligomers developed only transient memory deficit that was reverted with 
the appearance of amyloid plaques, which coincided with a decrease in the Aβ 
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oligomer level [211]. Finally, the finding of amyloid plaques in patients with severe 
brain injuries and other data led to the current view, which states that the soluble 
oligomers of Aβ are toxic, while the development of amyloid plaques may have a 
protective role [212, 213]. Due to this refinement of the amyloid cascade hypothesis, 
more recent clinical trials started to target monomeric Aβ and its soluble oligomers 
[207]. Some of these trials, however, already failed to alleviate the cognitive 
symptoms in AD patients in phase III trials [14, 214]. Taken together, these data may 
suggest that Aβ deposits are not the main trigger of AD. 

Apart from Aβ, APP may contribute to the pathogenesis of AD through a loss of 
function mechanism. As discussed above, APP and its proteolytic fragments have 
many important functions, and their reduction may contribute to AD pathogenesis. For 
example, sAPPɑ plays a role in neuronal survival, while fl APP is important for the 
morphological integrity of neurons; thus, their loss may contribute to cell death and 
synaptic impairment in AD [68, 69, 76, 80]. Similar to that view is the new matrix 
approach, which sees the APP proteolytic system as being in a dynamic balance 
between APP and its proteolytic fragments from all cleavage pathways. This system, 
which can feedforward to wider cellular processes by altering the ratio of proteolytic 
fragments, ensures the health and proper functioning of neurons, while a range of 
factors associated with AD, such as pathogenic mutations or environmental factors, 
act as stressors that can shift the balance, affecting multiple cellular processes. 

1.1.5 The link between Aβ and tau 
The temporal and causative relationship between two hallmarks of AD, Aβ 

pathology and tau pathology, is a highly debated topic ever since this relationship was 
first assumed. The amyloid cascade hypothesis suggests that Aβ leads to NFT and 
proposes an explanation for this phenomenon, but a lot of controversies still exist 
around the topic. While familial forms of AD strongly support this view, the 
relationship between Aβ and tau in sporadic AD is more complex. 

In familial AD, mutations in APP or presenilin genes first cause Aβ deposition, 
followed by the deposition of NFTs, showing that Aβ precedes tau pathology in 
humans [215]. A recent PET imaging study, which included patients with mild 
cognitive impairment and AD, demonstrated that abnormal amyloid PET is a 
prerequisite for abnormal tau PET, although rare exceptions were observed [216]. 
Some human neuropathological studies on patients with sporadic AD, however, 
suggest that the temporal sequence of these events may be the opposite [217]. 
Concerning spatial correlation, Aβ and tau pathologies start in different areas of the 
brain and progress differently: Aβ plaques first appear in the neocortex, followed by 
the allocortex and the subcortical regions, while tau inclusions first appear in the 
medial temporal lobe, followed by the limbic regions and later by the neocortex [218, 
219]. This finding, referred to as the “spatial paradox,” contradicts the amyloid 
cascade hypothesis. Additionally, tau inclusions can develop alone in multiple 
diseases without preceding Aβ pathology [220]. Thus, observations in humans cannot 
exclude either the possibility that APP metabolism or Aβ itself triggers tau pathology, 
nor that these pathologies develop independently due to common upstream factors 
(dual cascade hypothesis). 
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Luckily, animal and in vitro research clarify the topic. The first strong evidence 
came from experiments with transgenic mice. Crossing mice expressing mutant tau, 
which develop neurofibrillary tangles, with mice expressing mutant APP substantially 
worsened tau pathology but not Aβ pathology, suggesting that APP or its proteolytic 
fragments can modulate the formation of tangles [221]. Later, however, a similar 
experiment showed that such crossing worsens Aβ pathology as well and results in 
overt neuronal loss in brain limbic areas [222]. Several in vitro studies provided more 
direct evidence. The exposure of cultured rat neurons expressing human tau to Aβ 
soluble oligomers induced tau hyperphosphorylation at AD-relevant epitopes, 
disruption of the microtubule cytoskeleton, and neuritic degeneration; co-treatment 
with Aβ antibodies neutralized the cytoskeletal disruption [223]. All experiments 
above, however, required the overexpression of human tau, but induced pluripotent 
stem cells (iPSC) helped to overcome this problem. A study with iPSC-derived 
neurons from patients with familial AD demonstrated that alteration in APP 
processing can modulate tau pathology [224]. In conclusion, these results rather 
suggest that Aβ or other consequences of altered APP processing trigger tau pathology 
and may eventually lead to NFT formation. 

1.2 Tau 
1.2.1 Tau protein and its physiological role 

Tau is one of the major microtubule-associated proteins in neurons, whose primary 
function is to protect microtubules from depolymerization to support axonal transport 
[26]. Microtubules are highly dynamic cylindrical polymers formed by the 
polymerization of heterodimers of α- and β-tubulin into protofilaments that associate 
laterally to form a hollow tube [225]. The key feature of the microtubules is their 
dynamic character, as they constantly undergo assembly and disassembly to adjust to 
the cell needs. Along with actin and intermediate filaments, microtubules are key 
components of cell cytoskeleton that provide structural support, organize cytoplasm, 
serve as rails for intracellular transport, drive chromosomal segregation, and play 
many other more specialized roles. 

Tau regulates the microtubule functions in multiple ways: tau (1) promotes the 
assembly of microtubules; (2) regulates their dynamic behavior through interactions 
with tubulin, generating a partially stable but still dynamic state in microtubules; (3) 
spatially arranges the microtubules into parallel arrays in the axons; and (4) regulates 
the motility of motor proteins dynein and kinesin that transport cellular cargoes along 
microtubules [26, 226-231]. Dynamic interaction between tau and microtubules 
regulates multiple cellular functions, including neurite polarity and stability, the 
outgrowth and elongation of axons, and the motor-driven axonal transport of vesicles 
and organelles [229, 232-235]. 

Although in mature neurons tau mainly localizes to axons, it is also present in 
several other intracellular domains, including the nucleus, nucleolus, plasma 
membrane, dendrites, and synapses (Figure 5A) [236-240]. In the nucleus, tau may 
interact with DNA and play multiple other roles, such as protecting cellular DNA and  
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Figure 5. Schematic overview of tau distribution in the cell, the domain structure of Tau isoforms, 
and Tau structure in solution. (A) Tau intracellular distribution. The intensity of coloring represents 
the relative distribution of tau, while the size of the letters corresponds to the relative ratio of tau 
isoforms. (B) Tau isoforms and their domain structure. All phosphorylation sites mentioned in the 
literature review are shown.  
The phosphorylation sites are color coded to show if they are observed only in the brain of Alzheimer’s 
disease patients (red), only in the normal brain (green), or in both (yellow). The bars below 
phosphorylation sites are color coded to show the ability of phosphorylation sites to strongly reduce tau 
binding to MT (green), increase tau binding to microtubules (grey), strongly promote aggregation 
(violet); and protect tau from aggregation (blue). (C) Tau paper-clip structure in the solution. AS – 
Alzheimer’s disease, MT – microtubules.  

A 
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RNA against cellular distress and maintaining chromosomal stability [241-245]. At 
the plasma membrane, tau may participate in intracellular signaling pathways; 
additionally, its interaction with the plasma membrane may also have a role in neurite 
development, possibly by connecting the growing microtubules to the actin cortex in 
the growth cone [246, 247]. 

A small amount of tau is present in both pre- and post-synaptic terminals in a 
healthy neuron; despite the preferred axonal localization of tau, the level of tau at the 
presynaptic terminal is low, while dendritic tau localizes almost exclusively to spines 
(Figure 5A) [248, 249]. On both sides, tau binds to filamentous (F) actin, induces F-
actin bundle formation, and can crosslink actin with microtubules, which is essential 
for the formation and activity of synapses [250-252]. Tau can also modulate the 
organization and composition of postsynaptic complexes involving the synaptic N-
methyl-d-aspartate receptors (NMDARs) [239, 249]. 

Additionally, a large body of evidence suggests that tau has a role in synaptic 
plasticity, in particular in long-term depression (LTD), a persistent activity-dependent 
reduction in synaptic efficacy [249]. The possible mechanism may include the 
synaptic stimulation-induced site-specific phosphorylation of tau at the postsynaptic 
side, leading to LTD and therefore NMDAR-dependent Ca2+ influx; consequently, this 
specific phosphorylation of tau can possibly promote the endocytosis of α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) by enhancing the 
interaction with C kinase 1 (PICK1) [253-255]. 

Although tau is mostly expressed in neurons, it is also expressed at a low level in 
oligodendrocytes and astrocytes [256, 257]. In oligodendrocytes, tau regulates 
microtubule stability during morphogenesis [258]. Tau can also be found in several 
peripheral tissues, with the highest expression level after the brain being in the 
submandibular gland [9, 259]. 

1.2.2 Tau gene 
The microtubule-associated protein tau (MAPT) gene, which encodes tau protein, 

is located on chromosome 17q21 and comprises 16 exons [247, 260]. Alternative 
splicing of exons two, three, and 10 of the tau pre-RNA in the human CNS generates 
six major tau isoforms of 37–46 kDa (Figure 5B), while in the PNS, additional exons 
can be included in mRNA, resulting in a higher molecular weight of tau isoforms [261-
263]. The tau isoforms in the CNS differ by the presence of zero (0N), one (1N), or 
two (2N) N-terminal inserts and by the presence of three (3R) or four (4R) 
microtubule-binding repeats [261]. 

Although all tau isoforms promote the assembly and stabilization of microtubules, 
differences between them also exist. For example, tau isoforms differ in their 
microtubule-binding affinity, with 0N3R having the least affinity [262]. Therefore, 
alternative splicing plays an important role in the regulation of tau functions, and 
defects in tau splicing are directly involved in several pathologies [264, 265]. The 
well-known example of such regulation is the difference in tau isoform expression 
according to the developmental stage [262]. In the developing CNS, only the shortest 
isoform with no N-terminal insert and with three microtubule-binding repeats is 
expressed, while in the adult CNS, all six isoforms are expressed [262, 266]. In the 
developing brain, a specific isoform of tau is likely required to provide a sufficient 
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level of cytoskeletal plasticity during neurite outgrowth and synaptogenesis [9, 267, 
268]. In the adult brain, the distribution of 3R and 4R isoforms is nearly equal, while 
0N and 1N isoforms are overrepresented over 2N isoforms, with only a minor 
expression of the latter [262, 266]. 

1.2.3 Tau structure 
Regardless of the isoform, tau protein contains two structurally and functionally 

distinct domains: the N-terminal projection domain and the C-terminal microtubule-
binding repeat domain (MTBD) [269]. The proline-rich region lies between these two 
domains of tau, and the C-terminal tail of tau flanks the protein at the C-terminus 
(Figure 5B). The MTBD, consisting of three or four imperfectly repeated motifs, 
together with flanking regions, is the primary domain that binds to microtubules, with 
4R isoforms having the higher binding affinity compared to 3R isoforms [247]. The 
repeats bind to microtubules independently of each other. MTBDs also bind to actin, 
crosslink it with microtubules, and possibly have other functions, as they can interact 
with multiple binding partners [9, 252]. 

The N-terminal projection domain of tau regulates the binding of the MTBD to 
microtubules and determines spacings between them [270-272]. Additionally, it 
impacts the intracellular distribution of tau. For example, the projection domain may 
mediate the localization of tau to the plasma membrane likely via interacting with the 
membrane-binding protein annexin A2 [273, 274]. Alternatively, the projection 
domain may retain tau in the cytosol, as its removal promoted the relocalization of 
cytosolic tau to the nucleus in a recent study [275]. Lastly, the number of N-terminal 
inserts in the projection domain also serves as an instrument for regulating the 
intracellular sorting of tau isoforms. Thus, in the brain of two-month-old mice, the 0N 
isoform localizes predominantly to axons and cell bodies and has very little presence 
in dendrites and nuclei, while 1N isoforms localize strongly to nuclei, where it is the 
main tau isoform, although it is also present in cell bodies and dendrites but not in 
axons [276]. The 2N isoforms mostly stay in soma and axons but are also present in 
dendrites and nuclei (Figure 5A). The proline-rich region in the projection domain 
serves as a regulatory element, controlled by numerous kinases and interacting 
proteins, that can influence functions of the projection domain and the MTBD. A 
recent study, however, suggested that the proline-rich region binds tubulin stronger 
than the MTBD and may have a primary role in microtubule polymerization [277]. 
The C-terminal tail contains a microtubule-binding repeat-like region that follows the 
MTBD. The C-terminal tail contributes to the binding of tau to tubulin and regulates 
tau binding with the plasma membrane [9]. 

1.2.4 The intrinsically disordered nature of Tau 
It was believed for a long time that, to perform their functions, proteins required a 

stable secondary structure, which is determined by their amino acid sequence. While 
the majority of proteins follow this paradigm, others, instead of adopting a stable 
sequence-defined structure, dynamically adopt multiple conformations. Such proteins 
are called intrinsically disordered proteins (IDPs), meaning that the entire protein or 
its regions have no stable secondary structure in solution as a result of a relatively low 
hydrophobicity and a relatively high net charge [278]. One example of an IDP is tau 
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[279-281]. Indeed, the Predictor of Natural Disordered Regions (PONDR) algorithm 
with two different predictors suggests that 77.6% or 99.1% of tau is intrinsically 
disordered (this calculation is based on the human tau758 isoform from the PNS) [282, 
283]. Nuclear magnetic resonance (NMR) spectroscopy demonstrated the overall 
absence of a secondary structure as well but also revealed the presence of scarce 
secondary structure elements in the MTBD [280]. 

Intrinsic disorder allows tau and other IDPs to rapidly adopt multiple 
conformations upon binding to a specific partner, such as microtubules, enabling tau 
and other IDPs to interact with multiple binding partners, including not only other 
proteins but also small molecules, membranes, and nucleic acids [274, 278, 282, 284-
289]. These unique qualities of IDPs can explain why they play a central role in 
various core cellular processes, among which are the regulation of signaling pathways, 
the regulation of transcription and translation, the organization of chromatin, transport 
through the nuclear pore, and the assembly and disassembly of microfilaments and 
microtubules [278, 290]. 

Due to their importance, the IDPs are tightly regulated by multiple means to secure 
the precise function of these proteins, as the dysfunction of many IDPs can have 
drastic consequences for cellular homeostasis [278]. Thus, as IDPs have a higher 
aggregation propensity than globular proteins, many of them misfold and aggregate in 
neurodegenerative diseases [282, 291, 292]. In addition to tau, the list of 
neurodegeneration-related IDPs includes Aβ peptide in AD, α-synuclein in PD and in 
other synucleinopathies, TDP-43 and frontotemporal lobar degeneration fused in 
sarcoma (FUS) in ALS, huntingtin in Huntington’s disease, prion protein (PrP) in 
prion diseases, and many others [282]. 

Free tau protein, however, is not entirely in a random coil form. Instead, it tends 
to adopt a compact paperclip-like or S-shaped conformation, as suggested by several 
studies (Figure 5C) [293-295]. In a compact conformation, stabilized by long-range 
intramolecular interactions, the N-terminus, C-terminus, and MTBD repeat region all 
approach each other to some extent, and this compact conformation may protect tau 
from aggregation by masking the regions involved in it. Hyperphosphorylation, 
truncation, or certain disease-associated tau mutations can disable this compact 
conformation, making tau more prone to aggregation [293, 295-298]. 

1.2.5 Phosphorylation of tau 
As IDPs are highly flexible and can adopt multiple conformations, they are easily 

accessible for posttranslational modifications, which play an important role in the 
precise control of IDP functions [278, 299]. Tau is no exception – multiple post-
translational modifications modulate its functions and impact its propensity to 
aggregate, including acetylation, glycosylation, glycation, polyamination, nitration, 
oxidation, ubiquitination, sumoylation, cleavage or truncation, and, of particular 
importance, phosphorylation, as abnormal phosphorylation of tau undoubtedly 
contributes to tau aggregation [295, 299-301]. 

Tau phosphorylation is quite complex. The longest tau isoform, tau441, contains 85 
putative phosphorylation sites: 45 serine, 35 threonine, and 5 tyrosine residues; the 
majority of them were reported to be phosphorylated in vivo or in vitro, and some sites 
are phosphorylated by multiple kinases [9, 302]. A physiological cycle of 
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phosphorylation and dephosphorylation is necessary in order to maintain the 
biological functions of tau, such as the regulation of microtubule dynamics, axonal 
transport, and neurite outgrowth [9, 303]. Thus, in the healthy brain, numerous kinases 
and phosphatases phosphorylate and dephosphorylate tau protein. 

Three broad groups of protein kinases phosphorylate tau: (1) proline-directed 
serine/threonine kinases, such as glycogen synthase kinase 3 (GSK3), cyclin-
dependent kinase-5 (Cdk5), and mitogen-activated protein kinases (MAPKs); (2) non-
proline-directed serine/threonine kinases, such as dual-specificity tyrosine 
phosphorylation-regulated kinase 1A (DYRK1A), casein kinase 1 (CK1), microtubule 
affinity-regulating kinases (MARKs), Akt, cAMP-dependent protein kinase A (PKA), 
and calcium/calmodulin-dependent protein kinase II (CaMKII); and (3) tyrosine 
kinases, such as Fyn, Src, Abl, Lck, and Syk [300]. Although several phosphatases 
dephosphorylate tau in the brain, including protein phosphatase 1 (PP1), PP2A, PP2B, 
PP2C, and PP5, the major tau phosphatase is PP2A, which accounts for the majority 
of tau phosphatase activity in the human brain [304-306]. 

The level of tau phosphorylation in the healthy brain is high at 2–3 moles of 
phosphate per 1 mole of tau [307, 308]. In pathological conditions, such as AD, 
however, the amount of phosphate per one molecule of tau is two – four times higher. 
The total level of tau phosphorylation is not the only aspect that plays a major role in 
pathology. Phosphorylation at specific disease-associated residues within the protein 
is also important, as tau phosphorylation at different residues can have distinct roles 
[309, 310]. For example, phosphorylation of tau at certain residues, including Thr214, 
Thr231, Ser235, Ser262, and Ser356, decreases tau affinity to microtubules; on others 
– Thr231, Ser396, Ser404 and Ser422 – makes tau more aggregation prone; 
phosphorylations at Thr214 and Ser262 strongly decrease the affinity of tau to 
microtubules but also protect tau from aggregation [297, 311-317]. Finally, 
phosphorylation at the Thr50 residue exceptionally promotes the binding of tau to 
microtubules [318]. Thus, the aggregation of tau occurs along with a specific pattern 
of phosphorylation; one example of a phosphorylation pattern that drives the 
formation of pathological inclusions is the simultaneous phosphorylation of tau on 
Ser202, Thr205, and Ser208 with the absence of phosphorylation at Ser262 [319]. To 
describe the aberrant phosphorylation of tau at disease-associated residues and to 
distinguish it from physiological phosphorylation, the term “hyperphosphorylation” is 
often used in the field. Tau hyperphosphorylation is a hallmark of tau aggregates in 
many tauopathies and a critical event leading to the formation of tau aggregates [309]. 

Hyperphosphorylation of tau may harm cells via at least three different scenarios: 
(1) by the loss of physiological functions of tau; (2) by the gain of toxic functions by 
tau; and (3) by inducing synaptic failure (although this is a part of the first two 
scenarios, it is considered separately). These three scenarios coexist together, although 
it remains debatable which scenario is the most harmful. In the first scenario, the main 
damage arises from the compromised assembly and stability of microtubules. In a 
healthy neuron, the majority of tau is tightly attached to microtubules via its MTBDs, 
stabilizing the interaction between tubulin dimers [26, 320]. When tau 
phosphorylation level increases, particularly but not exclusively in the MTBD, tau 
affinity for microtubules decreases, and eventually pathologically phosphorylated tau 
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detaches from microtubules, destabilizing the cytoskeleton and compromising axonal 
transport [313, 320-324]. Other microtubule-associated proteins in neurons, such as 
MAP1 and MAP2, however, can partially compensate for the loss of tau microtubule-
stabilizing activity, as none of the five tau knockout mouse models have an overt 
phenotype [239, 325-330]. 

The damage to axonal transport in pathological conditions is worsened by the gain 
of toxic functions by tau, which is the second scenario. Soluble hyperphosphorylated 
tau in cytosol may gain the ability to disrupt preformed microtubules by sequestering 
major neuronal microtubule-associated proteins, MAP1 and MAP2, as well as 
“healthy” tau [331-333]. Additionally, it can trap a component of the kinesin motor 
machinery JIP1, further impairing axonal transport [334]. Most importantly, the 
increased concentration of tau in the cytosol may promote tau misfolding that 
eventually results in the formation of tau aggregates and fibrils, which can be highly 
toxic to cells [9, 335]. 

In the third scenario, hyperphosphorylation also results in pre- and postsynaptic 
dysfunction. In pathological conditions, hyperphosphorylated tau starts to accumulate 
at both terminals, but the amount becomes especially high on the postsynaptic side 
[248, 336]. On the pre-synaptic side, tau binds to synaptic vesicles via its N-terminal 
domain and hinders synaptic vesicle mobility and release, inhibiting 
neurotransmission, while on the post-synaptic side, hyperphosphorylated tau 
excessively stimulates AMPA receptor internalization, which results in excessive 
LTD signaling and synaptic loss [255, 336, 337]. These synaptic abnormalities are 
probably responsible for the development of early tau-related deficits in tauopathies 
[336]. 

The hyperphosphorylation of tau can occur due to an imbalance between 
phosphorylation and dephosphorylation [302]. Unfortunately, it is still not entirely 
clear what exactly shifts the balance between these two opposing forces. Modern 
research, however, has substantially advanced our understanding in this area. 
Numerous studies have reported the altered activity and/or expression of several tau 
kinases in the AD brain, including GSK3β, JNK3, DYRK1A, p38, and CK1, 
suggesting their involvement in the pathology [338-341]. 

Although tau hyperphosphorylation is a result of the synergic work of an array of 
kinases, multiple reports indicate that GSK3β kinase plays a critical role in both the 
physiological and pathological phosphorylation of tau [342]. Among other residues, 
GSK3β phosphorylates tau at Thr231, which results in a conformational shift, making 
the C-terminus of tau more accessible for kinases, thus promoting further 
hyperphosphorylation of tau [343, 344]. Cdk5, JNK, AMPK, DYRK1A, and TPKI, 
however, also phosphorylate tau at Thr231 [345]. GSK3b kinase can also be a link 
between amyloid and tau pathologies, as Aβ may activate GSK3β and establish a 
feedforward loop, which promotes both abnormal APP processing and tau 
hyperphosphorylation [342]. 

Not only an increase in the kinase activity, however, can explain tau 
hyperphosphorylation. A decrease in dephosphorylation can also result in the same 
phenotype. Indeed, several studies reported that the expression and activity of PP2A, 
the key tau phosphatase, were significantly lower in the AD brain than in the age-
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matched control brain [346, 347]. Hyperphosphorylation, however, is not an absolute 
requirement for tau aggregation, as recombinant non-phosphorylated tau can 
aggregate, for example, in the presence of heparin or other polyanions in vitro [348, 
349]. 

Why does phosphorylation have such a detrimental effect on tau aggregation? As 
with many processes in biology, it is likely a synergistic combination of several 
factors. First, Alonso et al. suggested that, as phosphorylation turns an uncharged 
amino acid into a negatively charged one and therefore decreases tau net charge, it 
may also neutralize the repulsion between different tau molecules, which results in a 
higher tendency for aggregation [350]. Hyperphosphorylation also promotes the 
adoption of an abnormal conformation by tau that enhances its aggregation propensity 
[295, 351]. Additionally, serine/threonine phosphorylation may promote Tau liquid-
liquid phase separation, which results in the formation of membrane-less 
compartments, so called “tau droplets,” whose environment favors tau aggregation 
[335]. Controversial evidence, however, exists regarding the necessity of 
phosphorylation for tau liquid-liquid phase separation [352]. It has also been 
suggested that tau droplets serve as a means to efficiently concentrate tubulin to 
initiate microtubule nucleation [353]. Interestingly, tau phosphorylation can also serve 
a protective role. For example, a recent study reported that specific phosphorylation 
of tau on Thr205 protected neurons from Aβ-induced toxicity [354]. 

In addition to phosphorylation, two other posttranslational modifications deserve 
particular attention: O-GlcNAcylation and tau truncation. O-GlcNAcylation, an 
addition of an N-acetyl-glucosamine (GlcNAc) to serine/threonine residues, can 
negatively regulate tau phosphorylation in a site-specific manner [355]. Thus, 
unsurprisingly, the level of O-GlcNAcylation in the AD brain is lower than in the 
healthy brain [355]. As this posttranslational modification is sensitive to an array of 
nutrients, including glucose and free fatty acids, it is theoretically possible that 
impairment of brain glucose metabolism in sporadic AD may induce 
hyperphosphorylation of tau via a decrease in its O-GlcNAcylation [356-358]. 

Numerous proteases can cleave tau, generating truncated tau species, and a 
growing body of evidence suggests that these N-terminally or C-terminally truncated 
tau species have an increased tendency to aggregate via the microtubule-binding 
repeats, as both N- and C-termini negatively regulate tau aggregation [359-361]. 
Furthermore, the truncated forms of tau may propagate the pathology, converting 
normal tau into truncated and aggregated forms [362]. Indeed, it appears that only a 
minor part of tau in the PHF core from the AD brain consists of fl untruncated tau 
[363, 364]. In different tauopathies, the PHF core consists of different species of 
truncated tau [365]. Although it is not entirely clear at which stages of the aggregation 
pathway truncation takes place, recent data indicate that it may occur after 
phosphorylation, as the latter control truncation, at least between Asp421 and Ser422 
[366, 367]. However, other studies reported that truncated tau itself is capable of 
initiating aggregation and template-directed propagation of the pathology without 
prior hyperphosphorylation [359, 368, 369]. 
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1.2.6 Clearance of tau and Aβ 
Timely degradation of misfolded hyperphosphorylated tau is essential for the 

normal function and survival of neurons. Therefore, an intricate clearance system has 
been developed for dysfunctional proteins intracellularly and extracellularly. 
Intracellular tau and other proteins undergo clearance through two major systems: the 
ubiquitin-proteasome system and the autophagy-lysosome system (Figure 6) [370]. 
The ubiquitin-proteasome system is a major pathway for intracellular protein 
degradation in neurons and other cell types [371]. In this pathway, a ubiquitin ligase 
system marks a protein for degradation by conjugating them with several molecules 
of small protein ubiquitin, eventually forming polyubiquitin chains, which serve as 
recognition signals for the large proteolytic protein complex, called the proteasome, 
which degrades the associated protein with threonine proteases [372].  

The autophagy-lysosome system is a clearance pathway that delivers cytosolic 
material, including protein aggregates and whole organelles, to the lysosome for 
degradation by lysosomal hydrolases [373]. Depending on the route of delivery of 
cytosolic material to lysosomes, three types of autophagy are recognized: (1) 
microautophagy, in which the lysosome directly engulfs cytosolic constituents by 

Figure 6. Intracellular tau clearance pathways. The ubiquitin–proteasome system and chaperone-
mediated autophagy can degrade only misfolded monomeric tau, while microautophagy and 
macroautophagy can degrade both misfolded tau and tau aggregates. Aβ clearance is not shown in the 
figure, as it is exactly the same as tau intracellular clearance. 
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invaginations of its membrane; (2) macroautophagy, in which double-membrane 
structures, called autophagosomes, isolate the cytosolic constituents and typically 
deliver them to lysosomes for degradation via fusion; and (3) chaperone-mediated 
autophagy (CMA), in which cytosolic chaperon proteins recognize the substrate and 
mediate its transport across the lysosomal membrane (Figure 6) [373]. All three types 
participate in the degradation of tau to different extents [374]. 

These two clearance systems are tightly connected at multiple levels, and the 
autophagy-lysosome system can partially compensate for the impairment or overload 
of the ubiquitin-proteasome system [372]. It is very unlikely, however, that the 
ubiquitin-proteasome system can compensate for autophagy impairment. Both 
clearance systems cooperate to prevent the development of tau pathology [370, 372]. 
As proteasomal degradation requires the unfolding of degraded protein and its 
translocation through the narrow channel of a proteasome, it restricts the ubiquitin-
proteasome system to the degradation of mostly misfolded monomeric tau. The 
impaired or overwhelmed ubiquitin-proteasome system, however, is unable to cope 
with all misfolded tau, resulting in the formation of large oligomers and aggregates. 
From this point, these large oligomers and aggregates are the responsibility of 
macroautophagy. 

Unsurprisingly, dysfunctions of both clearance systems are associated with 
neurodegeneration and may contribute to the development of tau pathology, which, in 
turn, may induce the dysfunction of both clearance systems [248, 370, 375-378]. 
Additionally, some disease-associated mutations and aggregation-promoting 
posttranslational modifications seem to inhibit their degradation or rerouting to 
different clearance pathways [374]. 

Extracellular tau can be cleared by degradation with secreted proteases, such as 
thrombin, or with microglia phagocytosis [379-381]. Extracellular tau can also be 
cleared from the brain and transported for degradation in the periphery with a 
perivascular clearance system, in which interstitial fluid (ISF) proteins enter the 
perivascular space, the region surrounding the parenchymal vasculature, and travel to 
cervical lymph nodes along arteries [381]. Alternatively, another perivascular 
clearance pathway termed the glymphatic system can eliminate extracellular tau with 
cerebrospinal fluid (CSF) flow from periarterial to perivenous space via brain 
parenchyma and finally bring the extracellular proteins to the lymph along the 
perivenous space [381, 382]. Impairment of the glymphatic system is associated with 
aging, which may contribute to the accumulation of hyperphosphorylated and 
misfolded tau, as well as other neurodegeneration-associated proteins [383]. In 
addition to aging, traumatic brain injury (TBI) may result in the impairment of 
glymphatic clearance, promoting tau pathology [382, 384]. Tau pathology itself, 
however, can in turn inhibit glymphatic clearance [384]. 

Although tau from brain parenchyma cannot traverse the BBB, tau in CSF can be 
transported into the blood by arachnoid villi and by the blood-cerebrospinal fluid 
barrier (BCSFB) for degradation outside the brain [381]. Despite the combined efforts 
of multiple clearance systems for intracellular and extracellular pathological tau, their 
degradation in the brain is slow, especially regarding extracellular tau [385]. 
Therefore, the clearance of tau in pathological conditions cannot provide a sufficient 
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elimination rate, leading to the accumulation of tau oligomers in the brain and the 
progression of disease. 

Aβ clearance is very similar to tau: intracellular Aβ clearance depends on both 
ubiquitin-proteasome and autophagy-lysosome systems, while extracellular Aβ can be 
eliminated via proteolytic degradation by secreted proteases, including neprilysin and 
insulin-degrading enzyme, or via glial phagocytosis [381]. Alternatively, similarly to 
tau, Aβ can be transported for degradation in the periphery with perivascular 
clearance, including the glymphatic system. Unlike tau, however, ISF Aβ can traverse 
the BBB, and several specific transporters assist this process, including low density 
lipoprotein receptor related protein 1 (LRP1) and phosphatidylinositol binding 
clathrin assembly protein (PICALM). Interestingly, PICALM is one of the top 
susceptibility genes associated with sporadic AD [157, 386]. The level of PICALM in 
the brain endothelium of AD patients correlates with Aβ load and cognitive 
impairment [387]. 

1.2.7 Tau oligomers 
1.2.7.1 The formation of tau oligomers 

The accumulation of intraneuronal filamentous inclusions consisting of tau protein 
is the most prominent pathological event in AD and other tauopathies. The tau 
aggregation pathway as well as filament structure and composition, however, are not 
universal but specific to each disease [388-391]. Unfortunately, the process of tau 
aggregation is still not entirely understood, especially at the level of early oligomers. 
In any case, tau conversion from an IDP to filamentous inclusions involves the 
following steps: (1) the acquisition of an aggregation-competent conformation; (2) the 
formation of dimers and small soluble oligomers (pre-tangles); and (3) the formation 
of filamentous inclusions. 

First, to start the oligomerization process, tau must change from the inert 
“paperclip” conformation with masked hexapeptides (Figure 7) to the aggregation- 
and seeding-competent conformation with exposed hexapeptides, which have a high 
propensity for adopting the b-sheet conformation [392, 393]. The hexapeptides are 
two short aggregation-promoting b-sheet-forming motifs in the beginning of the 
second and third microtubule-binding repeats (PHF6*: 275VQIINK280 and PHF6: 
306VQIVYK311, respectively) [394-396]. The PHF6 hexapeptide can initiate tau 
aggregation. Accordingly, recent studies showed that hyperphosphorylation of tau by 
GSK3b resulted in the adoption of a more extended conformation that highly 
increased the exposure of the PHF6 hexapeptide [392]. A similar conformation change 
was also observed upon treating tau with aggregation-inducing polyanion heparin 
[294, 295, 397, 398]. Another study reported that different phosphorylation patterns 
may result in both the extension and compaction of tau and that a very compact tau 
conformation is also aggregation-prone [298]. Apparently, different tau pathologies 
may result from different stable conformations of tau [399]. In addition to 
phosphorylation and polyanions, other factors, such as diverse posttranslational 
modifications and mutations and interaction with other proteins, the plasma 
membrane, or with aggregation-prone proteins/peptides, may also induce a 
pathological shift in the conformation of tau [400-402]. 
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Nevertheless, after a tau monomer adopts a new aggregation-prone conformation, 
it is ready to form a β‐sheet structure with another tau molecule, resulting in a 
homodimer (Figure 7) [403]. Tau dimers can recruit other monomers or dimers, 
forming small soluble tau oligomers of various sizes, such as dimers and trimers [403]. 
In AD, small soluble oligomers may subsequently assemble into granular oligomers, 
although it is also possible that monomers assemble in these structures in a separate 
pathway [404]. The granular oligomers consist of approximately 40 tau monomers 
and have a diameter of 20–50 nm and a high b-sheet content; additionally, they are 
insoluble in N-lauroylsarcosine (sarcosyl) detergent [404]. As soon they reach the size 
of 20 nm, they can convert into filaments possibly by adopting a more ordered and 
elongated structure [404]. In other tauopathies, tau may form filaments through other 
intermediate states. The filamentous structures may further aggregate to form larger 

Figure 7. A possible pathway of Tau aggregation in AD. At physiological conditions, the majority 
of tau bind and stabilize MT (1), while a minority stays in the cytosol, adopting an inert paperclip-like 
structure (2) with masked hexapeptides (shown as orange stars). Under pathological conditions, tau 
becomes hyperphosphorylated and adopts a disease-associated conformation, such as an extended 
conformation with exposed hexapeptides (3). In this state, tau can form a β‐sheets structure with another 
tau molecule, resulting in the appearance of tau homodimers (4). Tau dimers recruit other monomers 
or dimers, forming small soluble oligomers (5), which may further assemble into granular oligomers 
(6) with high β-sheet content. Granular oligomers may adopt a more ordered elongated structure, 
forming SFs and PHFs (7), which aggregate further to eventually form NFTs (8). Both SFs and PHFs 
are formed by two identical C-shaped protofilaments that wrap around each other with PHFs having a 
shorter crossover distance and a wider variation in diameter than SFs. This difference is a result of the 
different pairing of protofilaments: protofilaments in SFs pair asymmetrically, while protofilaments in 
PHFs pair with helical symmetry (7*). Each protofilament consists of a stack of eight β-sheets that 
adopt a C-shaped form (7**). MT – microtubules; SF – straight filament; PHF – paired helical filament; 
NFT – neurofibrillary tangles 
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inclusions, such as NFTs and Pick bodies [405]. In the AD brain, two types of 
filamentous structures appear: paired helical filaments (PHFs), the main constituent 
of NFTs, and straight filaments (SFs), the minor constituent of NFTs [406]. PHFs are 
approximately 10 and 30 nm wide at their narrowest and widest parts, respectively, 
while SFs are approximately 15 nm wide [407]. Although these filaments have 
different structures, each consists of two identical C-shaped filament subunits, called 
protofilaments, which are paired differently to form PHFs and SFs [407]. Each 
protofilament consists of an ordered core formed by a stack of primary third and fourth 
repeat domains of tau (residues 306–378) and the disordered fuzzy coat formed of the 
disordered N- and C-termini. The tau fragments in the core have eight β-sheet regions, 
three of which form a β-helix, and three sheets form a cross-β architecture between 
them; together these fragments form a C-shaped structure [407, 408]. Importantly, the 
filaments isolated from the AD brain incorporate all six isoforms of tau equally [407]. 

In other tauopathies, the protofilament core can contain different microtubule-
binding repeats or possibly different posttranslational modifications, leading to the 
structural variability of inclusions in an array of tauopathies. Thus, in Pick’s disease 
(PiD), two other types of filaments occur in the diseased brain, narrow and wide 
filaments (NPFs and WPFs), which both differ from PHFs and SFs in morphology and 
structure [391]. Unlike in AD, the protofilament core of NPFs and WPFs exclusively 
incorporate 3R tau isoforms and consist of an R1, R3, and R4 of tau MTBD (residues 
Lys254–Phe378 of the 3R isoform) folded in an elongated J-like shape [391, 407]. 
Tau filaments in chronic traumatic encephalopathy (CTE), although resembling AD 
filaments, are also different. The protofilament core in CTE consists of R3 and R4 and 
incorporates all six tau isoforms as in AD but has a more open C-shape form [390, 
407]. Like in AD, filaments in CTE include all six tau isoforms equally [390]. Finally, 
the polymorphic tau filaments formed by treating recombinant tau with heparin in 
vitro, the most commonly used tau aggregation model, also differ from all filaments 
listed above [391, 407, 409, 410]. 

1.2.7.2 Toxicity of tau species 
Several structural forms appear in the tau aggregation pathway: diseased-

associated conformers, small soluble oligomers, granular aggregates, filamentous 
aggregates, and larger aggregates such as NFTs [411]. To develop tau-targeted disease 
interventions, it is crucial to understand which tau species are responsible for 
neurodegeneration. Initially, NFTs were believed to be the species that induces 
neuronal damage and neurodegeneration in tauopathies, as their histopathological 
appearance correlates with neuronal death and cognitive status in an array of diseases, 
but soon it became clear that disease-associated synaptic dysfunction and neuronal 
death occurred before NFT formation and that neurons were found to survive despite 
the presence of NFTs in a mouse model of tauopathy [412-415]. In humans, NFTs 
may be present in neurons for at least 20 years, and these neurons still survive [416]. 
This evidence suggests that NFTs are not the most toxic species of tau [411, 417-421]. 

As with NFTs, evidence in favor of PHF toxicity is mostly correlative, but it is 
more sparse and fragmented [411]. As with NFTs, neuronal death and its associated 
dysfunctions appeared without filament formation in a mouse model of tauopathy 
[422]. Furthermore, in mice expressing repressible human tau, whose expression was 
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suppressed after the onset of memory impairment and the formation of filamentous 
aggregates, neuron numbers were stabilized and memory function was restored, while 
both PHF and NFT pathologies persisted [419]. Although the toxicity of PHFs is far 
less studied than NFTs, it is still very unlikely that PHFs are the most toxic species of 
tau [411]. Interestingly, it is even possible that insoluble filamentous inclusions play 
a protective role in neurodegeneration, mainly by segregating toxic soluble tau from 
the cell environment into filaments, thus protecting cells from further damage [411, 
423]. 

Small insoluble tau oligomers, such as granular oligomers, may be toxic, but 
besides correlative evidence, only a few studies exist on the topic; consequently, it is 
impossible to draw any conclusions [248, 424-426]. Soluble oligomers of tau, on the 
other hand, have been the subject of considerable research, which suggests that these 
tau species are the culprits of neurodegeneration [427]. As mentioned above, in 
multiple models of tauopathy, neurodegeneration can occur without the formation of 
insoluble oligomers, as it starts prior to the appearance of the inclusions, suggesting 
the involvement of small oligomeric species [413, 414, 419, 421, 428]. Additionally, 
when recombinant tau monomers, soluble oligomers, or fibrils were injected into the 
brains of wild-type mice, only the oligomer injections resulted in synaptic and 
mitochondrial dysfunction, although the use of recombinant tau protein in this study 
may complicate the interpretation of the results especially for monomeric species 
[418]. The addition of soluble tau species to cell cultures was also shown to be toxic 
even at nanomolar concentrations [429, 430]. Tau soluble oligomers, however, do not 
comprise a uniform group. Thus, only a subset of soluble oligomers may be toxic. 
Several studies using cellular models suggest that the low-n oligomers of tau (such as 
dimers, trimers, tetramers) are toxic [429, 430]. Interestingly, even monomeric tau has 
been reported to exert toxicity apart from its role in templating aggregation, which is 
the subject of the next section [331-334, 392]. 

In conclusion, although more focus is now being placed on the toxicity of small 
soluble oligomers, it is still unclear which tau species are the most toxic. It is likely 
that multiple tau species can exert toxicity to some extent, while some forms can also 
be protective. One crucial aspect of tau damage was intentionally omitted in this 
section – the ability of tau species to propagate the pathology through the brain, which 
is discussed below. 

1.2.8 Tau propagation 
1.2.8.1 Prion-like propagation 

The stereotypical appearance and progression of tau pathology in AD and other 
tauopathies correlates with the progression of cognitive impairment and therefore 
serves as a useful tool for staging these pathologies according to their severity [218, 
415]. In AD, tau pathology first appears in the entorhinal cortex in the medial temporal 
lobe (Braak stages I/II, or preclinical AD), and then it progresses to limbic regions 
(Braak stages III/IV, or prodromal AD) and finally to the neocortex (Braak stages 
V/VI, or clinical AD) [218]. In other tauopathies, pathology starts in distinct 
anatomical areas and may also affect glial cells, but the spread of tau pathology in 
these diseases nevertheless correlates with the severity of diseases and can be used for 
their staging [431, 432]. Accordingly, in Pick’s disease, tau pathology affects mainly 



Review of the literature 
 

 
 
 

30 

neurons and to a lesser extent glial cells. Tau-positive inclusions in this disease first 
appear in frontotemporal limbic/paralimbic and neocortical regions, then progress to 
subcortical structures, sequentially to the primary motor cortex and precerebellar 
nuclei, and lastly to the visual cortex [431]. 

In progressive supranuclear palsy (PSP), tau pathology affects both neuronal and 
glial cells, starting from subthalamic nucleus, pallidum, and substantia nigra, then 
progressing to the pedunculopontine nucleus, dentate nucleus, and frontal lobe, and 
lastly to the temporal lobe [432]. Despite the differences in the stereotypical patterns 
of these disorders, the pathology of tauopathies, as well as in other neurodegenerative 
disorders, seems to spread along neuroanatomically connected areas [475, 476]. The 
recent hypothesis of prion-like propagation offers an elegant explanation of this 
phenomenon [12]. 

Prions are infectious misfolded proteins that can move from cell-to-cell and 
transmit their misfolded conformation (“template”) to their native, “healthy” versions 
in the brain, thus propagating the pathology in a template-directed manner [477]. 
Many proteins involved in neurodegenerative disorders, including Ab, a-synuclein, 
and tau, although they are not prions themselves, possess prion‐like properties, 
meaning that certain species of these proteins can travel from diseased to unaffected 
neurons, where they induce further misfolding and aggregation of the native variant 
of these proteins [478]. In other words, they can seed aggregation and propagate the 
pathology. Indeed, numerous studies have demonstrated that extracts from the 
diseased human or mouse brain transferred to healthy cells, intracerebrally injected or 
even peripherally administrated to wt mice or mouse disease models, can seed and 

Table 2. Overview of studies on the propagation of five proteins associated with neurodegenerative 
disorders 

 Ab tau a-syn TDP-
43 SOD1 

Origin of tau seeds/ 
experimental setup m h r m h r m h r h m h r 

cell-based models [433]   [434] [434] 
[388, 
435-
439] 

  [436, 
440] 

[441-
444]   [445] 

Tg 
mice 

b [446-
448] 

[446, 
448-
450] 

[447] [451, 
452] [453] [388, 

454] 
[455-
457]  [456, 

458] [442] [459-
461] [461]  

p [462]   [463]   [457]       

wt 
mice 

b     
[453, 
464, 
465] 

   [466] [466]    

p              

human 
b (grafting) na [467, 

468] na na [469] na na 
[470-
472] 

 
na  na  na 

p (hormone 
administration) na [473, 

474] na na  na na  na  na  na 

Origin of tau seeds: m – mouse, h - human; r – recombinant tau; injection of tau: b – intracranial or spinal cord 
injections, p – periphery injection (intraperitoneal); na – non-applicable 
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propagate the source pathology in a prion-like manner (Table 2) [449, 451, 456, 462-
464]. 

Furthermore, grafting of dura matter infected with prions causing iatrogenic 
Creutzfeldt-Jakob disease (iCJD), which frequently associates with Aβ deposition, 
provided an opportunity to study graft to host transmission of Aβ in the human brain 
[467, 468]. Additionally, embryonic neural tissue grafts in Parkinson’s and 
Huntington’s disease patients offered the chance to observe the transmission in the 
opposite direction, from host to graft, of a-synuclein, huntingtin protein, and tau 
pathology [469-472, 479]. Finally, an examination of several cases of iCJD that 
resulted from treatment with human-derived growth hormone containing CJD prions 
in childhood suggested that Aβ may also traffic from the periphery to the brain and 
induce Aβ pathology [473, 474]. 

1.2.8.2 Mechanisms of Release, Uptake, and Cellular Processing 
The prion-like propagating neurodegenerative disorders start with the generation 

of a seed, the unit able to propagate the pathology. For tau protein, a single misfolded 
protein in a specific conformation can act as a seed (Figure 7) [392]. Seed-competent 
tau monomers can form morphologically distinct “strains” in different tauopathies, 
meaning that a conformation of tau in a given seed will define a distinct type of 
inclusions, rate of spread, and pattern of neuropathological lesion in each disease that 
can be replicated in the process of cell-to-cell transmission in vitro and in vivo [388, 
480-482]. Numerous studies have demonstrated that intracranial injections of tau 
strains derived from distinct tauopathies into animal models resulted in different 
patterns of tau pathology similar to the source tauopathy [388, 453, 480, 481, 483]. 
Additionally, the treatment of cultured cells with distinct tau strains resulted in the 
same formation of inclusions as in the source tauopathy [388]. Interestingly, tau in AD 
forms a single strain, while tau in a corticobasal degeneration forms three sub-strains, 
but tau monomers from any of these three strains can seed all three strains when 
inoculated into naïve cells [482]. 

Pathogenic seeds can follow one of the potential secretion pathways to reach the 
extracellular space. The possible mechanisms of tau secretion include exosomes, 
ectosomes, secretory autophagosomes and amphisomes, secretory lysosomes, and the 
direct translocation through the plasma membrane [484-486]. The secretion 
mechanisms of tau are the subject of Section 2.3 and therefore are not reviewed here. 

Following secretion, the pathogenic seeds may approach the surface of a recipient 
cell. The seeds do not spread randomly but mainly follow a disease-specific 
spatiotemporal pattern based on anatomically connected neuronal networks involving 
tau secretion by presynaptic neurons and uptake by post-synaptic neurons. Neuronal 
activity probably plays an important role in the trans-synaptic transfer of tau, as it 
stimulates both tau secretion by neurons and tau propagation [487-489]. The activity-
stimulated trans-synaptic transfer, however, may not be the only way of tau 
propagation, as the process is known to occur also in a retrograde direction along a 
neuronal network; thus, interstitial diffusion or microglia-assisted propagation likely 
also plays a role in the propagation process [434, 452, 490]. 

Once tau reaches the recipient cell, it may become internalized (Figure 8). It is not 
fully clear, however, which tau species can undergo uptake and with what efficiency, 
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as multiple studies show conflicting results. Some data show that tau monomers and 
small soluble oligomers are efficiently internalized, whereas others show that only 

Figure 8. Pathways of tau uptake. Cells may uptake extracellular vesicles with tau via phagocytosis, 
clathrin-dependent endocytosis, clathrin-independent endocytosis (such as caveolin-dependent 
endocytosis and receptor-mediated endocytosis), macropinocytosis, or by membrane fusion. Cells may 
uptake free tau via clathrin-independent dynamin-dependent endocytosis (both monomeric and 
aggregated tau) or via macropinocytosis (only monomeric tau). Alternatively, tau can be transferred 
from one cell to another via tunneling nanotubes. Additionally, microglia may participate in the cell-
to-cell transfer of tau by exosomal secretion of phagocytized tau. Tau-containing exosomes derived 
from microglia may propagate the pathology more efficiently than neuronal exosomes. EV – 
extracellular vesicle 
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oligomeric species, starting with trimers, and fibrils can undergo this process [435, 
439, 491-495]. Nevertheless, recent studies showed that both aggregated and 
monomeric free tau can enter recipient neurons through rapid dynamin-dependent 
endocytosis, which is independent of clathrin; monomeric tau can also undergo slower 
actin-dependent macropinocytosis to enter neurons [439, 491, 496]. Dynamin-
dependent endocytosis usually requires one or more surface receptors or carrier 
molecules to trigger uptake. The M1/M3 muscarinic receptor can potentially play this 
role, as a recent study demonstrated that tau uptake depends on this receptor [497]. 3-
O and 6-O-sulfated members of the syndecan family of heparan sulfate proteoglycans 
(HSPGs) also facilitate endocytosis by recruiting tau molecules to the plasma 
membrane [494, 496, 498, 499]. In both internalization pathways, tau enters cells 
inside vesicles, either endosomes or macropinosomes, but later it escapes these 
vesicles, possibly through permeabilization of the endosome membrane, to access 
native tau in the cytosol and initiate templated misfolding [500].  

Tau secreted inside vesicles, such as exosomes, undergoes uptake by recipient cells 
as well [501, 502]. Although these pathways have not been specifically demonstrated 
for tau internalization, cells can internalize extracellular vesicles through multiple 
pathways, including clathrin-dependent and clathrin-independent endocytosis, 
macropinocytosis, phagocytosis, and cholesterol/sphingomyelin-rich domains-
mediated internalization [503]. 
In addition to secretion and uptake, tau transfer can occur via tunneling nanotubes, 
filamentous actin-containing membranous structures that transiently connect cytosols 
of distant cells and mediate the selective transfer of organelles, vesicles, and small 
molecules between connected cells [504-506]. Furthermore, tau and other prion-like 
proteins implicated in neurodegenerative diseases not only use tunneling nanotubes 
for transfer but also promote their formation and, therefore, their own transfer between 
cells [506-509]. In theory, tau can be transferred between cells through the tunneling 
nanotubes both as a free protein or inside of vesicular structures such as LE/lysosomes. 

Irrespective of the transmission route, the process of propagation and seeding 
continues across synaptically-linked networks, thus spreading tau pathology 
throughout the brain. The mechanism of tau propagation, however, has multiple 
unresolved questions, which future research should address, including further study of 
the tau secretion mechanism. 

1.3 Unconventional Secretion of tau 
Starting from 1995, the elevated level of tau in the CSF of AD patients was 

explained by its passive release from dead or dying neurons affected by the disease 
[510, 511]. Recently, however, several research groups have detected tau in the brain 
ISF of wt mice and in the media of cultured murine or human iPSC neurons in the 
absence of cell death [487, 512]. These data suggested that neurons can secrete tau 
into the extracellular space. Therefore, tau secretion may not be a solely pathological 
process; on the contrary, secreted tau may have yet undiscovered physiological 
functions. This is supported by research that found tau secreted from healthy cells 
[487]. 
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1.3.1 Protein Secretion 
Protein secretion is a fundamental cellular process dedicated to the delivery of 

soluble proteins to the extracellular space. Cell growth, structural maintenance and 
defense, hormone and neurotransmitter secretion – all these processes rely on the 
secretion of soluble proteins via multiple secretion routes. 

Cytosolic proteins undergo secretion to the extracellular space via multiple 
mechanisms classified as either conventional/classical or unconventional pathways. 
Usually, secretory proteins follow a well-studied conventional secretory route known 
as the ER-Golgi pathway (Figure 3). This pathway is devoted to the proteins that 
contain a signal peptide (also known as leader sequence) generally at the N-terminus. 
The leader sequence directs these proteins to the ER lumen during translation, from 
where they exit in coat protein complex II (COPII)-coated vesicles to reach the Golgi 
apparatus [513, 514]. Subsequently, these proteins travel to the TGN. In the TGN, 
secretory proteins are packed into secretory vesicles (for constitutive secretion) or 
secretory granules (for regulated secretion), which fuse with the plasma membrane to 
release their content to the extracellular space [515]. Secretory vesicles constitutively 
fuse with the plasma membrane, while secretory granules accumulate in the cytosol 
and fuse with the membrane in response to a specific stimulus [513, 515]. 

Alternatively, cytosolic proteins without a signal peptide (also called leaderless 
proteins) can follow one of four unconventional secretory pathways: (1) direct 
translocation through the plasma membrane through a self-made pore; (2) ATP-
binding cassette (ABC) transporter-based secretion; (3) membranous organelle-based 
unconventional secretion; and (4) microvesicle shedding at the plasma membrane 
[516-518]. While the first two pathways always result in the secretion of a protein to 
the extracellular space in a free form (i.e., not bound to any vesicles), the third pathway 
may result in the secretion of either free protein or proteins inside the small vesicles 
called exosomes. The fourth pathway always results in the secretion of proteins inside 
large membrane-derived vesicles called ectosomes. A common feature of the 
unconventional pathways is that, in most cases, they are induced by various types of 
cellular stress [519] [520]. 

Notably, a plasma membrane transmembrane protein can follow the classical or 
unconventional secretion routes to reach their destination at the plasma membrane. In 
both cases, these proteins first become inserted into the ER membrane through the 
transmembrane domain (and/or the signal peptide) and subsequently either follow the 
conventional secretion route through the Golgi apparatus or bypass it to reach the 
plasma membrane via an unconventional secretion route called the Golgi-bypass 
pathway [517, 521]. 

Importantly, perturbations of conventional or unconventional secretion pathways 
are associated with many pathological conditions, including inflammatory diseases, 
cancer, and neurological disorders [520, 522, 523]. Thus, a better understanding of the 
tau secretion mechanisms may help to develop new therapeutic strategies for the 
prevention of tau pathology spreading, the associated cognitive impairment, and the 
progression of disease. 
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1.3.2 Unconventional secretion of tau 
Tau is a cytosolic leaderless protein normally bound to microtubules, but if it 

undergoes secretion, it will likely follow the unconventional secretory pathways. 
Indeed, several studies have demonstrated that tau does not follow the ER-Golgi 
pathway for secretion but rather multiple unconventional secretory pathways (Figure 
9) [524-530]. Interestingly, it appears that, out of the four unconventional secretory 

Lysosomal hydrolase 

Figure 9. Possible unconventional secretory pathways for tau. (1) Direct translocation through the 
plasma membrane involves recruitment of tau to the inner leaflet of the plasma membrane through 
interaction with specific lipids (not shown) and interaction with HSPGs at the outer leaflet of the plasma 
membrane that facilitates the release of tau to the extracellular space. (2) LE/lysosome-mediated 
secretion (misfolding-associated protein secretion, MAPS) involves the capture of tau by USP19 at the 
ER membrane, subsequent translocation of tau into the lumen of closely contacting LE/lysosomes, 
facilitated by Hsc70 and its LE/Lys chaperone DNAJC5, and fusion of LE/Lys with the plasma 
membrane to release free tau. (3) Exosomal secretion involves tau uptake into intraluminal vesicles of 
LE/MVBs by their inward budding and subsequent release of these intraluminal vesicles (now termed 
exosomes) via fusion of LE/MVBs with the plasma membrane. (4) Autophagy-based secretion involves 
sequestration of tau by an expanding phagophore and fusion of the resulting autophagosome with the 
plasma membrane to release tau. Autophagosome may also first fuse with LE/MVB on its pathway to 
the plasma membrane. (5) Ectosomal secretion involves the budding of tau-containing extracellular 
vesicles directly from the plasma membrane to release tau inside vesicles (termed ectosomes), which 
are typically larger than exosomes and have different membrane compositions. Tau proteins are 
depicted as waved lines of different colors in order to show the fates of tau that entered different 
secretory pathways. EE – early endosome, LE – late endosome, MVB – multivesicular body, HSPG – 
heparan sulfate proteoglycans 
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pathways for the cytosolic proteins, only ABC transporter-based secretion, dedicated 
to acylated peptides and proteins, has not been shown to mediate tau secretion [531].  

1.3.3 Direct translocation through the plasma membrane through a self-
made pore 

Some cytosolic leaderless proteins translocate directly across the plasma 
membrane to reach the extracellular space as free protein. The most studied protein 
that follows this secretory pathway is fibroblast growth factor 2 (FGF2), a secreted 
growth factor that lacks a leader sequence [532]. Therefore, this type of 
unconventional secretion is sometimes called FGF2-like. Nevertheless, FGF2 
secretion involves the following key steps (Figure 10): (1) recruitment of FGF2 to the 
inner leaflet of the plasma membrane through interaction with PI(4,5)P2, which is 
facilitated by the α1-chain of the Na/K-ATPase (ATP1A1), which possibly serves as 
an initial contact site for FGF2 [533, 534]; (2) phosphorylation of FGF2 at tyrosine 82 
by the Tec-kinase, which may enhance the formation of disulfide bridges required for 
FGF2 oligomerization [535-537]; (3) PI(4,5)P2-dependent oligomerization of FGF2 
and membrane pore formation; oligomerization involves the formation of disulfide 
bridges, which likely occurs in the intramembrane environment [538]; (4) binding to 
heparan-sulfate chains of cell surface HSPG, resulting in the translocation of FGF2 
molecules to the extracellular side of the plasma membrane [532, 539, 540]. 
Interestingly, FGF2 follows the unconventional secretory pathway to avoid Golgi-
based post-translational modifications, which would result in the loss of FGF2 activity 
[541].  

Figure 10. Four steps of FGF2 secretion. (1) FGF2 is recruited to the inner leaflet of the plasma 
membrane through interaction with PI(4,5)P2, which is facilitated by ATP1A1. (2) Next, FGF2 
undergoes phosphorylation at tyrosine 82 by the Tec-kinase, which is recruited to the plasma membrane 
by interacting with PI(3,4,5)P3. (3) Following phosphorylation, FGF2 undergoes PI(4,5)P2-dependent 
oligomerization and membrane pore formation. (4) Finally, HSPGs trap FGF2 at the cell surface, 
finalizing the membrane translocation of FGF2. ATP1A1 - the α subunit of the Na/K ATPase; HSPGs 
- heparan sulfate proteoglycans. Modified from a figure originally published in the Journal of Biological 
Chemistry (La Venuta et al., 2015) [542]. © The American Society for Biochemistry and Molecular 
Biology 
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Another well-studied protein that follows this secretory pathway is the human 
immunodeficiency virus type 1 transactivator of transcription (HIV-Tat). HIV-Tat 
secretion is similar to FGF2 but not identical. As with FGF2, ATP1A1 facilitates HIV-
Tat recruitment to the plasma membrane, where HIV-Tat binds to PI(4,5)P2 and 
undergoes PI(4,5)P2-dependent oligomerization and membrane pore formation [543-
545]. In contrast to FGF2, however, HIV-Tat can bind to a range of acidic membrane 
lipids at the inner leaflet of the plasma membrane, although with a considerably lower 
affinity compared to PI(4,5)P2 [544]. Additionally, HIV-Tat secretion does not depend 
on the formation of intermolecular disulfide bridges as is the case with FGF2. Thus, 
these data suggest that this secretory pathway involves several core steps that are 
probably shared between multiple cargoes as well as protein-specific elements. 

A recent study by Katsinelos et al. suggest that tau is another protein that can 
follow this unconventional secretory pathway [526]. Although most of the 
experiments in this study were restricted to SH-SY5Y or CHO cell lines 
overexpressing human tau, several additional experiments on murine primary cortical 
neurons suggested that at least part of endogenous neuronal tau may also follow this 
secretory pathway. Interestingly, although the most studied mechanism of tau 
secretion is via exosomes, multiple studies have shown that the majority of secreted 
tau, if not all, appears as free protein in the extracellular media or human CSF [501, 
524-527, 546, 547]. Katsinelos et al. also failed to see the colocalization between 
exosomal marker flotillin-2 and tau using light microscopy [526]. The evidence 
described below suggests that many mechanistic aspects of tau secretion resemble 
FGF2 secretion. 

First, tau secretion as well as FGF2 secretion depends on PI(4,5)P2 [526]. 
Katsinelos et al. demonstrated that tau could bind to immobilized PI(4,5)P2, and this 
event seemed to be important for the binding of tau to the membrane, as 
hyperphosphorylated tau or its phosphomimetic mutant was able to bind to large 
PI(4,5)P2-containing unilamellar vesicles (LUVs) but not LUVs without 
phosphoinositides. Furthermore, treatment with an antibiotic that blocks the 
interaction of proteins with phosphoinositides suppressed the secretion of the 
phosphomimetic mutant of tau in cultured cells. Tau binding to the plasma membrane, 
however, may not solely rely on PI(4,5)P2, as is the case with FGF2, but may resemble 
HIV-Tat protein, which can bind to a range of acidic membrane lipids at the inner 
leaflet of the plasma membrane [526, 533, 544]. Indeed, tau can bind to several 
phosphoinositides as well as phosphatidic acid, although it is unclear if this binding 
can result in secretion [526]. 

Second, the secretion of both FGF2 and tau involves phosphorylation [526, 530]. 
Although FGF2 secretion requires specific phosphorylation by the Tec-kinase at 
tyrosine 82, tau secretion seems to depend on multiple phosphorylations [526, 535, 
548]. Hence, the secretion of the tau phosphomimetic mutant was more efficient in 
comparison with the wt tau; the overexpression of tau kinase GSK3β also enhanced 
the secretion of the wt protein [526]. Additionally, compared to wt tau, the expression 
of the phosphomimetic mutant resulted in a higher level of tau detected at the 
extracellular side of the plasma membrane before secretion [526]. 
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Third, although not directly validated, tau likely undergoes secretion via the 
formation of the membrane pore like FGF2 [538]. In earlier research, tau was shown 
to disrupt membranes by forming pore-like amyloid structures; furthermore, post-
translational modifications and pathological mutations enhanced this process [549, 
550]. Katsinelos et al. also reported that tau binding to PI(4,5)P2-containing LUVs was 
accompanied by the local disruption of the membrane integrity [526]. Additionally, 
although not directly demonstrated, tau oligomerization and membrane translocation 
may involve the formation of intermolecular disulfide bridges, as occurs with FGF2 
[536]. Indeed, two cysteine residues in R2 and R3 microtubule binding repeats of tau 
also form disulfide bridges during tau dimerization, and disulfide cross-linked tau 
dimers were shown to have a higher seeding efficiency [551, 552]. The role of 
disulfide bridge formation in tau secretion, however, remains to be demonstrated. 

Lastly, similarly to FGF2, tau secretion relies on HSPGs on the cell surface to 
finalize the translocation across the plasma membrane [526]. Earlier studies have 
shown that tau binds glycosaminoglycans (GAGs) in a sulfation-dependent manner in 
vitro [349, 553]. GAGs are linear polysaccharides that can form proteoglycans by 
binding to a protein core; heparan sulfate (HS) is one type of sulfated GAG, which 
forms HSPGs. A decrease in the level of HSPGs at the cell surface by the inhibition 
of the sulfation of newly synthesized GAGs effectively suppressed tau secretion [526]. 
Furthermore, tau secretion was impaired in CHO745 cell lines deficient in proteoglycan 
biosynthesis, but could be returned to an almost normal level when wt cells were added 
to the cell culture, suggesting that even the presence of GAGs on neighboring cells is 
sufficient to facilitate tau secretion [526]. 

Katsinelos et al. also reported that tau secreted via membrane translocation can 
enter recipient cells and induce tau aggregation in healthy neighboring cells, implying 
the potential role of this secretory mechanism in tau propagation [526]. The inhibition 
of GAG sulfation, however, also reduced the secretion of endogenous tau from 
primary neurons, suggesting that the physiological secretion of tau may also follow 
this secretory pathway [526]. 

1.3.4 Membranous organelle-based secretion 
1.3.4.1 Overview 

Although the membranous organelle-based secretion comprises several 
mechanisms, all of them follow the same scheme. First, the secreted cytosolic protein 
enters a carrier organelle, which subsequently fuses with the plasma membrane, 
releasing its contents into the extracellular space (Figure 9). Secreted cytosolic 
proteins can be taken up into intraluminal vesicles (ILVs) by the inward budding of a 
LE, in this context usually called the MVB, which may then fuse with the plasma 
membrane to release their ILVs (from this moment termed exosomes) to the 
extracellular space [517, 518]. Another option for a cytosolic protein is for it to enter 
the lumen of a LE/lysosome [516, 517]. Alternatively, an expanding phagophore may 
sequester cytosolic proteins, leading to the formation of an autophagosome, which 
fuses with the plasma membrane instead of a lysosome, also releasing its contents into 
the extracellular space (Figure 9) [517, 554]. Cytoplasmic proteins may also enter the 
lumen of phagophores instead of their cytosolic interior [555]. 
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Therefore, at least three membranous organelle-based sub-pathways exist: 
exosome-based (Figure 9.3), autophagy-based (Figure 9.4), and LE/lysosome-based 
secretion pathways (Figure 9.2) [516, 517]. Although it seems that such separation 
originates from an organelle that fuses with the plasma membrane, the actual 
difference is the entry mechanism of cytosolic proteins. Thus, exosomal or MVB-
based secretion implies the entry of the cytosolic protein into the lumen of ILVs during 
the process of inward budding, while LE/lysosomal secretion implies the entry into 
the lumen of a LE/lysosome directly through its membrane, and autophagosome-based 
secretion implies entry through the formation of a phagophore. The entry mechanism 
also determines whether proteins are secreted in a free form or inside vesicles. 

These sub-pathways, however, do not function independently but rather cooperate 
dynamically, potentially releasing a mixed population of cargo that enters the 
organelles through alternative pathways (Figure 9), which makes researching them 
challenging [516, 523]. For example, autophagosomes can fuse with LE/MVBs, or 
LE/MVBs may contain not only ILVs formed by inward budding but also free luminal 
protein that translocated through its membrane [516, 523, 554]. In these two cases, the 
fusion of the organelles with the plasma membrane may release the secretory proteins 
both inside the vesicles and in a free form (Figure 9). 

1.3.4.2 The endosomal-lysosomal pathway 
Since membranous organelle-based secretion is closely related to the endosomal-

lysosomal pathway, it would be beneficial to briefly review it. The endosomal-
lysosomal pathway comprises several very dynamic compartments undergoing a 
continuous transformation and exchange of material. These compartments are the EE, 
MVB/LE, and lysosome. 

The EE, the first organelle in the endosomal-lysosomal pathway, receives the 
cargo material via fusion with multiple endocytic vesicles from several internalization 
routes and sorts the cargo between recycling and degradation pathways [556]. The 
complex morphology of the EE, comprising cisternal regions and tubular extensions, 
supports the sorting function by providing distinct domains for proteins with different 
fates [557, 558]. Thus, the cargo to be recycled is sorted into newly formed tubular 
membrane extensions of the EE which subsequently undergo fissions to generate 
transport vesicles that return the cargo to the plasma membrane via either rapid or 
slow recycling pathways [556]. The cargo with the alternative fate is sorted into the 
cisternal domain of the EE, whose membrane buds inward generating ILVs 
comprising membrane cargo that have to be degraded [559]. This part of the EE 
detaches, or matures, from the EE and becomes a LE/MVB [559]. 

The majority of publications use the term MVB synonymously with LE. Other 
publications, however, use it to name the transport intermediate between the EE and a 
LE [559-561]. Since the focus of this section is protein secretion for which research 
usually does not discriminate between MVBs and LEs, both terms are used as 
synonyms here. Nevertheless, the transition from the EE to a MVB/LE involves a 
decrease in luminal pH due to activity vacuolar H+-ATPase (V-ATPase), the 
generation of additional ILVs, a change of membrane proteins and lipids, and the 
acquisition of acid hydrolases from the trans-Golgi [562]. 
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Finally, MVBs undergo the cycle of transient (kiss-and-run) and complete fusions 
with dense lysosomes [563]. The fusions between an LE and a lysosome generate a 
hybrid organelle called an endolysosome, where the majority of the degradation 
process occurs due to the highly acidic pH and the presence of hydrolases that are 
highly active in an acidic environment [564]. After the degradation is complete, the 
endolysosome converses back into a classical dense lysosome that stores the acid 
hydrolases, which are inactive in these organelles due to their more neutral pH [564]. 

LEs and lysosomes gradually fuse to form endolysosomes, which together make a 
continuum of degradative compartments in the endolysosomal system. In this 
continuum, LEs seem to be closer to lysosomes than to EEs, and most importantly, 
recently it became clear that LEs and lysosomes are very hard to differentiate at the 
molecular level, as they share many markers complicating their identification by 
immunochemical methods [559]. Different cell types may also present these 
organelles very differently. Thus, when looking at a large body of research on 
lysosomal or LE secretion, it is often impossible to say which of these organelles were 
the focus of the research. Therefore, the term “LE/lysosome” emerged to describe the 
degradative compartment including LEs, lysosomes, and organelles with 
characteristics of both. 

1.3.4.3 Exosome-based secretion 
Inward budding of the endosomal membrane may capture cytosolic proteins and 

trap them inside ILVs (Figure 9.3). Forming ILVs can sequester a random portion of 
the cytoplasm, thus acquiring cytosolic proteins non-selectively or working selectively 
to acquire a certain subset of cytosolic proteins [565, 566]. For example, cytosolic 
proteins containing KFERQ sequence motifs are selectively delivered into the forming 
vesicles with the cooperation of the cytosolic chaperone Hsc70 and endosomal sorting 
complexes required for transport (ESCRTs), which play an important role in the 
formation of these vesicles [566, 567]. Naturally, not only are cytosolic proteins 
selectively acquired by forming ILVs, but also membrane proteins, lipids, and RNAs. 

The resulting MVBs have two main options: they can fuse with a lysosome to 
degrade its content or fuse with the plasma membrane to release the ILVs into the 
extracellular space. The mechanism that regulates the “fusion fate” of MVBs is 
unclear. One possibility is the existence of special populations of MVBs that can fuse 
with the plasma membrane; these populations may arise from different sorting 
mechanisms, resulting in distinct cargo inside ILVs and the distinct fate of MVBs. For 
examples, the sorting of proteins for degradation may occur via ESCRT-dependent 
ILVs, which give rise to a population of MVBs that fuses with lysosomes, while the 
sorting of proteins for secretion may occur via lipid microdomain-dependent ILVs, 
giving rise to a population of MVBs that fuses with the plasma membrane [568]. 
Furthermore, the lipid microdomains on the membranes of MVBs may also control 
their fusion with the plasma membrane, thus providing the secretion of required cargo 
[569]. MVBs aimed for secretion translocate along microtubules, dock at the plasma 
membrane, and undergo Ca2+-regulated fusion with the plasma membrane, which is 
dependent on soluble N-ethylmaleimide-sensitive factor attachment protein receptors 
(SNAREs), providing multiple additional levels of the regulation of exosomal 
secretion [570]. 
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Exosome-dependent secretion is the first proposed and therefore the most studied 
mechanism for the secretion of tau [571]. Endogenous and overexpressed tau have 
been detected in exosomes from immortal cell lines, rodent neuronal cultures, human 
iPSC neurons, mice brains, and from the CSF of AD patients [501, 502, 527, 529, 547, 
571]. Conversely, many studies failed to detect both endogenous and overexpressed 
tau in exosomes from the culture media of immortal cells or rodent primary neurons 
[493, 524, 525, 572]. Other studies, however, reported the presence of a small pool of 
extracellular tau inside the vesicles (generally less than 10% of the total extracellular 
tau) from both cell and animal models and human CSF [501, 524, 526, 546, 547, 573]. 

Although the physiological secretion of tau may occur via the exosomal pathway, 
multiple studies emphasize its importance in the propagation of tau pathology. First, 
it was suggested that the exosomal secretion mechanism contributes to tau secretion 
more extensively in pathological conditions [501, 527, 574, 575]. Second, exosomes 
from the CSF of AD patients or controls contained a higher percentage of 
oligomerized tau than a non-exosomal portion [501]. Furthermore, neuronally derived 
extracellular vesicles (NDEVs) from patients with mild cognitive impairment (MCI), 
AD, and AD model systems were able to deliver pathological tau to unaffected cells, 
seed tau aggregation in cell cultures and wt mice, and induce long-distance 
propagation of tau pathology [501, 502, 574, 576, 577]. In addition to this, the uptake 
and seeding of aggregation occurred with higher efficiency with exosomal tau 
compared with free tau [490, 501, 546]. Finally, the inhibition of exosome formation 
blocked tau propagation in a mouse model [490]. Thus, although the exosomal 
pathway contributes to the secretion of only a minor portion of tau, it still may play an 
important role in the propagation of its pathology. 

1.3.4.4 Autophagy-based secretion 
As described in Section 2.2.6, macroautophagy (henceforth referred to as 

autophagy) is a lysosomal degradative pathway in which double-membrane structures 
called autophagosomes isolate cytosolic constituents and typically deliver them to 
lysosomes for degradation by lysosomal enzymes in a resulting organelle called an 
autolysosome [373]. Nonselective degradation of cytosolic material by autophagy 
provides nutrients to maintain cellular homeostasis and protect the cell from damage 
under various conditions of cellular stress, such as amino acid or energy shortages 
[373]. Autophagy also protects cells from harmful cytosolic material, such as protein 
aggregates or damaged organelles, through the highly selective elimination of these 
structures [373]. 

The autophagy pathway consists of five stages: (1) initiation; (2) double-
membrane nucleation and the formation of a phagophore; (3) phagophore expansion 
and sequestration of cytosolic material; (4) phagophore membrane sealing, 
autophagosome maturation, and fusion with a lysosome; (5) the degradation of cargo 
in the autolysosome by lysosomal enzymes [373]. Alternatively, autophagosomes may 
first fuse with MVBs to form amphisomes, which subsequently fuse with lysosomes 
to finally degrade the cargo [578]. The misregulation of autophagy can result in a 
variety of pathological conditions; therefore, a large group of autophagy-related 
proteins (ATG) controls autophagy across the different stages [373]. Most ATG 
proteins, however, function in autophagosome formation. The main ATG proteins and 
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complexes controlling autophagy include the ULK1 (Unc-51-like kinase 1) initiation 
complex, the class III phosphoinositide 3-kinase (PI3KC3) nucleation complex, the 
ATG9 protein supplying membrane for the growing autophagosome, and LC3 and 
GABARAP proteins that recruit cargo, promote expansion and sealing of phagophores 
and their fusion with lysosomes [373]. 

Degradation of the captured material, however, is not the only possible outcome 
of autophagy. Instead of fusion with lysosomes, autophagosomes or amphisomes may 
release their content to the extracellular space by fusing with the plasma membrane 
(Figure 9) [554]. Among the known cargo of secretory autophagy in mammals are the 
phospholipid-binding protein Annexin A2 (ANXA2), the aggregation-prone α-
synuclein, and the most studied protein in the context of secretory autophagy in 
mammals, the proinflammatory cytokine IL-1β [579-583]. 

An intriguing question in the field of secretory autophagy is when and how the two 
autophagy pathways diverge. The precise mechanism that separates these pathways is 
still elusive, but several recent papers are starting to shape our understanding of the 
machinery that mediates secretory autophagy. It appears that the differences may 
originate at the stage of cargo selection in the expanding phagophore. In selective 
autophagy, unique or tag-specific autophagy receptors simultaneously bind the cargo 
material and ATG8-family proteins onto the phagophore membrane, such as LC3, thus 
tethering the cargo to the phagophore [584]. Kimura et al. have recently identified the 
first autophagy receptor specific to the secretory autophagy of IL-1β in response to 
lysosomal damage – TRIM16 [585]. This receptor first binds activated IL-1β and then 
the Sec22b SNARE on the membrane of the phagophore, tethering it to the organelle. 
Most importantly, the involvement of TRIM16 results in a different utilization of the 
SNAREs by an autophagosome [585]. In degradative autophagy, the autophagosome 
SNARE Syntaxin 17, in conjugation with SNAP29, forms the binding complex with 
VAMP8 SNARE on the lysosome to mediate autophagosome-lysosome fusion [373]. 
In the secretory autophagy of IL-1β, the autophagosome utilizes the Sec22b SNARE 
in conjugation with SNAP23 and SNAP29 to form the binding complex with the 
plasma membrane SNAREs Syntaxin 3 and Syntaxin 4 [585]. The secretion of other 
proteins also follows the same strategy; for example, ferritin was also shown to utilize 
two distinct autophagy receptors for degradative and secretory pathways [585, 586]. 

MVBs can participate in secretory autophagy as well. Thus, the IFN-γ-induced 
secretory autophagy of ANXA2 involves Rab11-mediated fusion between ANXA2-
containing autophagosomes and MVBs; the resulting amphisomes fuse with the 
plasma membrane via Rab8A and Rab27A [582]. Interestingly, α-synuclein may also 
travel to the extracellular space through amphisomes in pathological conditions, as the 
impairment of autophagosome-lysosome fusion resulted in the accumulation of 
autophagosomes and amphisomes with α-synuclein inside and, most importantly, 
enhanced the secretion of α-synuclein in both free form and in extracellular vesicles 
[580, 581]. Furthermore, these vesicles, as well as vesicles in human CSF, had an 
“autophagosome-exosome-like” proteomic profile [580]. 

Although multiple aspects of secretory autophagy remain unclear, several recent 
papers imply that tau may also follow this secretory pathway or that autophagy may 
regulate tau secretion. Several publications showed that the induction of autophagy by 
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either starvation or pharmacological agents enhanced tau secretion, while the 
inhibition of autophagy suppressed it [485, 486, 587]. Although these perturbations 
influence both secretory and degradative autophagy, they still result in the 
accumulation of autophagosomes, which may be redirected for secretion. Importantly, 
induction of autophagy by starvation or by chemical inducers also enhanced the 
autophagy-dependent secretion of IL-1β and α-synuclein [579, 581]. Furthermore, it 
seems that, in one of these studies, oxygen-glucose starvation resulted not only in the 
induction of autophagy and an increase in tau secretion but also in the activation of 
caspase-3 that redirects autophagy from degradation to secretion [485, 588]. Impairing 
autophagosome-lysosome fusion or inhibiting lysosomal function, resulting in the 
accumulation of autophagosomes, both enhanced tau secretion, as was the case for the 
α-synuclein [486, 581, 587]. 

Tau also colocalizes with autophagosome markers in multiple studies, including 
one performed using high-resolution microscopy [485, 486, 529, 587]. Tang et al. even 
presented electron microscopy images of presumably tau-containing autophagic 
vacuoles approaching the plasma membrane and possibly releasing free tau in 
neuroblastoma cells [529]. In their study, although also pointing to the involvement 
of autophagy, the suppression of autophagy by the genetic upregulation of mTOR 
enhanced the exosome-independent secretion of tau [529]. 

Interestingly, Lonati et al. demonstrated that the induction of autophagy by 
starvation, though enhancing the secretion of free tau, elevated the secretion of 
vesicular tau to a greater extent. They also demonstrated an increase of 
autophagosome marker LC3 in these extracellular vesicles, which implies the 
possibility of tau secretion via amphisomes [485, 580]. It is also possible, however, 
that the majority of tau may arrive in amphisomes via MVBs instead of 
autophagosomes since starvation is known to direct MVBs from exosomal release to 
fusion with autophagic vacuoles to form amphisomes [589]. 

Unfortunately, it is still difficult to conclude whether tau use autophagosomes as a 
carrier in the secretion process because the following factors complicate the analysis: 
(1) the localization of tau in autophagosomes and amphisomes could simply reflect 
tau degradation by autophagy; (2) some proteins participating in autophagy also have 
other functions in cells; and (3) autophagy and other pathways of unconventional 
secretion are closely connected [523]. Information about the role of this pathway in 
the propagation of tau pathology is also unavailable to date. The accumulation of 
autophagosomes and the presence of tau in these structures, however, is prominent in 
AD and other tauopathies compared to age-matched subjects [590]. 

1.3.4.5 Late endosomal/lysosomal secretion 
In a set of cells (including immune cells, astrocytes, and catecholaminergic 

neurons) specialized secretory LEs/lysosomes (called lysosome-related organelles) 
execute regulated secretion [591]. Conventional LEs/lysosomes in other cell types, 
however, can also secrete their contents [516, 591]. In addition to its broad role in 
secretion, this process is also essential for plasma membrane repair [592]. 

Chaperone-mediated autophagy (CMA) delivers cytosolic proteins to the 
LEs/lysosomes for degradation [516]. Regularly, CMA involves the recognition of a 
cytosolic protein containing a KFERQ-like motif by the heat shock cognate 71 kDa 
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protein (Hsc70) and its co-chaperons, followed by unfolding-coupled translocation to 
the lumen of LEs/lysosomes mediated by the LAMP2A protein on the membrane of 
this organelle (Figure 6) [593]. LE/lysosomal secretion, however, involves one 
specific entry mechanism called the misfolding-associated protein secretion pathway 
(MAPS). During cellular stress and overloading of the ubiquitin-proteasome clearing 
system, the MAPS functions to translocate misfolded cytosolic proteins, including tau 
and other neurodegeneration disease-associated proteins, to LEs/lysosomes for 
secretion to the extracellular space (Figure 9.2) [528, 594]. In this pathway, ubiquitin 
carboxyl-terminal hydrolase 19 (USP19) uses its chaperone activity to capture a 
misfolded cytosolic protein at the extracellular surface of the ER [594]. Following 
capture, Hsc70 and its co-chaperone DnaJ heat shock protein family member C5 
(DNAJC5) translocate the cargo protein into the lumen of an LE/lysosome that 
associates with the ER; in this process, DNAJC5 translocates into the lumen of the 
LE/lysosome and undergoes secretion together with a cargo protein [595]. 

Although this mechanism is reminiscent of CMA, as it also utilizes Hsc70 and 
involves protein translocation through the LE/lysosomal membrane, the MAPS, in 
fact, is very different [516]. The CMA pathway captures proteins containing the 
KFERQ-like motif and requires unfolding during translocation, while the MAPS is 
specific for misfolded proteins and can translocate them to LEs/lysosomes without 
unfolding [596, 597]. These pathways also have opposing regulation mechanisms; for 
example, cellular starvation activates the CMA but inhibits the MAPS [596, 598]. 

In addition to cargo loading, LE/lysosomal secretion involves three additional 
steps, as is the case with exosomal secretion. First, upon stimulation, LEs/lysosomes 
are transported along the microtubules from perinuclear and cytosolic areas to the cell 
periphery; this translocation changes the properties of these organelles [599-601]. 
Peripheral LEs/lysosomes are less acidic, have impaired proteolytic activity, and have 
a slightly different composition compared to perinuclear ones [599]. Following 
tethering, LEs/lysosomes are tightly docked to the plasma membrane via the 
preassembly of the SNARE complex, consisting of LE/lysosomal VAMP7 or VAMP8 
and the plasma membrane SNAP23 and possibly Syntaxin 4 [528, 592, 594, 602]. In 
the last stage, LEs/lysosomes fuse with the plasma membrane; the fusion is triggered 
by a localized rise in the intracellular Ca2+ level [603-605]. 

Since the MAPS is a recently discovered mechanism, only a few publications 
have explored the role of this pathway in the secretion of tau [528, 595]. In 2016, 
Fontaine et al. described a mechanism of tau secretion that depends on the DNAJC5-
Hsc70 complex and involved the encapsulation of a cargo to an unidentified 
membranous compartment that fuses with the plasma membrane [528]. 
Simultaneously, Lee et al. defined a USP19-dependent mechanism for the selective 
secretion of misfolded proteins and named this pathway the MAPS [594]. Only the 
extensive results obtained by Xu et al. two years later, however, gave us the possibility 
to understand that the mechanism described by Fontaine is MAPS and that tau is one 
of the MAPS cargoes [595]. Further studies are expected to shed more light on the 
mechanisms of the MAPS and its role in the secretion and propagation of tau. 
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1.3.4.6 Ectosome shedding at the plasma membrane 
Exosomes are not the only type of extracellular vesicles that are used for the 

secretion of cytosolic leaderless proteins like tau. The other type is called ectosomes 
(or microvesicles, shedding vesicles). Compared to exosomes, they are larger (100–
1000 nm versus 30–150 nm; different estimations provide slightly different numbers), 
have a more irregular shape, and have a different membrane composition, see Table 3 
[606-609]. Ectosomes also have a different origin – they bud outward directly from 
the plasma membrane (Figure 9.5). Although the membrane of ectosomes is formed 
from the plasma membrane, its composition can differ considerably owing to the 
sorting mechanism during ectosome formation [610]. Ectosomes, like exosomes, are 
very heterogeneous: not only do different cell types shed ectosomes via distinct 
although poorly understood mechanisms, but different mechanisms of ectosome 
formation may function either simultaneously or sequentially inside a single cell under 
different conditions or stimuli [611-613]. 

The formation of ectosomes begins with two primary events: an increase in Ca2+ 
concentration and the local rearrangement of plasma membrane lipids and proteins to 
form membrane microdomains [615]. These events result in a local loss of interaction 
between the plasma membrane and the cortical actin cytoskeleton and the partial 
disintegration of the cytoskeleton mostly by Ca2+-dependent protein degrading 
enzymes such as calpains [606, 616-618]. Additionally, Ca2+-dependent lipid 
translocases alter the asymmetric distribution of phospholipids in the plasma 
membrane [615]. In particular, phosphatidylserine (PS) and 
phosphatidylethanolamine (PE), which are normally actively sequestered to the inner 
leaflet of the plasma membrane, translocate to the outer leaflet [615, 619]. The 

Table 3. The differences between exosomes and ectosomes. 
 exosomes ectosomes 

other names prostasomes microvesicles, shedding vesicles 

size 30-150 nm (*) 100-1000 nm (*) 

shape round irregular 

origin MVBs plasma membrane 

mechanism of 
release MVB exocytosis outward budding from the plasma 

membrane 

membrane proteins rich in tetraspanins; contain ICAM-1 
(**) 

abundant in certain receptors, glycoproteins, 
and metalloproteinases (**) 

membrane lipids 
high levels of cholesterol, 

sphingomyelin, and ceramide; 
contain lysobisphosphatidic acid (**) 

high levels of cholesterol, sphingomyelin, 
and ceramide; PS and PE exposure at the 

outer surface (**) 

markers CD63 and CD61 TyA and C1a 

cargo 
lipids, proteins, genetic material 

 
lipids, proteins, genetic material 

 

timing of release delayed (ten minutes or more) fast (a few tenths of a second) 
References: [606, 612-614] 
* different estimations of the sizes exist in the literature 
** as EVs are heterogenic, some of the features may not be present in all EVs 
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exposure of PS to the outer leaflet of the plasma membrane causes membrane bending 
and the further disintegration of the cytoskeleton, enhancing ectosome budding [606]. 
The resulting ectosomes have PS on their surface, which allows for their identification 
via probes conjugated to PS-binding proteins, such as Annexin V [620]. The clustering 
of cholesterol, sphingomyelin, and ceramide, the product of sphingomyelin 
hydrolysis, at the plasma membrane facilitate the externalization of PS and membrane 
budding [610, 611, 621]. The stabilization of phospholipid asymmetry, however, 
failed to prevent Ca2+-induced ectosome formation, suggesting the existence of 
alternative mechanisms [622]. The latter point is also supported by the finding of 
ectosomes without PS on the outer leaflet [623, 624]. In the final step, the activation 
of small GTPases ADP-ribosylation factor 6 (ARF6) initiates a cascade of events, 
leading to the phosphorylation of myosin light chains at the neck of budding vesicles 
and subsequent actomyosin contraction, resulting in the ectosome being pinched off 
[606, 607]. 

The sorting of cytosolic proteins to ectosomes occurs during ectosome formation 
when the disintegration of cytoskeleton makes forming vesicles more accessible 
[606]. The mechanism of this sorting has only recently started to be understood, 
providing more questions than answers. Cytoplasmic proteins are sorted to the lumen 
of budding ectosomes based on their affinity to membrane lipids or proteins, as with 
the sorting to ILVs [615]. A portion of cytosolic proteins moves to the lumen of 
ectosomes arbitrarily since their concentration there resembles concentration in the 
cytosol [613]. Other proteins, however, are actively sorted in the lumen of ectosomes, 
which is suggested by their enrichment in these organelles. The sorting may depend 
on unspecific interactions with the plasma membrane or on specific sequence motifs. 
Fang et al. demonstrated that plasma membrane anchoring and higher-order 
oligomerization target cytosolic proteins to ectosomes [625, 626]. Alternatively, 
proteins may enter the ectosome lumen via interaction with transmembrane proteins 
or anchored complexes [627]. 

All cell types can shed ectosomes under suitable stimulation; the rate of shedding 
and types of stimuli inducing shedding, however, vary considerably between cell types 
[612, 613]. The induction of ectosome shedding can result from the activation of the 
P2X7 receptor by an agonist or extracellular ATP increase, the activation of PKC by 
phorbol ester, an increase in cytosolic free Ca2+, and from depolarization in neuronal 
cells [612, 613, 628]. Most likely, ectosomal shedding is a limited process, as it 
requires significant membrane turnover. 

Ectosomal secretion of tau is a poorly studied process, with only a few publications 
existing to date. This mechanism of secretion, however, seems very plausible for tau. 
First, tau has been detected in ectosomes purified from multiple systems, including 
neuroblastoma cells, primary cortical neurons, mouse ISF, and the cerebrospinal fluid 
of AD patients and healthy controls [527, 629]. Second, tau possesses two capabilities 
of proteins enriched in the lumen of ectosomes. As well as FGF2, tau can (1) bind to 
the plasma membrane and (2) form higher-order oligomers [615, 625]. Interestingly, 
FGF2 seems capable of escaping cells in ectosomes, suggesting that the same 
mechanism may support both membranous pore formation and sorting to ectosomes 
[630-632]. 
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Thus, tau is likely secreted via two types of vesicles in both health and disease 
– exosomes and ectosomes. Although exosomes are the main type of vesicle for tau 
secretion in both conditions, a larger proportion of tau is secreted via ectosomes in 
healthy cells as compared to the cells modeling the tau pathology [527, 629]. 
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3. AIMS OF THE THESIS 
1. To develop a live-cell assay to follow APP-BACE1 interaction and APP 

processing in live cells to advance the understanding of the regulation of 
processing and trafficking of APP 

2. To develop a live-cell assay for monitoring protein localization to the 
cholesterol/sphingomyelin-rich microdomains to facilitate microdomain-related 
research in the field of neurodegeneration 

3. To characterize the mechanism of tau cellular secretion in N2A cells expressing 
human tau and in primary neurons 
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4. METHODS 

1.4 Experimental techniques 
The methodology is briefly described here, and a more detailed description can be 

found in the original publications. 

1.5 Key resources table 
Table 4. Key resources table 

Reagent or resource Source Study 

Cell Lines 

Mouse neuroblastoma cells Neuro-2A (N2A) p. 
3-19 

ATCC I, II, III 

Rat primary cortical neurons DIV 15-25 Neuroscience Center, University of Helsinki III 

Recombinant DNA 

GLuc1/2 Prof. Stephen Michnick, University of 
Montreal [633] 

I, II, III 

APP695-GLuc1/2 Dr. Dora Kovacs, Massachusetts General 
Hospital, Boston, MA 

I, II 

APP(βCTF)-GLuc2 and APP(AICD)-GLuc2 Cloned on the basis of APP695-GLuc1 II 
BACE1 cDNA Dr. Dora Kovacs, Massachusetts General 

Hospital, Boston, MA 
I 

BACE1-GLuc1 Cloned on the basis of GLuc1 and BACE1 
cDNA 

I, II 

pEAK12-AP/APP Dr. Stephan Lichtenthaler, Ludwig-
Maximilians-Universität München, Germany 
[634] 

I 

AP/APP-GLuc2 Cloned on the basis of GLuc1 and pEAK12-
AP/APP 

I 

GGA3 shRNA and VPS35 shRNA Thermo Scientific I 
pEAK12-ADAM10/HA Dr Stephan Lichtenthaler, Ludwig-

Maximilians-Universität München, Germany 
[634] 

II, III 

GLuc(1/2)/HA Cloned on the basis of GLuc1/2 and HA tag 
from pEAK12-ADAM10/HA 

II, III 

Fyn cDNA Thermo Scientific II 
LR-GLuc(1/2)/HA Cloned on the basis of GLuc(1/2)/HA and LR 

sequence (the N-terminal 10 amino acids from 
Fyn kinase) amplified from Fyn cDNA  

II 

LR(G2A)-GLuc1-HA and LR(C3,6S)-
GLuc1-HA 

Generated with site-specific mutagenesis on 
the basis of LR-GLuc(1/2)/HA 

II 

Fyn-GLuc2 Cloned on the basis of GLuc1/2 and Fyn 
cDNA 

II 

Akt cDNA Thermo Scientific II 
Akt-GLuc2 Cloned on the basis of GLuc(1/2) and Akt 

cDNA 
II 

Tau 0N4R cDNA Thermo Scientific III 
Tau-GLuc1/2 [546] III 
Tau-GLuc(1/2)/HA Cloned on the basis of Tau-GLuc(1/2)/HA and 

Tau-GLuc1/2 
III 

Table continues on the next page 



Methods 
 

 
 
 

50 

Table 4. Key resources table (continued) 

Reagent or resource Reagent or resource Reagent or resource 

Chemicals and Peptides 

Tau 0N4R rPeptide III 
Brefeldin A (BFA), bafilomycin A1, O-
nitrophenyl-β-D-galactopyranoside 

Sigma-Aldrich I 

BACE inhibitor IV Calbiochem I 
DAPT Biomol (Enzo Life Sciences) I 
Dynole 34-2 Tocris/R&D Systems I 
Insulin Novo Nordisk II 
Methyl-β-cyclodextrin (mβCD), cholesterol Sigma-Aldrich II, III 
Heparinase I and III Iduron III 
DHA Cayman Chemicals III 
Chondroitinase ABC, 2-deoxyglucose, 
heparin, Thioflavin S, neutral 
sphingomyelinase, myriocin, ionomycin, 
epigallocatechin-3-gallate (EGCG), emodin, 
BSC3094 monohydrobromide, 
phthalocyanine tetrasulfonate hydrate 
(PcTS), NaClO3 

Sigma-Aldrich III 

Primary antibodies 

A8717 (APP C-terminus) Sigma-Aldrich I 
dNGLuc Proteintech Group Inc I 
GAPDH Millipore I, II 
HA Sigma-Aldrich II, III 
Flotillin-2 Cell Signaling II 
Phospho-Akt(Ser473) Cell Signaling II 
Phospho-GSK3β(Ser9) Cell Signaling II 
Tau-5 Invitrogen III 

AT8 Thermo Scientific III 
PHF-13 Cell Signaling III 
T22 Sigma-Aldrich III 

Critical commercial assays 

Secreted Alkaline phosphatase reporter gene 
(SEAP) assay  Roche Applied Science I 

BCA Protein Assay Thermo Scientific I, II, III 

ELISA (Aβ) IBL International GmbH II 
Cytotox 96 Assay (LDH release assay) Promega III 
Mouse ELISA kit Thermo Scientific III 
CellTiter-Glo® Assay Promega III 

1.6 Cell culture and transfection 
Neuro-2A (N2A) mouse neuroblastoma cells were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Invitrogen) supplemented with 10% (v/v) fetal bovine 
serum (FBS; Invitrogen), 1% (v/v) L-glutamine, penicillin, and streptomycin (Lonza) 
at 37°C with 5% CO2. The transfection of N2A cells was performed 24 hours after 
plating using JetPEI reagent (Polyplus) according to manufacturer’s instructions. The 
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transfection conditions were optimized to reach at least 80% transfection efficiency. 
For gene silencing, cells were co-transfected with plasmids encoding mouse GGA3 or 
mouse VPS35. Gene silencing efficiency was determined by western blotting. 

Primary cortical neurons were prepared from rat embryos as previously described 
[635], and grown in Neurobasal medium (Invitrogen) supplemented with 2% (v/v) 
B27 (Invitrogen) and 1% (v/v) L-glutamine, streptomycin, and penicillin (Lonza) at 
37°C with 5% CO2. Experiments were performed between DIV14 and DIV25. 

1.7 Protein-fragment complementation assay (PCA) 
The protein-fragment complementation assay (PCA) is a live-cell method for 

studying protein-protein interactions, which can use different reporter proteins [636]. 
In a PCA, a reporter protein is split into two complementary fragments and used to tag 
the proteins of interest. The complementary reporter fragments can reconstitute the 
reporter protein activity only when they are brought into close proximity through the 
interaction of tagged proteins. Studies I, II, and III involved PCAs based on split 
humanized Gaussia princeps luciferase (GLuc) [633, 637]. In this assay, a GLuc 
protein without the 16 N-terminal amino acids was split into two fragments of 10.1 
kDa and 8.2 kDa, which were cloned into the C-terminus of a protein of interest in a 
pcDNA3.1/zeo backbone. In Studies I and III, the PCA procedure was modified to 
pursue specific goals. Four replicate wells were used per experimental condition 
(technical replicas). 

1.7.1 PCA to measure protein-protein interactions and LR localization of 
proteins 

N2A cells were grown on white 96-well plates (PerkinElmer Life Sciences) coated 
with poly-L-lysine (Sigma-Aldrich) and transiently transfected with plasmids 
encoding for GLuc-tagged proteins or the GLuc-tagged LR localization sequence 24 
hours after plating. Cells were washed once and placed in phenol red-free DMEM 
without serum (PRF-DMEM, Invitrogen) with compounds or vehicle for at least 30 
minutes prior to detecting emitted luminescence 48 hours after transfection. The media 
change time depended on the treatment time. Luminescence was detected by flash 
luminometry using a Victor3plate reader (PerkinElmer Life Sciences, Study I) or a 
Varioskan Flash plate reader (Thermo Scientific, Studies II and III) immediately after 
the injection of native coelenterazine substrate for the luciferase (Nanolight 
Technology) in a well-by-well manner. 

1.7.2 Multiplex PCA 
N2A cells were grown and transfected with BACE1-GLuc1 and AP/APP-GLuc2 

as described above. Thirty-six or forty-two hours after transfection, cells were placed 
into PRF-DMEM with the tested compounds or vehicle. The conditioned media was 
collected 48 hours after transfection and cleared by centrifugation at 5,000 x g for 10 
minutes while cells were placed into fresh PRF-DMEM and used for detecting 
luminescence as described above (a readout corresponding to APP-BACE1 interaction 
in cells). After detection, cells were lysed, and lysate was subjected to a 
chemiluminescent secreted alkaline phosphatase reporter gene assay (SEAP) 
according to the manufacturer's instructions (a readout corresponding to total cellular 
APP). The collected conditioned media was split into two parts, one of which was 
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used to measure emitted luminescence as described above (a readout corresponding to 
APP-BACE1 release), and another was subjected to a SEAP assay (a readout 
corresponding to sAPP in the media). 

1.7.3 Tau secretion PCA 
N2A cells were grown and transfected with Tau-GLuc1/HA and Tau-GLuc2/HA 

as described above. Following washing with phosphate-buffered saline (PBS), cells 
were placed in PRF-DMEM with compounds or vehicle from 32 hours to 47.5 hours 
after transfection, depending on the treatment time. The conditioned media was 
collected 48 hours after transfection, cleared by centrifugation at 400 x g for 5 minutes 
and placed in a new plate for detecting luminescence as described above (a readout 
corresponding to secreted tau dimers). After media collection, cells were washed with 
PBS, placed in fresh PRF-DMEM for 30 minutes, and then also subjected for the 
detection of luminescence as described above (a readout corresponding to intracellular 
tau dimers). To evaluate cell viability and membrane integrity, media and lysates were 
analyzed with a colorimetric lactate dehydrogenase (LDH) release assay according to 
the manufacturer's instructions. The absorbance was detected at 490 nm using a 
Varioskan plate reader (Thermo Scientific). 

1.7.4 Tau uptake PCA 
N2A cells were grown on 10-cm plates and transfected with Tau-GLuc1/HA and 

Tau-GLuc2/HA plasmids 24 hours after plating as described above. Following 
washing with PBS, cells were placed in PRF-DMEM with compounds or vehicle 24 
hours after transfection. Tau-conditioned media was collected 40 hours after 
transfection, cleared by centrifugation at 1,500 x g for 10 minutes, transferred to naïve 
cells grown on 96-well plates, which were incubated with this conditioned media for 
16 hours. After removing the conditioned media, cells were washed twice with PBS 
to remove extracellular tau and incubated in fresh PRF-DMEM for 30 minutes, 
followed by the detection of luminescence as described above. 

1.7.5 β-galactosidase (βGal) normalization assay for PCA (Study I) 
After the detection of luminescence, cells were lysed with the addition of 40 µl of 

lysis buffer/well (120 mM Tris-HCl, pH 7.5, 120 mM NaCl, 6 mM MgSO4, 6% [v/v] 
Triton X-100) and incubated with mild shaking at room temperature for 30 minutes. 
Lysed cells were combined with 100 µl/well of a solution consisting of 45 µl of β-
galactosidase (βGal) substrate o-nitrophenyl-β-D-galactopyranoside (4 mg/ml 
solution) and 55 µl of a cleavage buffer consisting of 120 mM Na-phosphate, pH 7.0, 
24 mM KCl, 2.4 mM MgSO4, and 2.4 mM dithiothreitol (DTT), which was mixed 
before use. The plates were incubated for 30 minutes at +37°C and absorbance was 
read at 405 nm using a Multiskan Microplate Photometer (Thermo Scientific). The 
luminescence values obtained in the PCA were normalized by βGal normalization 
assay values in a well-by-well manner. 

1.8 Western blot 
N2A cells were grown on 6-well plates and transfected 24 hours post-plating. 

Forty-eight hours post-transfection, cells were washed twice with ice-cold PBS and 
proteins were extracted on ice for 30 minutes with the ice-cold buffer consisting of 10 
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mM Tris-Cl (pH 6.8), 150 mM NaCl, 1mM EDTA, 1% (v/v) Triton X-100, 0.25% 
[v/v] Nonidet P-40, PhosStop phosphatase inhibitor, and protease inhibitor mixture 
tablets (Thermo Scientific). In Study I, instead of phosphatase inhibitor mixture 
tablets, the buffer contained 1 µM of NaF. Cellular debris was removed by 
centrifugation at 13,000–16,000 x g for 10 minutes, and protein concentration was 
measured using the BCA protein assay. Samples containing an equal amount of total 
protein per sample were boiled at 80°C for 10 minutes in NuPAGE loading buffer 
(Invitrogen) with 0.25% (v/v) mercaptoethanol and resolved in 4–12% Bis-Tris gel 
(Invitrogen) in NuPAGE MES SDS running buffer (50 mM MES, 50 mM Tris Base, 
0.1% [w/v] SDS, 1 mM EDTA, pH 7.3, Invitrogen) under reducing conditions. Semi-
dry blotting was used to transfer resolved proteins to a methanol-activated 
polyvinylidene difluoride (PVDF) membrane (GE Healthcare) using Tris-glycine 
transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3) with 20% (v/v) methanol. For 
western blot of media fractions, samples were boiled, resolved, and transferred to the 
PVDF membrane as described above. The PVDF membrane was blocked with a buffer 
containing 5% (w/v) fat-free milk in Tris-buffered saline with 0.05% Tween-20 for 40 
minutes and then probed with primary antibodies overnight at 4°C. Horseradish 
peroxidase-conjugated secondary antibodies (1:6000) and ECL western blotting 
detection reagent (Thermo Scientific) were used to detect chemiluminescence signals 
using an LAS-3000 imaging system (Fujifilm). QuantityOne (Study II, Bio-Rad) or 
ImageStudioLite (Study III, LI-COR Biosciences) software was used for semi-
quantitative analysis of the western blot membranes. The target protein levels in lysed 
samples (not in media fractions) were normalized to the loading control protein 
(glyceraldehyde 3-phosphate dehydrogenase [GAPDH]). 

1.9 Dot Blot assay 
N2A cells were grown on 10-cm plates and transfected 24 hours after plating with 

GLuc-Tau/HA plasmids. Cells were placed into fresh PRF-DMEM with vehicle or 
compounds 24 hours after transfection. Conditioned media was collected 24 hours 
after media change and cleared by centrifugation at 1,500 x g. After media collection, 
cells were washed twice with ice-cold PBS and proteins were extracted and cleared as 
in the western blot. Then, 50 μL of lysate and 100 μL of conditioned media were 
pipetted to a methanol-activated PVDV membrane placed in a 96-well Manifold Spot-
Blot unit (Whatman / Schleicher and Schuell) and filtered through the membrane. The 
membranes with trapped proteins were processed as in the western blot. Densiometric 
values were used to calculate the ratio between the extracellular and intracellular 
GLuc-Tau/HA. 

For the size-exclusion dot blot, the conditioned media was passed through by 
centrifugation via concentrating filter units with different molecular weight cut-offs 
(MWCO, 30 kDa, 50 kDa, 100 kDa from Amicon/Millipore and 300 kDa from 
Sartorius). As the retained fraction became concentrated, it was diluted with PRF-
DMEM to match the volume of the pass-through fraction. All eight fractions were 
transferred to the PVDF membrane and further processed as in a regular dot blot 
described above. 
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1.10 ELISA 
To measure the amount of released Aβ, N2A cells were grown on 6-well plates 

and transfected with APP-GLuc2 plasmid 24 hours after plating. Conditioned media 
was prepared, as with the dot blot, and subjected to a sandwich ELISA kit (Aβ) to 
quantify Aβ40 and Aβ42 in the media while cells were lysed as with the western blot. 
Total protein concentrations of the lysates were measured using a BCA Protein Assay 
and these values were used for the normalization of Aβ values. 

To measure the amount of secreted tau, the conditioned media was collected from 
primary cortical neurons incubated in fresh Neurobasal with compounds or vehicle for 
1–72 hours while cells were lysed as in the western blot. After conditioned media was 
cleared by centrifugation at 400 g for 5 minutes, they were subjected to a sandwich 
tau ELISA kit to quantify tau in the conditioned media. Media and lysates were also 
subjected to an LDH release assay as described in the PCA section. 

1.11 Fractionation 
1.11.1 Density gradient fractionation 

N2A cells were grown on 10-cm plates and transfected 24 hours after plating. 
Forty-eight hours after transfection, cells were washed twice with ice-cold PBS, 
scraped, and extracted on ice for 30 minutes in a buffer containing 25 mM Tris-HCl, 
pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, protease inhibitor cocktail (Roche 
Molecular Biochemicals), 0.5% (w/v) Lubrol 17A17 (Serva), pH 7.4, and were pulled 
through a 25G needle five times. A BCA protein assay kit was used to determine 
protein concentration, and an equal amount of proteins were used per sample. Protein 
samples were adjusted to a 45% (w/v) sucrose solution (25 mM Tris-HCl, 150 mM 
NaCl, 5 mM EDTA, pH 7.4) and placed in Ultra-Clear tubes (Beckman) followed by 
a 35% (w/v) and then by a 5% (w/v) sucrose solution. Samples were centrifuged at 
180,000 x g for 18 hours at 4°C in the Beckman Coulter Optima MAX XP 
ultracentrifuge with a TLS-55 rotor. Twelve fractions were collected from the top of 
the gradient. Each fraction received a 0.25% (w/v) SDS and sustained sonication for 
5 minutes. Fractions were analyzed using western blotting. 

1.11.2 Differential fractionation of media 
Media fractionation for the separation of vesicle-free, ectosomal, and exosomal 

fractions was performed as previously described [638]. Briefly, N2A cells were grown 
on 10-cm plates and transfected with Tau-GLuc1/HA and Tau-GLuc2/HA 24 hours 
after plating. Following washing with PBS, cells were placed in PRF-DMEM with 
compounds or vehicle from 24 hours after transfection. Media was collected 40 hours 
after transfection and cleared from debris by centrifugation at 3,000 x g for 30 minutes. 
To separate the ectosomal and the exosomal fractions, the media was centrifuged at 
20,000 x g for 1 hour (Sorvall WX Floor Ultra centrifuge) and then separated for the 
supernatant (the exosomal fraction) and the pellet (the ectosomal fraction). To separate 
the vesicle-free media and the exosomal fraction, the supernatant containing exosomes 
was centrifuged at 100,000 x g for 70 minutes (Beckman Coulter ultracentrifuge, 
SW41 Ti rotor) and then separated for the supernatant (vesicle-free) and the pellet (the 
exosomal fraction). The vesicle-free media was concentrated with Amicon filters 
(30 kDa MWCO; Millipore) according to the manufacturer’s instructions. The 
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pelleted exosomal fraction was washed by resuspension in fresh media, followed by 
centrifugation at 100,000 x g for 70 minutes (Beckman Coulter ultracentrifuge, SW41 
Ti rotor). The ectosomal fraction was washed by resuspension in fresh PRF-DMEM, 
followed by centrifugation for 1 hour at 20,000 x g. Both exosomal and ectosomal 
fractions were resuspended in 100 μL of fresh PRF-DMEM. Flotillin-2 (rabbit 
monoclonal, Cell Signaling Technology) was used as a marker for both vesicle-
containing fractions [639]. 

1.11.3 Isolation of extracellular vesicles (Study I) 
N2A cells were grown on 10-cm plates and transfected 24 hours after plating. After 

washing with PBS, cells were placed in PRF-DMEM 24 hours after transfection. 
Twenty-four hours after media change, the conditioned media was collected and 
cleared by three consecutive centrifugations: at 200 x g for 10 minutes to remove 
floating cells, at 2,000 x g for 10 minutes to remove dead cells, and at 10,000 x g for 
30 minutes at 4°C to remove the cell debris. To isolate extracellular vesicles, the 
cleared conditioned media was centrifuged at 100,000 x g for 70 minutes at 4°C using 
a Beckman Optima L-100K centrifuge and an SW41 Ti rotor. Cleared pellet-
containing extracellular vesicles were resuspended in 40 µl of 1.5 X Laemmli buffer 
(75 mM Tris-HCl, pH 6.8, 3% (w/v) SDS, 15% (v/v) glycerol, 3.75 mM EDTA) with 
β-mercaptoethanol and analyzed by western blot. 

1.12 Imaging 
1.12.1 Immunofluorescence microscopy 

N2A cells were plated on glass coverslips coated with poly-L-lysine in 24-well 
plates and transfected 24 hours after plating. Twenty-four hours after transfection, 
cells were fixed with 4% (w/v) paraformaldehyde (PFA) for 20 minutes, washed with 
PBS, and incubated for 1 hour in blocking buffer containing 1% (w/v) BSA, 0.1% 
(w/v) gelatin, 5% (v/v) goat or donkey serum, 0.1% (v/v) Triton X-100, and 0.05% 
(v/v) Tween-20. Coverslips were incubated with primary antibodies overnight at 4°C, 
washed with PBS three times, and then incubated with Alexa Fluor-conjugated 
secondary antibodies (diluted 1:2000) for 1 hour. When required, coverslips were 
washed two times with 70% (v/v) ethanol and incubated with 0.01% (w/v) Thioflavin 
S in 50% (v/v) ethanol for 5 minutes, followed by two washes with 70% (v/v) ethanol. 
For nuclear staining, coverslips were incubated with Hoechst 33342 (Invitrogen) for 
1–5 minutes and were mounted on microscope slides. A Zeiss Axio Imager M1 
epifluorescence microscope was used to acquire images, which were analyzed with 
ImageJ software. 

For detecting internalized tau, naïve N2A were incubated for 16 hours with tau-
conditioned media, prepared as described in the “tau uptake PCA” section. After 
removing conditioned media, cells were washed twice with PBS to remove 
extracellular tau and subjected to fixation with 4% PFA and immunofluorescence 
analysis as described above. To quantify the amount of internalized tau, mean 
fluorescence intensity was measured from 18 and 17 background-subtracted images 
of control and treated cells, respectively. The values were normalized by the number 
of cells per image (the average number of cells per image was 19 in both groups). 
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1.12.2 Immunoelectron microscopy  
N2A cells grown on coverslips and transfected as described above were fixed with 

PLP fixative (periodate, lysine, 8% [w/v] PFA) for 2 hours, washed with NaPO3 
buffer, and permeabilized with 0.01% (w/v) saponin for 8 minutes. Subsequently the 
coverslips were incubated with the primary antibodies for 1 hour at room temperature, 
followed by an incubation with nano-gold-conjugated anti mouse FAB-fragments for 
1 hour (Nanoprobes). Unreacted formaldehyde was then quenched with 50 mM 
glycine and enhancement of the nanoparticles was achieved with an HQ Silver 
enhancement kit (Nanoprobes), followed by gold-toning with 2% (w/v) sodium 
acetate, 0.05% (w/v) chloroauric acid, and 0.3% (w/v) sodium thiosulfate. 
Subsequently, the coverslips were embedded in Epon, and sections were cut with a 
Leica UCT6 microtome. Images were acquired with a Jeol JEM-1400 microscope. 

1.12.3 Direct stochastic optical reconstruction microscopy (dSTORM)  
Direct stochastic optical reconstruction microscopy (dSTORM) was performed as 

previously described [640]. Briefly, cells were grown on MatTek 35-mm dishes 
coated with poly-L-lysine, transfected, fixed, and stained with primary and Alexa 
Fluor 647 secondary antibodies as described for immunofluorescence imaging. 
Following antibody labeling, cells were placed in blinking buffer (0.1 M Tris buffer, 
10% glucose, 0.07% cysteamine, 0.75 mg/ml glucose oxidase, and 0.04 mg/ml 
catalase) and imaged with a Nikon Eclipse Ti-E N-STORM system to acquire 30,000 
images per cell. The images were analyzed with N-STORM (Nikon) and ImageJ 
software. 

1.13 Thioflavin S assay 
The conditioned media, prepared as in the dot blot, were concentrated 100x with 

Amicon filters (30 kDa MWCO, Millipore) according to the manufacturer's 
instructions. One hundred μL of concentrated media were incubated with shaking for 
5 days at 37°C with 0.5 μM recombinant 0N4R tau in the presence of a protease 
inhibitor cocktail (Thermo Scientific) and DTT. Vehicle and 50 μM heparin were used 
as negative and positive controls, respectively. Subsequently, media was incubated 
with 10 μM of Thioflavin S for 30 minutes at room temperature, and the measurement 
of fluorescence was performed at excitation and emission wavelengths of 440 nm and 
521 nm, respectively, using a Varioskan Flash multiplate reader (Thermo Scientific). 

1.14 Data treatment and statistical analyses 
1.14.1 Data normalization in PCA 

In order to remove both biological and non-biological sources of experimental 
variability and analyze effect sizes of several replicas together, the values of 
luminometric measurements of a single replica were normalized by control (Study I, 
II) or the sum of measurements of all data points in the replica (Study II).  

1.14.2 Statistical analysis and data representation 
In Studies I and III, data were analyzed with unpaired, two-tailed t-test or a one-

way ANOVA followed by Bonferroni’s or Dunnett’s post-hoc test, and all values were 
expressed on the graphs as mean ± standard error of mean (SEM). In Study II, data 
were analyzed with the non-parametric Kruskal-Wallis test followed by the Dunn’s 
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post-hoc test, and all values were expressed on the graphs as individual values with 
the median and interquartile range (IQR). Data were statistically analyzed in 
GraphPad Prism or IBM SPSS Statistics software, and the graphs were prepared in the 
GraphPad Prism software. P-values indicated in figures were derived from post-hoc 
comparisons in all three studies. In Study II, the figure legend contained P-values from 
the Kruskal-Wallis test. P-values below 0.05 were considered significant. In the figure 
legends, ‘n’ indicates the number of independent replications of the entity-
interventions. 

In Studies I and III, values represent the percentage mean change to control + SEM 
(as in the original publications). Although the original publication of Study II 
describes data as median+IQR, for coherence and clarity, in the results section on 
Study II of this thesis, data are described as the percentage median change to control. 

1.14.3 Sample size estimation 

In Study II, the sample size for the Kruskal-Wallis test was calculated to detect the 
expected effect of Cohen’s f = 1.4 with a power of 0.8 and a significance level at 0.05 
(two-sided). As the Kruskal-Wallis test does not have available power analysis, the 
sample size was first calculated for a parametric alternative to the Kruskal-Wallis test 
(one-way ANOVA) with a priori power analysis using G*Power software [641]. 
These results were adjusted by the lowest boundary of the asymptotic relative 
efficiency (ARE = 0.864), the reciprocal ratio of the sample sizes required for two 
tests to archive the same power [642]. The sample size was not estimated in Studies I 
and II, and a minimum of three independent replicas was used for the statistical 
analysis. 
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5. RESULTS 

1.15 Development of the live-cell assay to monitor the cellular 
fates of APP in a high-throughput manner 

1.15.1 PCA can monitor molecular interactions between APP and BACE1 
A desirable assay to study the cellular fate of APP should quantitively monitor 

multiple parameters simultaneously in live cells in a high-throughput manner. 
Although the list of useful parameters is long, we aimed to develop an assay to 
simultaneously detect the most critical parameters in the context of amyloidogenic 
processing of APP: (1) the interaction between APP and β-secretase (BACE1) and (2) 
the level of sAPP shedding. To measure the dynamic interactions between APP and 
BACE1, we built the assay around a protein-fragment complementation assay (PCA) 
based on Gaussia princeps luciferase (GLuc), codon-optimized for mammalian cell 
expression [633]. PCAs are a group of methods for studying protein-protein 
interactions (PPIs) in living cells. In these assays, a reporter protein is split into two 
complementary fragments, each fused with one of the interacting proteins; the 
interaction between these proteins brings the fragments of the reporter protein close 
to each other, allowing them to refold and reconstitute the activity [636]. A GLuc-
based PCA offers the highly sensitive and reversible detection of PPIs in real-time 
[633]. Our research group has previously used a PCA method based on GLuc for 
studying the cellular regulation of tau [637]. 

Therefore, APP and BACE were fused at their C-termini with two complementary 
fragments of luciferase, GLuc1 and GLuc2, respectively, and then expressed in an 
N2A mouse neuroblastoma cell line (I, Figure 1A). First, we verified if the basic 
characteristics of both APP-GLuc1 and BACE1-GLuc2 correspond to the predictions 
based on published literature on APP. These are (1) a detectable and correct 
expression; (2) a low level of spontaneous dimerization of GLuc-fragments in PCA. 
As predicted, western blot analysis has shown that both constructs were expressed, 
had the expected molecular weight, and proteolytic processing of APP was normal (I, 
Figure 1B). Next, we confirmed the absence of spontaneous non-specific dimerization 
of both constructs by co-expressing them with GLuc1/2 fragments without any fused 
protein. GLuc fusions of APP and BACE1 failed to dimerize with free GLuc1/2 
fragments, as they generated only a background-level luminescence signal in a PCA, 
unlike the strong luminescence signal generated by the interaction of GLuc-tagged 
APP and BACE1. Furthermore, the co-expression of GLuc-tagged APP and BACE1 
with GLuc-tagged extracellular signal-regulated kinase 2 (ERK2), a cytosolic kinase 
that is not known to interact with APP or BACE1, resulted in a neglectable 
luminescence signal, confirming that the GLuc fragments of APP-GLuc1 and 
BACE1-GLuc2 only dimerize when the molecular interactions of their fused proteins 
occur frequently in cells or last long enough to allow for the refolding of GLuc 
fragments (I, Figure 1C). 

Finally, we confirmed that the PCA could follow the dynamic changes in APP-
BACE1 interaction in response to stimuli. For validation, we selected the established 
regulators of APP and BACE1 trafficking VPS35 and GGA3 and altered their 
expression by genetic means. VPS35 is an essential component of the retromer 



 

 
 
 

59 

complex involved in the endosome-Golgi trafficking of APP and BACE1, and GGA3 
is a crucial regulator of BACE1 trafficking from endosomes to lysosomes for 
degradation [643-645]. Literature has reported that the depletion of both VPS35 and 
GGA3 increases the level of APP and BACE1 in the endocytic compartment, 
promoting Aβ generation [645, 646]. The knockdown of VPS35 (−53% knockdown 
efficiency by RT-qPCR) and GGA (−62% knockdown efficiency by RT-qPCR) with 
shRNA increased the luminescent signal generated by APP-BACE1 interaction in the 
PCA (VPS35: +61% ± 8% and GGA3: +116% ± 14%; I, Figure 2A). The increase in 
APP-BACE1 interaction with GGA3 shRNA was paralleled by a rise in Aβ production 
(Aβ40: +201% ± 21%; Aβ42: +162% ± 12%), as measured with Aβ40 and Aβ42 
ELISA (I, Figure 2B). Interestingly, knockdown of VPS35, although increasing APP-
BACE1 interaction, failed to increase the generation of Aβ, which is probably due to 
the spatial separation of APP and γ-secretase. These results suggest that the APP-
BACE1 PCA can successfully monitor dynamic changes in the interactions between 
APP and BACE1, which, however, may not relate to alterations in the generation of 
Aβ. 

1.15.2 Two-parameter assay 
Since the interaction between APP and BACE1 does not always result in the 

cleavage, the simultaneous measurement of sAPP shedding provides great value for 
the assay. To combine the measurement of sAPP shedding with the live-cell 
measurement of APP-BACE1 interaction, alkaline phosphatase (AP) was fused to the 
N-terminus of APP-GLuc1 (AP/APP-GLuc1) to detect sAPP fragments in the 
collected conditioned media based on the AP activity measurement with a secreted 
AP (SEAP) assay [634]. The SEAP assay, however, lacks specificity regarding 
sAPPβ, as it detects both sAPP fragments. To make the assay more specific for sAPPβ 
fragments, we introduced the ɑ-secretase cleavage-inhibiting mutation in AP/APP-
GLuc (F615P mutation, according to APP695 numbering) [114, 647]. Unfortunately, 
only a minor shift towards β-cleavage was observed (data not shown). Therefore, this 
strategy was rejected. As a result, the SEAP readout in the assay shows the total sAPP 
level. 

To validate the functionality of the hybrid assay, we used the following 
pharmacological treatments with known effect on APP-BACE1 interaction and sAPP 
shedding: (1) brefeldin A (BFA), (2) BACE inhibitor IV, and (3) Dynole 34-2. (1) 
BFA inhibits the transport of proteins from the ER to the Golgi in the conventional 
secretory pathway and therefore retains APP and BACE1 in the ER; according to 
previous studies, this retention reduces the proteolytic processing of APP and the 
release of sAPP fragments to media [648-650]. In the PCA, BFA treatment 
considerably reduced the sAPP shedding (−83% ± 17%) but increased the interaction 
between APP and BACE1 (+86% ± 21%; I, Figure 3D). Since both proteins 
accumulate in the same compartment, their interaction rate may increase; sAPP 
shedding, however, declines, as the shed sAPPβ would not be secreted from the ER 
lumen to media due to BFA effect on transport; additionally, the cleavage of APP by 
BACE1 may be less efficient in the ER than in post-Golgi compartments [651]. (2) 
BACE inhibitor IV binds to the active site of BACE1 and potently blocks its 
proteolytic activity. In the PCA, it reduced the amount of sAPP in media (−35% ± 6%) 
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but left APP-BACE1 interaction unaltered (I, Figure 3E). These data suggest that, 
although APP cleavage by BACE1 is inefficient, BACE1 still can interact with APP. 
(3) Dynole 34-2 inhibits dynamin-dependent endocytosis, which is required for 
BACE1-mediated cleavage of APP [118, 119, 134, 652, 653]. In the PCA, Dynole 34-
2 inhibited sAPP secretion (−37% ± 9%) and increased APP-BACE1 interaction 
(+95% ± 23%; I, Figure 3F). Here, APP and BACE1 were trapped together at the 
plasma membrane where they were able to interact, but the proteolytic cleavage of 
APP was inefficient, as the complex was not transported to endosomes, which are 
known to favor BACE1 cleavage due to their low pH. Together, these three 
experiments show that the PCA assay monitors APP-BACE1 interaction and sAPP 
shedding predictably. 

1.15.3 Four-parameter multiplex assay for analyzing the cellular fate of APP  
The two-parameter assay requires the separation of the conditioned media from 

the cell monolayer to measure the SEAP signal from the conditioned media (sAPP 
amount in media) and the PCA signal from the cell monolayer (APP-BACE1 
interaction in the cells). Additionally, the measurement of the PCA signal from the 
media and the SEAP signal from the cells can provide two additional readouts for the 
assay: APP-BACE1 secretion in the extracellular media and total cellular APP level, 
respectively. 

Full-length APP, APP-CTF, Aβ, and BACE1 can be secreted from cells in 
exosomes [654]. Indeed, the exosome-enriched fraction isolated from the conditioned 
media with differential centrifugation contained both AP/APP-GLuc2 and BACE1-
GLuc1 reporters (I, Figure 4B) [638]. Predictably, conditioned media generated a 
strong luminescent signal in the PCA assay, which linearly increased with the 
incubation time for up to 18 hours (I, Figure 4A). Furthermore, the inhibition of 
exosome generation with GW-4869, a neutral sphingomyelinase inhibitor that hinders 
ceramide-mediated inward budding of ILVs into the lumen of MVBs, reduced the 
PCA signal in the conditioned media (−62% ± 2%; I, Figure 4C) [568, 655]. These 
data suggest that the PCA readout from the conditioned media can serve as a measure 
of the exosomal secretion of APP and BACE1. Lastly, we used a SEAP signal from 
the cells as the last readout in our assay that corresponds to the total cellular level of 
APP. Although the cell-based SEAP signal originates from both fl APP and 
intracellular sAPP fragments, the contribution of the latter is minor according to 
previous reports [656]. Moreover, in western blot, fl APP is present at a high level, 
while sAPP forms are present at a low level. Figure I, 5A outlines the workflow and 
analyses of different samples in the four-parameter multiplex assay. 

We validated the multiplex AP/APP-BACE1 assay with the pharmacological tools 
used in the experiments above (BFA, Dynole 34-2, and BACE inhibitor IV, GW-4869) 
and with two additional compounds (DAPT and bafilomycin A1). Figure 5C (I) 
summarizes the sites of actions of all five compounds. As was mentioned above, BFA 
inhibits transport of the secretory and membrane proteins from the ER to the Golgi, 
while Dynole 34-2 suppresses dynamin-mediated endocytosis; as expected, besides 
their significant influence on APP-BACE1 interaction and sAPP shedding, both 
compounds failed to affect the total cellular APP level or the secretion of APP and 
BACE1 (I, Figure 5B). Again predictably, BACE inhibitor IV affects only sAPP 
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shedding (− 35% ± 6%) but not any other parameters (I, Figure 5B). Interestingly, the 
inhibition of sphingomyelin-ceramide conversion by GW-4869 not only decreased the 
secretion of APP and BACE1 but also dramatically reduced sAPP shedding, probably 
due to its effect on lipid rafts or on BACE1 stability [657, 658]. 

DAPT inhibits γ-secretase and, as it cleaves APP downstream of BACE1, it had 
no significant effect on APP-BACE1 interaction, sAPP shedding, or the secretion of 
the APP-BACE1 complex, as expected (I, Figure 5B). Surprisingly, treatment with 
DAPT resulted in a minor but significant increase in the total cellular APP level (+16% 
± 4%). Bafilomycin A1 inhibits vacuolar H+ ATPase, which results in the inability of 
endosomes and endolysosomes to acidify and consequently to the decline of 
lysosomal degradation; additionally, it induces the release of Ca2+ from the 
intracellular stores and therefore stimulates exosomal secretion [605, 659, 660]. 
Treatment with bafilomycin A1 in the multiplex assay resulted in a considerable 
increase in the secretion of APP and BACE1 (+284% ± 37%) and in APP-BACE1 
interaction (+280 ± 61%), likely due to the reduced ability of BACE1 to cleave APP 
when endosomal pH is not optimal, and therefore, the time these proteins spent 
together was longer (I, Figure 5B) [661, 662]. The amount of sAPP in the media, 
however, did not decrease, possibly due to a paralleled decrease in the lysosomal 
degradation of sAPP [663]. Together, these data show that the multiplex four-readout 
assay predictably responds to known genetic and pharmacological modulators, 
demonstrating distinctive patterns that provide detailed information on the mechanism 
of modulation. The assay was developed in a 96-well format but could be adjusted to 
a 384-well format for high-throughput applications. 

1.16 Development of a live-cell assay to study the dynamic 
localization of proteins to lipid microdomains in a high-
throughput manner 

1.16.1 Development and primary validation of the assay 
The	size	and	dynamic	nature	of	the	nanoscale	lipid	rafts	set	methodological	

limitations	on	their	research,	as	their	analysis	requires	a	method	with	high spatial 
resolution; the GLuc-based PCA approach fulfills this requirement. Therefore, to 
develop a live-cell assay to study protein localization to lipid rafts suitable for high-
throughput experiments, we again used the G. princeps luciferase-based PCA 
approach in the N2A cell line [633]. The new assay is referred to as the LR-PCA (lipid 
raft PCA). The new reporter constructs comprised one half of the luciferase protein 
fused to the 10-amino-acid-long acylation motif from the Src-family kinase Fyn 
(referred to as the LR sequence) and an HA-tag (residues 98–106 from human 
influenza hemagglutinin) for immunodetection of the reporter. In several previous 
studies, acylation motifs from Src-family tyrosine kinases successfully served as a 
recruitment sequence to target proteins to membrane microdomains and detergent-
resistant membranes (DRMs), cholesterol- and sphingomyelin-rich fractions isolated 
with detergent solubilization and density gradient fractionation, which were assumed 
to correspond to lipid rafts [165, 664-668]. In this method, detergent breaks cell 
membranes and density gradient fractionation separates DRMs from detergent-soluble 
membranes (DSMs) based on DRMs light buoyancy on a sucrose gradient. The high 
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order of lipid rafts should prevent the incorporation of detergent, while their high lipid 
content would allow them to float at the density gradient [165, 669]. Although DRMs 
are artificial structures and not the same as lipid rafts in live cells, the fractionation 
approach serves as a simplistic and widely used method to validate the localization of 
proteins to these microdomains [670]. The LR sequence targets protein to the cytosolic 
side of lipid rafts at the plasma membrane (II, Figure 1A), as it contains fatty-acylated 
sites: myristoylated Gly2 and palmitoylated Cys3 and Cys6, which are all necessary 
for plasma membrane lipid raft-targeting [671-673]. Therefore, the newly generated 
constructs should produce a real-time PCA signal when a protein carrying a 
complementary GLuc fragment localizes to lipid rafts. The new constructs, therefore, 
are referred to as LR-GLuc1/HA and LR-GLuc2/HA (II, figure 1a). 

First, we confirmed that the basic characteristics of the LR-GLuc1/HA and LR-
GLuc2/HA correspond to the predictions: (1) detectable and correct expression; (2) a 
low level of spontaneous dimerization in the LR-PCA; and (3) the ability of the LR 
sequence to target GLuc to DRMs. Western blot analysis showed that both constructs 
have a detectable expression and expected molecular weight (II, Figure 1b). The LR-
GLuc1/HA reporter, however, had a considerably higher expression level than LR-
GLuc2/HA and therefore became a construct of choice in the majority of the 
experiments. The co-expression of LR-GLuc1/HA or LR-GLuc2/HA with free 
GLuc1/2/HA constructs produced only a background-level luminescence signal in the 
PCA, confirming the absence of the spontaneous assembly of LR-GLuc1/HA or LR-
GLuc2/HA reporters with free GLuc1/2/HA constructs (II, Figure 1C). The co-
expression of LR-GLuc1/HA with the largely non-lipid raft-localized protein 
ADAM10 resulted in a neglectable luminescence signal compared with APP, a protein 
known to partially localize to lipid rafts, or with the luminescent signal produced by 
the co-expression of ADAM10 with its interacting partners APLP2, Aph1b, and APP, 
further confirming the second prediction. 

To test the third prediction, we analyzed LR-GLuc1/HA localization with Lubrol 
WX detergent-based density gradient fractionation. Western blot analysis of the 
fractions demonstrated that LR-GLuc1/HA is present in the same fractions as the 
commonly used DRM marker protein Flotillin-2, unlike the GLuc1/HA reporter 
lacking the LR sequence (II, Figures 1E-F) [174, 674]. Furthermore, when the 
acylation sites of the LR sequence were mutated to prevent either palmitoylation 
(C3,6S) or myristoylation (G2A), the constructs failed to efficiently localize to DRMs 
and the plasma membrane (II, Figure 2A-E). The mutated reporters also associated 
less with lipid raft proteins Fyn and BACE1 as well as with non-mutated LR-
GLuc2/HA (Figure 2 F-H). All these data confirm that the LR sequence efficiently 
targets the PCA reporters to lipid rafts. 

1.16.2 The LR-PCA assay can monitor the dynamic localization of proteins 
to membrane microdomains 

To demonstrate that the LR-PCA can monitor the dynamic localization of proteins 
to lipid rafts, first, we used the PI3K/Akt pathway as a model system since signaling 
through this pathway requires the movement of Akt to lipid rafts [675-678]. Therefore, 
we treated cells with insulin to stimulate PI3K/Akt pathway and was able to observe 
the dose-dependent increase in the association of Akt and LR-GLuc1/HA in the PCA, 
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with a maximal effect observed at 1 U/ml (+287%; II, Figure 3A). We confirmed that 
insulin activated the PI3K/Akt pathway in N2A cells, as the treatment also resulted in 
an increase in phosphorylation of Akt at Ser473, an activating phosphorylation of Akt 
(II, Figure 3B) [679]. 

Next, we applied the LR-PCA to examine the association of APP with lipid rafts. 
On the one hand, multiple studies have previously examined this dynamic localization 
in the context of Aβ production, but on the other hand, almost all of them used density 
gradient fractionation as the primary method for defining lipid rafts. Thus, the field 
may benefit from a simplistic live-cell approach, such as the LR-PCA. Therefore, first, 
we examined the association of LR-GLuc1/HA with fl APP and its proteolytic 
fragments βCTF and AICD, tagged with a GLuc2 fragment at their C-termini. 
According to the current view, although based on the DRM definition of lipid rafts, a 
large portion of βCTFs and only a minority of fl APP localize to lipid rafts, while 
AICD predominantly stays in the cytosol [680-682]. Accordingly, in the LR-PCA, 
both fl APP and βCTF strongly associate with the LR-GLuc1/HA reporter, while 
AICD shows only a weak association (100% vs 106% vs 20%, respectively; II, Figure 
3C). 

Previous studies have demonstrated that APP dynamically localizes to lipid rafts 
in a cholesterol-dependent manner [23, 177]. Therefore, we examined if the 
association of APP with the LR-GLuc1/HA reporter is also sensitive to alterations in 
the cellular cholesterol level. One well-recommended and efficient tool for 
modulating the cellular cholesterol level is methyl-β-cyclodextrin (mβCD), a cyclic 
oligosaccharide that contains a hydrophobic cavity that can encapsulate cholesterol 
[683]. MβCD can either extract cholesterol from cells when it is applied to cells alone 
or donate cholesterol to cells when it is complexed with cholesterol before cell 
treatment [683]. Thus, we acutely applied mβCD to cells to deplete cholesterol 
primarily from the plasma membrane, and with the PCA, we observed the expected 
decrease in association between APP and the LR-GLuc1/HA reporter, with a 
maximum effect at 10 mM (–45%; II, Figure 3D) [684]. In a reverse experiment, we 
applied mβCD/cholesterol complexes to cells to load them with cholesterol. Such 
treatment resulted in an increase in the association between APP and GLuc1/HA in 
the LR-PCA, with a maximum effect at 100 µM (+30%), which also agrees with the 
current consensus about the relationship between APP, cholesterol, and lipid rafts (II, 
Figure 3E). Together, these data show that the LR-PCA can monitor the dynamic 
localization of proteins to lipid rafts in living cells. 

1.17 Secretion of tau via translocation through the plasma 
membrane 

1.17.1 Tau secretion occurs independently of vesicular organelles 
Although the majority of research in the tau secretion field focuses on tau vesicular 

secretion, only a tiny portion of secreted tau is present inside exosomes or ectosomes; 
the rest is found as free protein [501, 524, 525, 527, 547, 685]. Therefore, first, we 
examined how cells secrete tau in our system – N2A cells that overexpress human 
0N4R tau (N2A/tau). Such a system recapitulates the pathological secretion of tau. As 
such, tau overexpression results in a high level of hyperphosphorylated tau in the 
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cytosol and a high level of tau secretion. Extracellular vesicles isolated from the 
conditioned media with differential centrifugation contained less than 1% of secreted 
tau (III, Figure S1), confirming that, in our system, tau secretion is also vesicle free. 
The size-based filter centrifugation (III, Figure S2C) showed that tau pool in the 
conditioned media, comprised three major fractions: (1) the most considerable portion 
of small soluble oligomers (∼80%; molecular weight between 100 kDa and 300 kDa), 
such as dimers, trimers, or tetramers; (2) a small portion of monomers (∼10%; 
molecular weight below100 kDa); and (3) a small portion of larger oligomers (∼10%; 
molecular weight more than 300 kDa; III Figure S2C-D). In agreement with the 
previous experiment, the in vitro Thioflavin S aggregation assay suggested the 
presence of β-sheet aggregates in the conditioned media (III, Figure S2F). 

Free	 tau	 in	 conditioned	 media	 may	 originate	 from	 several	 pathways	 of	
unconventional	 secretion:	direct	 translocation	 through	 the	plasma	membrane,	
autophagy-based	secretion,	and	LE/lysosomal	secretion.	The	last	two	pathways	
involve	a	fusion	of	organelles	with	the	plasma	membrane	and	therefore	depend	
on	ATP	and	Ca2+.	Thus,	first,	we	briefly	depleted	cells	of	ATP	by	2-deoxyglucose,	
a	non-metabolizable	glucose	analog	that	blocks	glycolysis.	However,	this	did	not	
affect	tau	secretion	(III,	Figure	1A)	as	assessed	by	the	tau	secretion	PCA,	which	
measures	the	dimerization	of	two	GLuc-tagged	tau	proteins	separately	from	the	
cell	monolayer	and	from	the	conditioned	media	(III,	Figure	S2A-B).	It	is	important	
to	 note	 that	 the	 cytotoxicity	 of	 all	 experimental	 conditions	 in	 Study	 III	 was	
monitored	with	an	LDH	assay	to	exclude	the	release	of	tau	due	to	cell	death;	the	
conditions	were	 shown	 to	 be	 nontoxic	 unless	mentioned	 otherwise.	 Next,	we	
treated	cells	with	a	Ca2+	ionophore	ionomycin,	a	classical	inducer	of	exocytosis,	
but	 it	 failed	 to	promote	 tau	 secretion	 (III,	 Figure	1B).	These	 two	experiments	
strongly	 suggest	 that	 tau	 secretion	 does	 not	 involve	 the	 fusion	 of	 the	 plasma	
membrane	with	vesicular	structures.	Indeed,	when	N2A	overexpressing	tau	were	
visualized	with	transmission	electron	microscopy	(TEM),	 tau	was	absent	 from	
MVBs	 and	 other	 vesicular	 organelles;	 some	 tau,	 however,	 associated	with	 the	
surface	 of	 intracellular	 vesicles	 and	was	 present	 at	 the	 nuclear	membrane	 in	
nuclear	pores	(III,	Figures	1N-S	and	S3).	

1.17.2 Oligomeric but not beta-sheet rich tau species localize to the plasma 
membrane in small clusters 

The	most	 plausible	 scenario	 for	 tau	 secretion	 seemed	 to	 be	 translocation	
through	the	plasma	membrane.	In	fact,	previous	studies	showed	that	tau	localizes	
to	 the	plasma	membrane	and	 is	able	 to	 form	pore-like	structures	 in	biological	
membranes,	which	can	mediate	tau	secretion	[549,	550].	Therefore,	to	examine	
if	 tau	 indeed	 undergoes	 secretion	 via	 translocation	 through	 the	 plasma	
membrane,	we	examined	if	tau	localizes	to	the	plasma	membrane	in	N2A	cells	
and,	 if	 so,	 in	 which	 form.	 Thus,	 N2A	 cells	 overexpressing	 either	 untagged	 or	
GLuc/HA-tagged	 tau	 with	 total	 tau	 antibody	 tau-5	 or	 with	 HA	 antibody,	
respectively,	 were	 stained	 and	 visualized	 with	 a	 super-resolution	 direct	
stochastic	optical	reconstruction	microscopy	(dSTORM;	resolution	~	20	nm)	and	
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TEM	 (resolution	 ~	 0.2	 nm).	 Both	methods	 showed	 numerous	 clusters	 at	 the	
proximity	of	the	plasma	membrane	as	well	as	cytosolic	staining	(III,	Figures	1K-
L,	1N-S,	 and	S3A-D).	Particle	 size	analysis	 in	dSTORM	showed	 that	more	 than	
90%	of	clusters	were	smaller	than	40	nm,	with	a	mean	diameter	of	23	nm	(III,	
Figure	1M).	In	TEM	images,	tau	localized	in	the	cytosol	in	both	diffuse	and	dense	
aggregates	and	at	the	plasma	membrane	in	microdomain-like	clusters.	Two	types	
of	clusters	were	observed:	large	clusters	(∼200	nm)	of	diffuse	cytosolic	tau	just	
below	the	plasma	membrane	(III,	figures	1P	and	1Q)	and	smaller	clusters	(50–80	
nm)	of	very	densely	stained	tau	(III,	Figures	1R	and	1S).	These	results	suggest	
that	tau	localizes	to	the	plasma	membrane	within	specific	microdomains,	which	
may	be	involved	in	secretion	via	translocation	through	the	plasma	membrane.	

To	 investigate	 which	 tau	 species	 localize	 at	 the	 proximity	 of	 the	 plasma	
membrane,	N2A/tau	were	examined	with	a	light	microscopy	after	staining	cells	
with	the	following	tau	antibodies:	(1)	tau-5;	(2)	tau	oligomer-specific	antibody	
T22	and	two	tau	phosphospecific	antibodies	(3)	AT8	(Ser202/Thr205)	and	(4)	
PHF13(Ser396).	T22,	AT8,	and	PHF13	mainly	stained	small	puncta	at	the	plasma	
membrane;	 tau-5	 also	 stained	 these	 puncta	 along	with	 cytosolic	 staining	 (III,	
Figure	1C-F),	while	a	dye	for	β-sheet	rich	structures,	Thioflavin	S,	failed	to	stain	
these	puncta	(III,	Figure	1G-J),	suggesting	that	tau	at	the	plasma	membrane	are	
enriched	in	hyperphosphorylated	oligomeric	species,	but	not	insoluble	β-sheet	
rich	aggregates.	

1.18 Membrane order controls tau secretion 
If tau secretion occurs via translocation through the plasma membrane, then the 

modulation of plasma membrane properties, such as membrane order and fluidity, 
would be expected to affect tau secretion. Membrane fluidity is a parameter that 
measures the ability of molecules to undergo rotational and diffusional motions within 
the membrane. Membrane fluidity depends on external (such as temperature, pressure, 
pH) and internal (membrane composition) factors [686]. Factors that affect lipid order 
in the membrane also affect fluidity, as the higher the lipid order, the more restricted 
are the motions of molecules. Generally, cholesterol, sphingolipids, and longer fatty 
acids with a lower degree of unsaturation decrease lipid order and increase fluidity of 
the membrane [686]. 

Thus, first, we targeted cholesterol that can increase membrane order, therefore 
making the membrane less fluid, and organize lipid microdomains within the 
membrane [687, 688]. When N2A/tau were depleted from cholesterol with 1 mM 
methyl-β-cyclodextrin, tau secretion decreased by 47% ± 7% (III, Figure 2A). When 
we loaded these cells with cholesterol using preformed cholesterol:mβCD, this 
enhanced tau secretion by 76% ± 8% (III, Figure 2B). Additionally, we replicated 
these two experiments in mature rat primary cortical neurons (21 days in vitro) and 
obtained similar results for the secretion of endogenous tau (III, Figure 4A-B). When 
these cells were depleted from cholesterol, the amount of tau in the media decreased 
in a concentration-dependent manner, with the maximum effect at 1 mM mβCD 
(−48% ± 1%; III, Figure 4A), as measured by tau ELISA. Cholesterol loading, in turn, 
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roughly doubled the amount of tau in the media (+105% ± 16%; III, Figure 4B). These 
results suggest that cholesterol, via the organization of lipid microdomains, or 
membrane fluidity affects the secretion of tau in models of both pathological 
(overexpressed tau) and physiological (endogenous tau) conditions. 

Second, we targeted sphingolipids, a group of membrane-ordering lipids that also 
play an essential role in the organization of lipid microdomains [688]. Thus, we 
depleted N2A/tau cells either nonspecifically from all sphingolipids by inhibiting 
sphingolipid synthesis with myriocin or specifically by depleting sphingomyelin at the 
extracellular leaflet of the plasma membrane by adding exogenous sphingomyelinase 
(SMase) to the media. Both treatments reduced tau secretion by approximately the 
same magnitude (50 µM myriocin: −36% ± 4%; 3 U/ml SMase: −36% ± 3%; III, 
Figure 2C-D), although the myriocin showed some toxicity at the highest 
concentration, as determined with an LDH assay. 

Third, N2A/tau were loaded with docosahexaenoic acid (DHA), a n-3 
polyunsaturated fatty acid (n-3 PUFA) that decreases the order of non-raft domains, 
remodels the lipidome of the plasma membrane and may promote the exclusion of the 
raft-resident proteins from the microdomains [689-691]. High consumption of DHA 
correlates epidemiologically with a lower risk of AD, and its oral intake in animal 
studies reduced Alzheimer-like brain pathology [692-696]. DHA loading reduced the 
secretion of tau in a concentration-dependent manner, with maximal inhibition at 50 
μM DHA (−94% ± 1%; III, Figure 2E), although according to the LDH assay, this 
concentration of DHA was mildly toxic for N2A cells, probably due to DHA 
anticancer properties [697, 698]. Tau secretion, however, was reduced by 63% ± 3% 
already at 1 µM, which is close to the concentration of DHA found in normal human 
CSF [699]. In conclusion, these results suggest that tau secretion proceeds more 
efficiently in the highly ordered plasma membrane enriched in cholesterol and 
sphingomyelin. 

1.18.1 Heparan sulfate proteoglycans positively regulate tau secretion 
The unconventional secretion of FGF2 via translocation through the plasma 

membrane requires HSPGs, which capture FGF2 and assist its translocation to the 
extracellular side of the plasma membrane [532, 539, 540]. As tau binds GAGs in a 
sulfation-dependent manner, it seemed plausible that tau binding to HSPGs might play 
a role in tau secretion as well [349, 494, 553]. Thus, first, we inhibited the synthesis 
of the general sulfate donor in GAG biosynthesis (3′-phosphoadenosine 5′-
phosphosulfate) in N2A/tau with NaClO3, which reduced tau secretion in a 
concentration-dependent manner, with the maximal decrease at 50 mM NaClO3 
(−38% ± 5%; III, Figure 3A) [700, 701]. The treatment of primary cortical neurons 
with NaClO3 resulted in a similar decrease of tau secretion (−45% ± 5%; III, Figure 
4C). 

As NaClO3 treatment inhibits all sulfation reactions in the cell, next, we reduced 
the amount of binding sites of HSPG more specifically with heparinase I and 
heparinase III, enzymes that cleave sulfated glycan side chains of proteoglycans with 
different specificities [701, 702]. Although treatment with heparinase I seemed to 
decrease tau secretion, the effect was insignificant; treatment with heparinase III, on 
the other hand, consistently reduced tau secretion by 25% ± 3% (III, Figure 3B). Such 
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difference in the effects of the two heparinases likely originates from their different 
substrate specificity. Both enzymes can cleave heparin and heparan sulfates, but while 
heparinase III is more active towards ubiquitous heparan sulfate, heparinase I is more 
active towards mast cell-specific heparin sulfate [703, 704]. As only heparan sulfates 
are present in the cell surface proteoglycans in N2A cells, this may explain why only 
heparinase III treatment reduced tau secretion. To control for the specificity of these 
effects for HSPG, we reduced the cell surface levels of chondroitin and dermatan 
sulfate GAGs with a chondroitinase ABC treatment. This treatment, however, failed 
to decrease tau secretion (III, Figure 3C), suggesting a specific role of HSPGs in tau 
secretion, which is in line with a recent study showing similar results [526]. 

1.18.2 Tau secretion requires the formation of soluble oligomers 
During secretion, FGF2 localizes to the inner leaflet of the plasma membrane, 

where it undergoes phosphorylation and forms a membrane-spanning oligomer [537, 
705]. The majority of FGF2 species at the inner leaflet of the plasma membrane are 
dimers, but it is unclear if dimerization occurs before or after the association with the 
plasma membrane [705]. Thus, phosphorylation and oligomerization play a vital role 
in FGF2 secretion; both of these events are also involved in the tau pathology in AD 
and other tauopathies. Therefore, it was necessary to learn whether the 
phosphorylation and oligomerization of tau play a role in tau secretion. Indeed, as 
shown in Section 5.3.2, at least some tau localizes to the plasma membrane in a 
hyperphosphorylated oligomerized form. To further specify which tau species 
undergo secretion, N2A/tau received four tau aggregation inhibitors (TAIs), which 
inhibit tau oligomerization at different stages: (1) emodin and (2) BSc3094 interfere 
with the formation of β-sheet structure; (3) phthalocyanine tetrasulfonate (PcTS) 
stabilizes soluble off-pathway oligomers; and (4) epigallocatechin gallate (EGCG) 
prevents the formation of dimers, oligomers, and aggregates [706-712]. 

As three out of four TAIs are brightly colored, they are incompatible with a 
luminescence-based PCA; thus, we used a dot blot instead. With the dot blot, only the 
BSc3094 effect was insignificant in N2A/tau, while emodin, PcTS, and EGCG 
reduced tau secretion, with EGCG having the most potent effect (−94% ± 2%; III, 
Figure 3D-E), suggesting that tau secretion requires the formation of oligomeric 
aggregation intermediates. As EGCG is not a colored compound, we also tested it in 
the tau secretion PCA, where it reduced the secretion of tau oligomers by 63% ± 4% 
and tau dimerization inside the cell by 32% ± 2% (III, Figure 3F). Furthermore, when 
naïve N2A acceptor cells were subjected to conditioned media produced by N2A/tau 
donor cells treated with EGCG, it resulted in a significantly lower amount of 
internalized tau in the acceptor cells compared to the acceptor cells subjected to the 
media from N2A/tau control donor cells (III, Figure 3G-I). Importantly, EGCG failed 
to change the uptake efficiency when added to the cell-free tau-conditioned media 
during the internalization stage (III, Figure 3J). Notably, in primary cortical neurons, 
EGCG also reduced tau secretion (maximum effect at 25 µM EGCG: −36% ± 7%; III, 
Figure 4D), suggesting that the secretion of endogenous tau in healthy neurons also 
depends on oligomerization. 
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6. DISCUSSION 
1.19 Assay development to study cellular fates of APP and localization of 

proteins to lipid rafts 
1.19.1 Versatile PCAs: advantages and limitations 

PCAs are a group of methods for studying protein-protein interactions as well as 
their modulation in living cells, allowing the proteins to maintain native post-
translational modifications and subcellular localization. Different types of proteins can 
serve as reporters; thus, the outcome generated upon PPI can be color, fluorescence, 
luminescence, cell survival, or gene activation [636]. PCA is inexpensive, does not 
require unusual equipment, is suitable for high-throughput approaches, and is 
adjustable to a broad range of applications. Therefore, the use of PCA extends beyond 
following PPIs. In this thesis, we developed two novel live-cell assays based on a G. 
princeps luciferase PCA to study the cellular fates of APP and the localization of 
proteins to lipid rafts. Additionally, in Study III we applied a third G. princeps 
luciferase PCA developed by Yan et al. to study tau secretion. While one of the four 
readouts of the first PCA is the interaction between APP and BACE1, the main focus 
of the two novel PCAs is not on PPIs [546]. 

G. princeps luciferase is a small (19.9 kDa) monomeric protein that catalyzes the 
oxidative decarboxylation of the membrane-permeable coelenterate luciferin 
(coelenterazine) substrate to generate a high-intensity luminometric signal, allowing 
our PCAs to detect even weak interactions [633]. The high sensitivity is an especially 
useful trait for the LR-PCA, as often only a minor portion of proteins localizes to lipid 
rafts. G. princeps luciferase demonstrates high stability even in adverse conditions, 
such as exposure to low pH, hydrogen peroxide, and high temperature, which ensures 
the high performance of our assays in a broad range of conditions [713]. Most 
importantly, the interaction between G. princeps luciferase reporter fragments in a 
PCA is reversible and does not lock proteins in a permanently bound state [633]. This 
trait allows for the study of the dynamics of interactions in real-time, which benefits 
the multiplex PCA and has tremendous importance for the LR-PCA. Furthermore, the 
G. princeps luciferase PCA is a very user-friendly low-cost high-throughput assay that 
requires only standard molecular biology laboratory equipment (general cell culture 
equipment, a luminescence plate reader with an injector, and a computer) and no 
special data analysis software. 

PCAs, however, have limitations, which are inherent in all three assays used in this 
thesis. The first and foremost limitation of all PCAs is the requirement of the 
overexpression of GLuc fragment-tagged proteins. The overexpression itself and the 
addition of even such small tag as the G. princeps luciferase fragment (10.1 kDa and 
8.2 kDa) may alter the processing, trafficking, or localization of a tagged protein. In 
Study III, however, the overexpression was beneficial, as it better represents the tau 
pathology with the accumulation of hyperphosphorylated tau and the excessive 
secretion of tau. Another limitation of all PCAs is their inability to prove the absence 
of a given interaction – if two reporter fragments are not within a maximum distance 
required for fragment refolding, then the interaction of proteins fused to reporters will 
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not generate a signal. An additional limitation of PCAs based on luciferases is their 
inability to reveal where in a cell PPI occurs. 

A possible alternative to a PCA as a basis for our assay would be Förster resonance 
energy transfer (FRET). FRET is a transfer of energy from one fluorophore (the donor) 
to a second fluorophore (the acceptor) that occurs when the distance separating them 
is less than 10 nm [714]. Therefore, FRET can be applied to determine the proximity 
of two proteins of interest and therefore examine PPI. PCA and FRET share many 
advantages and drawbacks, and both are very effective in providing information on 
dynamic interaction with an excellent spatiotemporal resolution [714, 715]. FRET, 
however, has several disadvantages when compared with a GLuc-PCA: it has lower 
sensitivity, requires more complex analysis, and is harder to adjust for high-
throughput research [716, 717]. 

1.19.2 Multiplex PCA 
As the alteration of APP trafficking and proteolytic processing can result in the 

generation of Aβ, multiple studies investigated these processes with a variety of 
methods. The standard methods for studying proteolytic fragments of APP are western 
blot and ELISA, while co-immunoprecipitation, affinity capture-mass spectrometry, 
and FRET serve to study APP PPIs. Although informative and effective, such 
approaches are mostly insensitive, nondynamic, and specialized for a single readout. 
Thus, studying the complex and dynamic regulation of APP trafficking and processing 
requires novel tools. In Study I, we have developed and validated a sensitive live-cell 
assay system that can rapidly provide a mechanistic understanding of how a given 
genetic or environmental factor alters the cellular trafficking and processing of APP 
in a high-throughput manner. 

In this assay, both APP and BACE1 were fused with two complementary 
fragments of G. princeps luciferase, which allow for the detection of their interaction 
in live cells with a PCA. The APP construct also contains alkaline phosphatase (AP) 
on its N-terminus, allowing for the concomitant detection of sAPP fragments with the 
SEAP assay. The separation of the cell monolayer and conditioned media allows for 
the detection of four parameters in a single multiplex assay: (1) APP-BACE1 
interaction in the cells (PCA signal from the cell monolayer); (2) APP-BACE1 
secretion (PCA signal from the conditioned media); (3) the total cellular level of APP 
(SEAP signal from the cell monolayer); and (4) APP-BACE1 secretion (SEAP signal 
from the conditioned media). The basis for the assay is APP-BACE1 PPI, measured 
by a PCA, which provides the information about the spatiotemporal coincidence of 
APP and BACE1. This readout alone, however, is unable to provide an insight into 
the outcome of the interaction. Various factors can affect this outcome: the 
compartment where APP and BACE1 coincide, the microenvironment of this 
compartment, such as pH, and the time that APP and BACE1 spend in the same 
compartment [134, 718]. 

The pattern of responses generated in the four-readout assay provides mechanistic 
information on how a given modulation affects the cellular fate of APP. For example, 
if we consider only the two main readouts, APP-BACE1 interaction and sAPP 
shedding, and look at the modulations used in this study, we can see a rather clear 
pattern of responses (Figure 11). For example, an increase in APP-BACE1 interaction 
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(the higher and lower right corners in Figure 11) suggest that APP and BACE1 stay 
together longer in the same cellular compartment. If the response coincides with an 
increased sAPP level (upper right corner), this suggests that this compartment is 
suitable for the cleavage of APP by BACE1, but if the response coincides with 
decreased sAPP shedding (lower right corner), this suggests that the BACE1 cleavage 
efficiency is not optimal in the compartment where APP and BACE1 stay. 

The majority of outcomes in the proof-of-concept experiments with the live-cell 
APP multiplex assay correspond to our expectations and previously published reports. 
Some data, however, were slightly surprising but could be explained and were 
paralleled by similar findings in other reports. For instance, although VPS35 increased 
the interaction between APP and BACE1 in a PCA, it did not affect Aβ generation. 
VPS35 silencing has been reported to both increase and decrease Aβ generation; such 
a discrepancy may originate from differences in cell types, as the primary location of 
γ-secretase cleavage may also differ between cell types, as suggested by multiple 
reports [120, 646, 719]. In another study, the efficient production of Aβ required the 
trafficking of APP from EEs to the Golgi/TGN and VPS35 in particular [653]. 
Therefore, it is possible that, in our cells, VPS35 knockdown increased both APP-
BACE interaction and BACE1-mediated cleavage, but due to the lower efficiency of 
γ-secretase in EEs in these cells, it failed to raise the Aβ40 level, while with GGA3 
depletion, only BACE1 trafficking was affected, allowing APP-CTFβ to traffic to the 
Golgi/TGN normally. Another surprising outcome is the small increase in the total 
cellular APP level in response to the γ-secretase inhibitor DAPT. This effect was also 

Figure 11. Patterns of cellular fates of APP. The effect of genetic and pharmacological manipulations 
used in Study I were plotted on the graph. If the effect of an individual modulation was insignificant, it 
was plotted as zero effect. The possible explanations of positions on the graph of distinct manipulations 
are proposed in the figure. 
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observed in other studies and possibly arises from a decrease in the lysosomal 
degradation of APP, as recent studies reported that the inhibition of γ-secretase 
induces lysosomal and autophagic pathology in healthy neurons [720-722]. 

Another interesting observation is the effect of GW-4869 on sAPP shedding. As 
GW-4869 treatment decreases the level of ceramides in the cell, it displays a broad 
range of effects that can explain this reduction. For instance, a decrease in the 
ceramide level can reduce sAPP shedding through the modulation of lipid rafts by 
ceramides or through the decrease in BACE1 stability upon ceramide depletion [657, 
658]. If we would analyze this compound in the multiplex PCA "blindly,” without 
knowing any of its effects, the pattern generated in the assay (Figure 11) suggests that 
it reduces BACE1 activity either directly or by lowering intraluminal pH, which is 
theoretically possible through its ceramide-depleting effect. Ceramides serve as a base 
for the synthesis of glucosylceramides, whose insufficient level can result in the 
inhibition of the vacuolar-type H(+)-translocating ATPase (V-ATPase) and therefore 
the less acidic pH in endosomes, lysosomes, and the Golgi/TGN [723]. These are only 
speculations, however.  

Not only BACE1 but numerous PPIs regulate APP trafficking and proteolytic 
processing [724]. Potentially, the multiplex assay can be easily tailored to follow APP 
interactions other than BACE1 by generating complementary GLuc-tagged 
constructs. For example, it would be beneficial to follow the interaction between APP 
and ADAM10 under various modulations and their effect on sAPP shedding in the 
same assay. Alternatively, the interaction of APP with other enzymes with ɑ-secretase 
activity, enzymes involved in non-canonical APP processing, or cytoplasmic APP 
binding partners can be followed in such a tailored assay.  

The multiplex assay, naturally, has limitations. The first two limitations originate 
from the PCA base of our assay: the requirements of overexpression and the addition 
of tag may both affect the expression, processing, or trafficking of APP and BACE1. 
GLuc and AP-tags, or overexpression, however, did not interfere with the normal 
expression of APP and BACE1 or with the proteolytic processing of APP in N2A 
cells. Another limitation is the inability of the assay to specifically detect sAPPβ 
fragments, as the SEAP assay detects both sAPPɑ and sAPPβ. In an attempt to block 
the ɑ-secretase cleavage of APP, the F615P mutation near the ɑ-secretase cleavage 
site was introduced, but this strategy requires the robust inhibition of ɑ-secretase, 
which the F615P mutation failed to achieve. More radical solutions could potentially 
help. For example, Volbracht et al. resolved a similar issue by replacing a whole ɑ-
secretase cleavage site, transmembrane domain, and C-terminal AICD with the 
membrane-spanning domain of the Erythropoietin Receptor (EpoR), leaving the β-
secretase cleavage site intact [725]. This drastic approach, however, is not suitable for 
the multiplex assay, as it would affect the functioning and trafficking of APP, but a 
smaller replacement around the ɑ-secretase site could potentially resolve the issue. 

The next limitation of our assay is that part of the SEAP signal from the media, 
reflecting sAPP shedding, may originate from the secreted APP holoprotein. The 
results of Bafilomycin A treatments, however, showed that this likely has only a minor 
effect, as the 280% increase in the exosomal secretion of the APP-BACE1 complex 
coincides with no change in the sAPP level in the media. Nevertheless, the separation 
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of conditioned media for vesicular and non-vesicular fractions by differential 
fractionation would yield more precise results, but this is laborious and hardly 
compatible with a high-throughput live-cell assay. Lastly, the assay measures the 
secretion of the APP-BACE1 complex. Thus, if only one of these proteins undergoes 
the secretion, the assay will fail to detect it. 

Despite the limitations of the live-cell multiplex assay, it is a powerful tool for 
providing mechanistic insight on APP and BACE1 interactions and their outcomes. A 
potential application of the assay could be high-throughput testing of compound 
libraries to identify the novel compounds or pathways that interfere with the cellular 
fate of APP. Alternatively, siRNA libraries could be screened to identify 
genes/proteins that regulate APP expression, trafficking, secretion, or its proteolytic 
processing. Such screens could provide information on the role of environmental 
factors and cellular proteins in AD pathogenesis and therefore help identify new 
targets for the treatment of AD. 

1.19.3 The lipid raft localization assay 
Within biological membranes, the reciprocal attraction and repulsion of membrane 

components drives the formation of transient, highly ordered nanoscale microdomains 
with a composition different from the rest of the membrane [165, 166]. Lipid rafts 
represent the most recognized type of such structures, whose importance in membrane 
function is evident. These membrane microdomains selectively recruit specific 
proteins, allowing them to encounter either their binding partners, establishing 
functional protein complexes, or raft-enriched lipids, changing the activity of recruited 
proteins [726]. In both ways, the recruitment of proteins to lipid rafts has a functional 
physiological or acquired pathological role and is therefore of special research interest. 

In this study, we have developed and validated a sensitive live-cell assay system 
to examine the localization of proteins to lipid rafts. We verified that the 10-amino-
acid-long targeting motif from Fyn kinase successfully brings the GLuc1 reporter to 
DRMs. The recruitment of the reporter to lipid rafts depended on two types of 
acylation in the targeting motif, as the motif with mutated myristylation and 
palmytoilation sites failed to fully bring the reporter to DRMs or to the plasma 
membrane. 

Due to the nanoscale size and the transient dynamic nature of lipid rafts, their 
investigation demands approaches with a high spatiotemporal resolution, such as 
methods at the intersection of super-resolution optical microscopy and single-particle 
tracking (SPT) or fluorescence correlation spectroscopy (FCS), such as stimulated 
emission depletion (STED)-FCS or SPT based on interferometric scattering 
microscopy (iSCAT) [726, 727]. Although such imaging approaches are the most 
appropriate tools for lipid raft research, they require complex equipment and data 
analysis that makes them hard to implement in regular protein analysis, and they are 
impossible to use in high-throughput research. Unsurprisingly, in protein research, 
more simplistic but suboptimal approaches are often the methods of choice. The most 
commonly used simplistic approach utilizes the solubilization of the cell membrane 
with nonionic detergent followed by density gradient fractionation to separate DSMs 
from DRMs to draw conclusions on protein localization to lipid rafts based on its 
presence in DRM fractions. Although DRMs are artificial structures and are not 
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equivalent to lipid rafts that exist in cells, they are still a useful but inaccurate tool for 
assigning the raft-association potential of proteins [670, 728]. 

The second simplistic approach utilizes conventional microscopy to follow the 
colocalization between a protein of interest and a putative lipid raft probe as a measure 
of microdomain association; the best-known example of a probe is a fluorophore-
conjugated CTxB, the membrane-binding subunit of cholera toxin that binds GM1 
gangliosides in lipid rafts [729]. The advantage of this approach is the ability to follow 
proteins in the native environment of live cells without any need to break the cellular 
membranes. Unfortunately, the conventional microscopy fails to offer a sufficient 
resolution to draw reliable conclusions; the ability to introduce artifacts as well as the 
limited specificity of lipid rafts probes bring further limitations [726, 730]. 

Although LR-PCA is another suboptimal simplistic approach, it offers substantial 
advantages in comparison with the commonly used methods of the same category. 
First, the LR-PCA measures the dynamic partition of protein to lipid rafts in live cells 
in real-time, similarly to CTxB colocalization, but with a far superior spatial 
resolution: around 10 nm in the LR-PCA (protein/reporter proximity distance) versus 
the 200 nm resolution of diffraction-limited fluorescence microscopy. Second, the LR-
PCA allows for quantitative high-throughput detection with an immediate readout and 
requires no complex data analysis. The assay is rapid and not harmful to cells, which 
allows for additional assays following the LR-PCA, such as a cell viability assessment. 
Finally, the LR-PCA is an inexpensive and user-friendly assay that requires only 
standard molecular biology laboratory equipment and no special data analysis 
software. 

The limitations of the LR-PCA originate from the PCA nature of the assay – the 
requirements for overexpression and the addition of the tag. The last limitation is a 
substantial drawback in comparison with density gradient fractionation or CTxB 
colocalization, as the LR-PCA would require the cloning of a new construct for every 
protein tested in the assay. The LR-PCA, however, is an assay for studying the 
dynamic modulation of the lipid raft localization of a protein of interest rather than an 
assay for providing a binary answer on lipid raft localization; thus, this should not be 
a considerable obstacle. In special cases, CRISPR knock-in techniques could be used 
to mitigate the overexpression-related problems. 

The drawback of the current study is the validation of the assay with a suboptimal 
method of density gradient fractionation rather than with super-resolution microscopy 
imaging. The DRM preparation, however, was used only to demonstrate the raft-
association potential of the LR sequence. Most importantly, to increase the validity of 
the assay, we performed functional validation to both verify the method and 
demonstrate its capacity. For functional validation, we chose Akt and APP proteins, 
as both of them dynamically localize to lipid rafts, and disturbances in lipid raft 
localization contribute to the development of pathological conditions [23-25, 675, 
731]. 

Akt is a serine/threonine kinase that links phosphatidylinositol-3 kinase (PI3K)-
coupled receptors at the plasma membrane to the diverse signaling pathway involved 
in glucose metabolism, cell survival, growth, and proliferation [732]. The effective 
activation of Akt in the PI3K/Akt signaling pathway requires the localization of Akt 



Discussion 
 

 
 
 

74 

to lipid rafts when the pathway is triggered by certain stimuli [675, 676]. The 
misregulation of Akt localization to lipid rafts may contribute to the development of 
insulin resistance or the decreased sensitivity of cancer cells to apoptosis stimuli [731, 
733, 734]. With the LR-PCA, we successfully analyzed the insulin-dependent 
localization of Akt to lipid rafts. As the localization of Akt to membrane 
microdomains in the PI3K/Akt pathway depends on a stimulus, it was beneficial to 
directly demonstrate the effect of insulin stimulation on such localization, as before 
only the sensitivity of this stimulation to cholesterol depletion was shown [676, 731]. 

APP localization to lipid rafts promotes the amyloidogenic processing of APP and 
the generation of Aβ [23-25]. Unsurprisingly, APP localization to membrane 
microdomains is an intensive research area. The LR-PCA was able to recapitulate the 
main features of APP localization to lipid rafts, namely the localization of both fl APP 
and βCTF to membrane microdomains and the cholesterol-dependence of such 
localization of APP [23, 177, 680, 681]. During the last two decades, our 
understanding of the link between lipid rafts and APP has substantially progressed, 
but the methods used to elucidate the numerous remaining questions are remarkably 
similar, despite the substantial progress in the field of lipid raft research. Thus, as a 
novel addition to the array of methods for studying the localization of proteins to lipid 
rafts, the LR-PCA may benefit the study of neurodegenerative diseases. 

1.20 Tau secretion via translocation through the plasma membrane 
1.20.1 Dissecting the mechanism of tau secretion 

Neurons can secrete tau into the extracellular space in the absence of disease or 
toxicity [484]. Thus, the secretion and cell-to-cell transfer of tau may have a 
physiological but still unknown role. For instance, extracellular tau can bind to M1/M3 
muscarinic receptors, with the affinity being 10 folds higher than the affinity of 
acetylcholine to this receptor [735, 736]. Although this binding results in a rise in the 
level of intracellular calcium, which may lead to cellular toxicity, it also triggers the 
endocytosis of extracellular tau [497, 735, 736]. Such internalization of “healthy” tau 
seems to promote neuronal process formation, suggesting that one of the physiological 
functions of extracellular tau may be to support neuronal connectivity [497]. 

The secretion and cell-to-cell transfer of tau, however, also lies at the core of tau 
propagation and, therefore, the progression of pathology in AD and other tauopathies 
[484, 737]. Tau can undergo secretion through several mechanisms, and it seems that 
the mechanisms of physiological and pathological secretion at least partially overlap 
[484]. Furthermore, several publications have reported that disease-associated 
alterations in tau protein could affect its secretion process [525, 526, 530]. Although 
a large body of evidence suggests that exosomes can mediate both the physiological 
and pathological secretion of tau, only a minority of secreted tau in the extracellular 
media is present in the extracellular vesicles. Indeed, N2A cells in Study III secreted 
tau almost exclusively as a free protein. Therefore, it was essential to understand 
which mechanism is responsible for the secretion of the majority of extracellular tau. 
Study III generated several lines of evidence, suggesting that the secretion of both 
overexpressed and endogenous tau can occur via translocation through the plasma 
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membrane, similarly to secretion of FGF2. In combination with a recent study by 
Katsinelos, these data strongly argue in favor of such a mechanism.  

Tau secretion can occur as a vesicle-free process and, therefore, does not require 
ATP or Ca2+ for traversing the plasma membrane, as shown in Study III. As with 
FGF2, tau secretion involves four key events (Figure 12). (1) First, cytosolic tau is 
recruited to the plasma membrane, a process that depends on tau binding to specific 
lipids, such as PI(4,5)P2 [526]. In Study III, we demonstrated that tau is recruited to 
the plasma membrane in small clusters. (2) Second, tau undergoes phosphorylation 
before or after binding to the plasma membrane. Although controversy exists on the 
role of phosphorylation in tau secretion [526, 530, 738], data from Study III suggest 
that tau localized to the plasma membrane is at least partially in a hyperphosphorylated 
form. (3) Third, tau undergoes oligomerization, which is likely dependent on tau 
interaction with anionic lipids such as PI(4,5)P2, and membrane pore formation, which 
results in its translocation through the membrane. Although tau can form membrane 
pores, the direct demonstration of pore formation in the secretion process is lacking 
[549, 550]. (4) Lastly, HSPG at the extracellular side of the plasma membrane 
facilitates tau translocation to the extracellular space, as demonstrated in Study III and 
by Katsinelos’s study [526]. 

Figure 12. Unconventional secretion of tau via translocation through the plasma membrane. 
Cytosolic tau is recruited to the plasma membrane via binding to PI(4,5)P2 localized in the membrane 
microdomains. Tau receives phosphorylation prior or following binding to the plasma membrane. Then, 
tau undergoes oligomerization and membrane pore formation, which results in its translocation through 
the membrane. Finally, heparan sulfate proteoglycans at the extracellular side of the plasma membrane 
bind tau and facilitate its translocation to the extracellular space. Modified from the figure originally 
published in Cell Reports (Merezhko et al., 2018) [739]. © 2018, Elsevier. 
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Interestingly, following secretion, FGF2 does not require releasement from HSPGs 
to exhibit its activity; quite the opposite, FGF2 binding to HSPGs is required for the 
formation of the complex between FGF2 and its receptor, resulting in the activation 
of downstream signaling pathways [740]. Tau, however, seems to be secreted to the 
extracellular media; therefore, it should detach from HSPG, but how the detachment 
occurs is unclear. One possibility is that tau can be released to the extracellular media 
in the complex with HSPG or fragments of HS chains, as occurs with FGF2 [741, 
742]. 

Importantly, HSPGs appear to play a role in all steps of tau propagation [496, 526]. 
In addition to facilitating tau secretion, HSPGs also promote abnormal 
phosphorylation of tau and its uptake [553, 743]. Furthermore, a recent study found 
that sulfated GAGs from the AD-brain hippocampus had an increased affinity for tau, 
which would mean an increased level of tau phosphorylation, secretion, and uptake 
[744]. Such changes in binding affinity may result from changes in the GAG sulfation 
pattern, as it is one of the main factors that determines HSPG affinity to its various 
binding proteins, including tau [745-747]. 

Although the exact sulfation pattern favoring tau binding is unclear, recent data 
suggest the role of the 3-O-, N-, and C6-positions of glucosamine. 3-O-sulfation is a 
relatively rare modification catalyzed by seven isoforms of heparan sulfate 
glucosamine 3-O-sulfotransferases (HS3STs), but only four of them are expressed in 
the brain [748]. The expression of three out of these four isoforms (HS3ST1, HS3ST2, 
and HS3ST4) is altered in the AD brain, and polymorphism in the HS3ST1 gene is 
linked to AD [743, 744, 749, 750]. Furthermore, a recent in vitro study demonstrated 
the critical role of 3-O-sulfation in tau binding to the cell surface and tau uptake [498]. 
Other studies, however, suggested that tau binding to GAGs and tau uptake depend on 
sulfation at the N- and 6-O-positions of glucosamine [494, 745]. In line with the latter, 
the brains of AD patients was reported to have a decreased expression level of 
sulfotransferase 2 that selectively removes 6-O-sulfate groups on heparan sulfate, thus 
potentially increasing the level of 6-O-sulfation and increasing the level of tau binding 
to HSPG [751]. 

Curiously, the main risk factors for AD, aging and the ɛ4 allele of APOE, may 
impact tau propagation via HSPGs. Indeed, aging is associated with changes in 
heparan sulfates, including the total level and N- and 3-O-sulfation. Many of the 
changes observed in healthy aged subjects are intensified in AD patients [744, 752]. 
APOE, in turn, was reported to promote GAG sulfation in neuroblastoma cells, with 
APOE4 having a higher effect than APOE3. 

Of course, HSPGs are involved in multiple aspects of AD pathogenesis, and, 
therefore, do not necessary exert their effect through the promotion of tau propagation. 
For instance, HSPGs are known to promote Aβ pathology by modulating Aβ 
aggregation and clearance [753]. Aβ, in turn, may affect HSPG expression, sulfation, 
and heparinase-mediated degradation, suggesting a HSPG-based link between Aβ and 
tau pathologies [754, 755]. 

Additionally, in Study III, we examined if the inhibition of tau aggregation can 
affect tau secretion. EGCG treatment had the most potent effect on tau secretion. 
EGCG inhibits the aggregation of many disease-associated proteins, including tau. 
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EGCG was reported to have several effects on tau aggregation: EGCG (1) binds tau 
in its phosphorylation region and prevents kinase from binding to tau; (2) prevents the 
conformation change of tau monomer; (3) prevents the formation of tau dimers, 
oligomers, and aggregates; and (4) disaggregates tau fibrils into off-pathway 
oligomers [710, 756]. Thus, it seems that EGCG keeps tau in a monomeric state and 
likely in its physiological conformation, which prevents tau secretion. Additionally, 
EGCG can bind phospholipids and modulate plasma membrane properties and, in 
particular, lipid rafts, thus having a pleiotropic effect on tau secretion [757, 758]. 
Interestingly, several studies reported that EGCG protected the liposomal membrane 
and isolated mitochondrial membranes from permeabilization by Aβ42, ɑ-synuclein, 
and tau after only 10 minutes of incubation with the compound [759, 760]. 

Tau secretion occurs via multiple pathways, but it is unclear if the pathways in 
pathological and physiological conditions are the same or only partially overlapping. 
Furthermore, from the propagation perspective, not all secreted tau is the same; tau 
secreted through different pathways may have different uptake and seeding abilities. 
Thus, it is possible that although most tau undergoes secretion via translocation 
through the plasma membrane, it is the exosomal tau that undergoes uptake and seeds 
the propagation most effectively. In fact, a recent study failed to detect the uptake of 
free tau from endosomes broken by sonication, which contrasts with the successful 
detection of exosomal tau uptake followed by tau propagation, suggesting that the 
latter undergo uptake more efficiently [501]. Tau species secreted in exosomes, 
however, may differ considerably from ones secreted via membrane penetration, and 
therefore, tau from broken exosomes do not represent actual free tau. 

In Study III, we showed that translocation through the plasma membrane is not a 
purely pathological process. At least a part of endogenous tau in a primary rat neuronal 
culture can follow the same pathway as pathological overexpressed tau in N2A cells. 
The secretion of endogenous tau was, however, less sensitive to EGCG treatment, 
probably due to the low level of tau aggregation in physiological conditions. We 
showed that the EGCG treatment of donor cells that decrease the amount of secreted 
tau results in the reduction of tau uptake without a direct effect on the uptake process. 
Furthermore, using an aggregation-biosensor cell line, Katsinelos et al. demonstrated 
that secreted soluble tau could not only undergo uptake but could also initiate tau 
aggregation in the recipient cells [526]. 

1.20.2 Role of lipid rafts in tau secretion 
In Study III, we showed that the cholesterol loading of cells promoted tau 

secretion, while cholesterol depletion, the inhibition of sphingolipid synthesis, or the 
breakdown of sphingomyelin all reduced the secretion of tau. These data suggest that 
lipid composition and possibly membrane order and fluidity can control tau secretion. 
Furthermore, it seems that the efficiency of tau secretion positively correlates with 
membrane order and negatively with membrane fluidity. This may seem 
counterintuitive, as a more ordered rigid membrane with tightly packed phospholipids 
should resist insertion and pore formation. Indeed, such a state makes the membrane 
less permeable for the passive diffusion of water molecules and other non-ionic 
substances [761, 762]. Furthermore, an increase in membrane rigidity by cholesterol 
in a simple homogeneous lipid bilayer inhibits pore formation by pore-forming 
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antimicrobial peptides [763]. This is not that straightforward, however, in biological 
membranes containing lipid microdomains, such as lipid rafts. For example, the 
cholesterol and sphingomyelin level in the plasma membrane seems to have a similar 
effect on tau and on FGF2 secretion. Although, both lipids are not essential for FGF2 
binding to the membrane, their omission considerably reduces the binding of FGF2 to 
PI(4,5P)2-containing liposomes [533, 764]. 

Thus, the data in Study III suggest a possible role of lipid rafts in the recruitment 
of tau to the plasma membrane, its oligomerization, or membrane translocation. 
Indeed, several studies reported that tau localizes to lipid rafts in the brains of AD 
patients, mouse models of AD, and in cell cultures [765-767]. The EM and dSTORM 
imaging data in Study III also support this view. There, we showed that tau localizes 
to the plasma membrane in small clusters, which are possibly lipid rafts. The secretion 
process likely requires the interaction of tau with certain microdomain-associated 
proteins or lipids, such as tau kinases or phosphoinositides, respectively. Thus, 
cholesterol and sphingomyelin may create a microenvironment of lipid rafts to 
sufficiently cluster PI(4,5)P2 for FGF2 or tau binding [768]. As the microdomains that 
cluster PI(4,5)P2 are not necessarily lipid rafts, it may cluster in the disordered fluid 
phosphoinositide microdomains, whose stability also depends on cholesterol [769]. 
PI(4,5)P2 clustering in these microdomains, however, is unable to explain the effect 
of sphingomyelin depletion in the FGF2 study and in the results obtained in this study, 
as these domains lack sphingomyelin [533, 770]. 

DHA treatment in Study III showed a tremendous effect on tau secretion, resulting 
in an almost complete inhibition. Epidemiologically, DHA consumption inversely 
correlates with the risk of AD and is proposed to have benefits in the prevention and 
treatment of neurodegenerative disorders, including AD and PD, despite the 
inconclusive results of clinical trials [692-696, 771]. DHA (22:6, n-3) is a major 
component of fish oil and is the longest and most unsaturated fatty acid commonly 
found in mammalian membranes. Upon its incorporation into membrane lipids, DHA 
increases the phase separation in the plasma membrane, therefore making rafts larger 
and more stable and the non-raft membrane more fluid [689, 772]. At first, it seems 
that the decrease in tau secretion upon DHA treatment contradicts the lipid raft 
hypothesis of tau secretion, as DHA makes lipid rafts larger and more stable. DHA 
incorporation, however, also remodels the membrane lipidome, inhibits plasma 
membrane targeting of lipidated proteins, excludes certain proteins from lipid rafts, 
and perturbs some lipid raft-mediated processes [773]. Therefore, as the effect of DHA 
on lipid rafts and membranes in general is pleiotropic, it is hard to pinpoint how 
exactly DHA suppresses tau secretion. 

One possibility is that it displaces certain proteins required for tau secretion from 
lipid rafts. For instance, two studies reported that tau somatodendritic accumulation 
and its phosphorylation level was reduced upon DHA or fish oil supplementation in 
mouse models of AD; the effect was due to the reduction of tau phosphorylation by c-
Jun N-terminal kinase (JNK) [694, 774]. Interestingly, saturated fatty acids were 
reported to activate JNK via the redistribution of JNK-activating protein c-Src to lipid 
rafts, while unsaturated fatty acids prevented such activation [775]. It may seem very 
plausible, as c-Src is a lipidated protein, and DHA was reported to alter the localization 
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of other lipidated proteins [773]. Thus, DHA effect on tau phosphorylation through 
JNK may be via the modulation of the localization of c-Src to lipid rafts and therefore 
via the alteration of JNK activity. It is unknown, however, if JNK phosphorylation has 
a role in tau secretion. Interestingly Aβ, which decreases membrane fluidity upon 
binding to the membrane, was reported to also activate JNK through an unknown 
mechanism, suggesting a possible DHA-dependent connection between Aβ and tau 
pathologies [775-777]. 

DHA can be beneficial in AD through its multiple effects, such as its role in the 
maintenance of neuronal membranes, its anti-inflammatory properties, and its ability 
to promote nonamyloidogenic processing of APP and Aβ clearance [778-781]. We 
would like to speculate that one of its beneficial effects is the inhibition of tau secretion 
via the modulation of lipid rafts in the neuronal membrane. Cholesterol and 
sphingomyelin levels can also affect tau secretion through the same mechanism. 
Unfortunately, very little is known now about the role of lipid rafts in tau pathology 
in general, and even less is known about tau secretion. Therefore, further studies on 
tau secretion and lipid rafts would benefit our understanding of tau pathology and tau 
propagation, in particular. In Study II, we developed a live-cell assay to study the lipid 
raft localization of multiple disease-associated proteins, including tau. Thus, in the 
future, the LR-PCA can be applied to dissect the modulation of tau localization to rafts 
and, therefore, tau secretion. 

In the absence of effective pharmacotherapies, nutritional and lifestyle approaches 
may be used to prevent or slow down the progression of AD. Although the results 
from cell studies cannot be interpreted in such a direct manner, it is attractive to think 
that both compounds that strongly decreased tau secretion are naturally present in food 
and can cross the BBB – DHA is the main component of fish oil, and EGCG is present 
in green tea, although its bioavailability is very low [782, 783]. Both compounds have 
been in the focus of the AD field for a long time; DHA supplementation has even been 
tested in several clinical trials, although their results are inconclusive [771]. 

1.20.3 Tau secretion as a druggable target 
Although most of the drug discovery efforts in AD have long been focused on Aβ, 

tau is receiving an increasing amount of attention. As the development and 
propagation of tau pathology is a multistep process, it provides many potential targets 
for drug discovery (Figure 13). For example, the inhibition of tau posttranslational 
modifications or the early steps of tau oligomerization can stabilize the native 
conformation of tau and prevent it from acquiring properties required for membrane 
binding and secretion. The stabilization of the native conformation should also 
suppress the seeding of aggregation. Alternatively, one can inhibit tau uptake directly 
or promote its clearance from the ISF. Both strategies would be expected to reduce 
the amount of internalized tau. One promising approach in this direction is passive 
immunotherapy with tau or phospho-tau antibodies that do not even need to enter 
neurons to have a therapeutic effect. Several antibodies have shown promising results 
in animal models and are currently in clinical trials [784]. 

Lastly, tau secretion can serve as another target for drug discovery, although the 
consequences of its perturbations should be carefully examined. On the one hand, the 
inhibition of tau secretion could reduce the amount of tau in ISF and, therefore, hinder 
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tau uptake and potentially its propagation. On the other hand, however, it would also 
result in an increased level of pathological tau inside the affected neurons. Thus, the 
inhibition of tau secretion may increase toxicity locally in already affected neurons, 
as suggested by the observations regarding the inhibition of secretion of another 
neurodegeneration-associated protein, TDP-43 [785]. A similar effect was observed 
when exosomal secretion was suppressed in cells deficient in autophagy and 
overexpressing ɑ-synuclein [786]. Although a rise in local toxicity is a likely outcome, 
it might not occur. For example, in Study III, many treatments successfully inhibited 
tau secretion, but only a few of them caused toxicity, which was very mild and likely 
resulted from the pro-apoptotic activities of these treatments (myriocin, DHA, and 
EGCG) towards cancer cells [787-790]. Additionally, local toxicity could be 

Promotion of 
clearance

Inhibition of tau 
phosphorylation

Inhibition of tau 
oligomerization

Inhibition of tau 
secretion

Inhibition of 
microglia exocytosis
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seeding

MICROGLIA

Figure 13. Possible strategies to halt tau propagation. 
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acceptable if disease propagation could be halted in the early stages of a disease, thus 
reducing the likelihood of progression to a more severe form of the disease.  

Interestingly, one promising therapeutic approach explored nowadays is the 
inhibition of the interaction between HSPG and tau. The primary target of such 
intervention is the HSPG-based uptake of tau, but tau secretion could also respond to 
such intervention. The main strategy in the HSPG-based approach would be treatment 
with exogenous GAGs or GAG mimetics that should competitively inhibit the 
interaction of tau with endogenous GAG chains of HSPGs [791]. Specificity would 
be an expected challenge with this approach, as there are many other proteins that bind 
to GAGs that could be adversely affected unless a highly specific Tau-recognizing 
GAG mimetic could be developed. An alternative strategy would be immunization 
with antibodies that mask epitopes of tau required for its interaction with HSPG, such 
as DC8E8 [792]. Both strategies require further research, particularly into the 
consequences of tau secretion blockage. 
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7. CONCLUDING REMARKS AND FUTURE 
PROSPECTIVE 

Understanding the molecular mechanisms that lead to AD pathology is one of the 
prominent challenges in neuroscience research. With the population aging and the age-
associated nature of AD, the need for answers will continue to increase. The regulation 
of protein trafficking inside the cell, protein-membrane interactions, and protein 
secretion to the extracellular space are important issues to address in the field of 
neurodegeneration in general and AD in particular. Alteration in the trafficking and 
processing of APP and the molecular mechanism of tau propagation are two critical 
areas in AD research. The studies included in this thesis provide both methodological 
and conceptual insights for better understanding and addressing neurodegenerative 
diseases. 

In the first part of this thesis (Studies I and II), two novel live-cell assays were 
developed based on protein-fragment complementation to study neurodegeneration-
associated proteins. The first assay followed the cellular fates of APP by providing 
multiple readouts in a single assay. This multiplex assay can facilitate the study of 
physiological functions of APP and its fragments, functional genomic studies, and 
drug discovery targeting APP. The second assay followed the localization of a protein 
to lipid rafts in live cells and has many advantages in comparison with similar 
methods. The assay can be applied to study the potential link between tau secretion 
and lipid rafts. 

In the second part of the thesis (Study III), we examined the mechanism of the 
unconventional secretion of tau and revealed that tau undergoes secretion via direct 
translocation through the plasma membrane. It was also demonstrated that tau 
secretion depends on tau aggregation state, plasma membrane lipids, and possibly 
membrane microdomains. In this study, docosahexaenoic acid (DHA) and 
epigallocatechin gallate (EGCG) treatment achieved almost the complete inhibition of 
tau secretion in cultured cells overexpressing human tau. 

The results of this thesis emphasize the importance of lipids and plasma membrane 
properties in tau propagation, which represent promising targets for therapy 
development. The progress in the field of tau propagation research, however, requires 
a better understanding of the molecular mechanism of tau secretion and uptake. 
Furthermore, it seems that many proteins involved in neurodegenerative disorders 
may behave similarly. Thus, studying tau secretion simultaneously progresses the 
understanding of multiple neurodegenerative disorders. One of the crucial issues here 
is the role of lipid and membrane microdomains in the development and progression 
of neurodegeneration. In AD, lipid rafts are known to play a central role in the 
development of Aβ pathology, and this thesis suggests that they may be equally 
important in the propagation of tau pathology. As the propagation of multiple 
neurodegeneration-associated proteins occurs via partially overlapping pathways, 
lipid rafts may be central to the whole field of neurodegeneration. Of course, the data 
provided here alone are insufficient to make such a definite conclusion, and further 
research is required to confirm the identity of the microdomain involved in tau 
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secretion. We also need to explore the exact role of the membrane microdomains, their 
proteins, and lipids in tau secretion. 

In addition to the role of the lipids and the plasma membrane, the field of 
unconventional tau secretion has many other unanswered questions. The secretion of 
tau via translocation through the plasma membrane is the least studied mechanism. 
We need to further understand if tau indeed forms a pore during its secretion process, 
which species of tau undergo translocation through the plasma membrane, and which 
type of phosphorylation is critical for the process. The identification of other proteins 
and lipids involved in the tau membrane binding and translocation through the 
membrane is another critical area, especially for finding a suitable druggable target to 
halt or slow down the secretion of tau. If tau can translocate through the plasma 
membrane, can it do the same trick with other cellular membranes, such as membranes 
of endosomes in recipient cells, and what is the physiological and pathological 
significance of such processes? Finally, we need to understand the relative 
significance of each secretion pathway in the propagation of tau pathology. In 
conclusion, this thesis has provided new insights into the mechanism of tau secretion 
but has also raised many questions that remain to be answered in future studies. 
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