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Abstract

Several lines of evidence have shown that defects in the endo-lysosomal autophagy degradation
pathway and the ubiquitin-proteasome system play a role in Alzheimer’s Disease (AD)
pathogenesis and pathophysiology. Early pathological changes, such as marked enlargement of
endosomal compartments, gradual accumulation of autophagic vacuoles (AVs) and lysosome
dyshomeostasis, are well-recognized in AD. In addition to these pathological indicators, many
genetic variants of key regulators in the endo-lysosomal autophagy networks and the ubiquitin-
proteasome system have been found to be associated with AD. Furthermore, altered expression
levels of key proteins in these pathways have been found in AD human brain tissues, primary cells
and AD mouse models.

In this review, we discuss potential disease mechanisms underlying the dysregulation of protein
homeostasis governing systems. While the importance of two major protein degradation pathways
in AD pathogenesis has been highlighted, targeted therapy at key components of these pathways
has great potential in developing novel therapeutic interventions for AD. Future investigations are
needed to define molecular mechanisms by which these complex regulatory systems become
malfunctional at specific stages of AD development and progression, which will facilitate future
development of novel therapeutic interventions. It is also critical to investigate all key components
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of the protein degradation pathways, both upstream and downstream, to improve our abilities to
manipulate transport pathways with higher efficacy and less side effects.
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1. Introduction

Alzheimer’s disease (AD) is the most common progressive cause of dementia in elderly
among other neurodegenerative diseases. The main characteristics of AD involve progressive
memory loss, behavioral changes and cognitive impairment. The histopathological hallmarks
of AD include the deposition of amyloid plaques and the formation of neurofibrillary tangles
[1,2]. The amyloid-beta (AB) peptide is proteolytically derived from amyloid precursor
protein (APP) within the secretory pathway by distinct enzymatic activities known as p-
secretase (or BACE) and -y-secretase [3,4]. It is notable that APP and the secretases are
dynamically sorted through the plasma membrane and the membranes of intracellular
organelles. Generation of the toxic Ap peptide is critically dependent upon membrane
traffic, because APP undergoes a series of post-translational modifications and cleavages
that are dependent of its intracellular journey [3]. Specifically, the trafficking of APP and
BACE among the trans-Golgi-network (TGN), cell surface and endosome is predicted to be
the sorting pathways most relevant to AD [5]. On the other hand, neurofibrillary tangles are
insoluble fibers that are mainly made up of hyper-phosphorylated tau proteins. During AD
progression, hyper-phosphorylated tau aggregation leads to collapse of microtubule
structures followed by neuronal death [6]. The clearance of physiological and pathological
tau is primarily mediated by ubiquitin proteasome system and autophagy degradation
pathway [7-11]. The compromised degradation pathways contributing to amyloid and tau
pathologies have been implicated in AD pathogenesis.

Several lines of evidence demonstrate the involvement of endo-lysosomal autophagy
degradation pathway defects and ubiquitin-proteasome system failure in AD pathogenesis
and pathophysiology. For example, early pathological changes are well-recognized in AD
including marked enlargement of endosomal compartments, gradual accumulation of
autophagic vacuoles (AVs) and lysosome dyshomeostasis [12,13]. In addition, many genetic
variants of key regulators in the endo-lysosomal autophagy networks and ubiquitin-
proteasome system (UPS) have been associated with AD [14-16]. Altered expression levels
of key proteins in these pathways have been reported in AD human brain tissues and cells
derived from AD mouse models [16-18]. These findings directly link the endosomal-
lysosomal dysregulation and ubiquitin-proteasome defects to AD. In this review, we will
discuss proposed mechanisms behind the defects in the endo-lysosomal autophagy pathway
and the UPS which contribute to development of AD-related pathological changes and
disease pathogenesis. Moreover, current therapeutic strategies targeting failures of the endo-
lysosomal autophagy pathway and the UPS will be discussed.
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2. Endo-lysosomal autophagy pathway failure

The endo-lysosomal and autophagy system is an important apparatus that maintains protein
homeostasis in the cells, especially in neurons. It consists of endosomes, retromers,
autophagosomes, and lysosomes. Extracellular and plasma membrane proteins are
internalized through clathrin-mediated and clathrin-independent endocytosis, followed by
cargo sorting through recycling endosomes and retromers, delivery to late endosomes (LE)
and lysosomes for degradation [19-22]. During maturation of LE, multi-vesicular bodies
(MVBs) are formed to provide access to various hydrolases, and to generate exosomes that
are released extracellularly. In parallel, autophagy traffic to lysosomes through
macroautophagy, chaperonemediated autophagy, and microautophagy processes [23]. There
is functional decline of protein degradation system during aging [24]. However, recent large-
scale genome-wide association studies have identified AD risk loci with functional roles
implicated in endocytic trafficking, autophagy transport, and lysosomal clearance [25].
Within AD vulnerable brain regions (e.g. hippocampus), abnormalities such as increased
numbers of and enlargement of endosomal compartments, abnormal accumulation of
autophagic vacuoles, and altered expression levels of protein degradation key regulators
have been reported [26-32]. It has been proposed that a number of misfolded proteins of AD
are not amenable for degradation. Subsequently, these pathogenic proteins may directly
disrupt the endo-lysosomal and autophagy machinery, leading to exacerbated protein
aggregation and accumulation [33,34].

2.1. Endosomes

The endosome is the major sorting compartment that transports proteins to and from the
Golgi apparatus. It is also responsible for internalizing proteins from the plasma membrane
and recycling it back, as well as delivering proteins to lysosomes for hydrolysis [35]. There
are approximately 70 Rab superfamily members involved in endocytic trafficking. Rab5
regulates the important steps of endocytosis, ensuring cargo uptake, as well as the sorting
and fusion of early endosomes [13]. Abnormal enlargement of Rab5* endosomes has been
observed in pyramidal neurons of the hippocampus and the frontal cortex from both sporadic
and familial AD cases [26,36], which is considered as a signature neuropathological feature
of AD distinct from normal aging or other neurodegenerative disorders [36—38]. It is known
that APP produces toxic C-terminal fragments (CTFs) and Ap species following - and -y-
secretase cleavages, and the Rab5* endosomes are the major site for B-secretase [39].
Sustained activation of Rab5 increases cleavage of APP and overproduces toxic beta-CTFs
(BCTFs) and AB species. In turn, excessive BCTFs and Ap also increase active forms of
Rabb5, and lead to enlarged endosomes and accelerated amyloidogenic processing of APP
[38]. Evidence also suggests that pathological Rab5 activation can directly impair AMPA
receptor recycling, resulting in synaptic dysfunction and cognitive impairment through Ap-
independent mechanisms [38,40-42]. Moreover, hyperactive Rab5 endosome signaling
disrupts neurotrophic support of basal forebrain cholinergic neurons leading to
neurodegeneration [32,43-45].

In addition to Rab5, other Rab family members act as Rab5 stimulators and/or effectors
regulating the function of endocytosis, such as Rab7, Ras and Rab interactor 3 (RIN3) and
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phosphor-tyrosine interacting with PH domain and leucine zipper 1 [32,46]. Many recently
identified AD risk genes, such as bridge integrator 1 (BIN1) and phosphatidylinositol
binding clathrin assembly protein (PICALM), have physiological functions in endo-
lysosomal trafficking with potential mechanisms implicated in AD pathogenesis [25]. For
example, knockdown of PICALM lowered A production through reduction of
clathrinmediated endocytosis of APP in N2a cells and APP/Presenilin 1 (PS1) mouse brains
[47], or of -y-secretase in cultured cell lines and PICALM*/~ mouse brains [48]. On the other
hand, studies demonstrated that over-expression of PICALM protects cortical neurons
against AP oligomer-induced toxicities [49], and that the AP2/PICALM complex facilitates
trafficking of CTFs of APP through endocytic pathway to LC3" autophagic degradation and
thereby reduces Ap production [50]. More recently, a sophisticated study implicated a role
for PICALM in regulating AP clearance across the blood-brain barrier (BBB) through
modulation of clathrin-dependent endocytosis of Ap-lipoprotein receptor-related protein 1
complex in brain endothelial cells [51].

In general, it is speculated that in pathological conditions, dysfunction of AD risk genes
exacerbates accumulation of toxic waste such as Ap and phosphorylated-tau (pTau),
partially through impaired endocytic trafficking pathways. The impaired endocytic proteins
interplay with toxic Ap and pTau aggregates contributing to endosome swelling and
dysfunction [26-28,30]. The vicious cycles of impaired endocytic trafficking, sorting and
clearance of protein aggregates result in neuronal degeneration. However, the precise
molecular mechanism by which individual AD risk genes interact with protein aggregates
and impair functions of endosomal machinery are yet to be fully elucidated.

2.2. Retromer

Retromer is a complex of proteins that act as a master conductor mediating endosomal
sorting and facilitating cargo protein transport from endosomes back to the TGN or
recycling to cell surface [52]. The retrograde transport between endosomes and TGN has
important physiological functions including delivery of hydrolases and proteases to the
endo-lysosomal protein degradation system, whereas the recycling transport to cell surface is
particularly crucial for delivery of receptors for cellular functions such as facilitation of
synaptic plasticity [53-56]. Retromer is composed of heterotrimers containing sorting nexin
family (SNX) as the tubulation module, and vacuolar protein sorting-associated proteins
(\VPS) as cargo-recognition module [52].

Retromer deficiency has been linked with AD pathogenesis. Several risk loci have been
identified in retromer complex proteins such as Vps35 and Vps26, as well as in their
associated proteins including SorLA, SorCS1, SNX1, and SNX3 [57]. Retromer deficiency
such as Vps35 and SorLA elevates BCTF and A production through increased retention
time of APP in the endosomes promoting amyloidogenic process and leading to memory
deficits in mouse models of AD [58-60]. The interaction between SorLA and SNX27 was
shown to facilitate APP trafficking to cell surface and attenuate AP production using
HEK?293 cells stably transfected with Swedish APP or mouse primary neurons [61]. Some
subunits of retromer or retromer associated molecules directly regulate BACE trafficking or
y-secretase processing of APP. For example, reduction of VVps35 expression in cultured
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primary cortical neurons or in an AD animal model (Tg2576*/~ \/sp35*/") increased
endosomal BACEL1 distribution and BACE1-mediated APP processing [62,63]. SorCS1 that
genetically linked to diabetes mellitus is found to regulated -y-secretase processing of APP
and Ap production using HEK293t cells and SorCS1~/~ mouse brains for studies [64].
Moreover, a role for SorLA to prevent AB-induced synaptic toxicity and neurodegeneration
through modulation of EphA4 signaling has been suggested using cultured primary
hippocampal neurons and mice of wildtype, SorLA transgenic and knockout [65].

Recent studies also suggest the involvement of retromer in AD microglial abnormalities
through impaired surface receptor recycling. For example, microglia collected from the
brains of AD patients exhibited significantly lower protein levels of VVps35 and an autophagy
molecule beclin 1 [66]. Later, it was found that triggering receptor expressed on myeloid
cells 2 (TREMZ2) is recycled back to cell surface through Vps35 and that VVps35 deficiency
impaired TREM2 degradation through lysosomal pathway with increased inflammatory
responses. An AD-linked TREM2 mutant R47H [67] failed to interact with Vps35 in
cultured HelL a cells with over-expressing TREM2 constructs [68]. Retromer dysfunction
may contribute to tau-related toxicities. It is shown that retromer is involved in delivery of
cathepsin D and other proteases from endosomes to the TGN, and that Cathepsin D
deficiency enhances tauinduced neurotoxicity because of retromer and lysosomal
dysfunction [69]. However, a direct link between retromer dysfunction and development of
tau pathologies is yet to be established.

Multi-vesicular bodies and exosomes

Intracellular trafficking and recycling play a critical role in maintaining functional
homeostasis, and various intracellular dyshomeostasis is one of proposed mechanisms for
AD pathogenesis. An important biological mechanism for maintaining intracellular
homeostasis is mediated by the generation of exosomes and through the crosstalk between
exosome secretion and cellular degradation machineries [70]. Exosomes are extracellular
vesicles that have formed following the merging between the MVB and the plasma
membrane [71]. The meeting of the MVB and the plasma membrane allows for the release
of intraluminal vesicles (ILVs) which are exosomes [71]. However, it is important to note
that not all ILVs end up as exosomes [72]. For several decades, interest in exosomes was
lacking and they were simply dismissed as a disposal system. It was only recently that
exosomes became of interest due to their composition and their ability for intercellular
communication through the exchange of their contents [73,74].

Early exosome research demonstrated that exosomes carry the major histocompatibility
complex peptide complexes recognizable by T lymphocytes [75], supporting the idea that
exosomes are used for intercellular communication. Building upon this finding, an
investigation established that the secretion of exosomes can allow for the eradication or
suppressed growth of established murine tumors /in vivo [76]. With this knowledge,
exosomes are now being investigated as potential anticancer clinical therapies [77]. Because
exosomes are comprised of cellular membranes, there is no risk of a fatal immune response
in patients.
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In addition to their composition and their role in intercellular communication, exosomes
have another interesting characteristic relevant to neurodegenerative disorders, which is the
“prion-like” feature [78]. The proposed mechanism is described as pathologically misfolded
proteins could transfer its conformation to the same types of proteins with normal folding
through exosomes [79], resulting in the spread of the pathologically misfolded proteins such
as tau spread [78].

Several studies have been conducted to better understand the relationship between exosomes
and AD. It was found that pB-cleavage of APP occurs in early endosomes followed by
intracellular AB accumulation near MVBs detected by immunogold labeling studies [79],
consistent with other reports [80,81]. A fraction of Ap within MVBs is released into the
extracellular milieu through exosomes [79]. Immunohistochemistry analysis performed on
postmortem human brain sections of AD patients showed accumulation of Alix, an
exosomal marker, around amyloid plaques, further supporting the above findings and the
hypothesis that Ap can be released through exosomes from MVBs [79]. Another study also
supported the role of exosomes in AP aggregation [82]. It was found that following
intraperitoneal injection of GWA4869, a neutral sphingomyelinase 2 (nSMase?2) inhibitor to
prevent exosome excretion in 5XFAD mice, levels of exosomes were decreased along with
total brain AP levels [82].

Investigations have also been conducted to determine the plausibility of tau being secreted
and spread through exosomes. It was found that tau is secreted through exosomes [83]. It
was also determined that exosomal tau is similar to the tau isoforms secreted into
cerebrospinal fluid (CSF) of early AD patients [83]. In another study, the extracted neuron-
derived exosomes from blood samples of mild cognitive impairment patients had overall
significantly higher levels of total tau, p-tau T181, and p-tau S396 than the ones from
cognitively normal control subjects [84]. Moreover, one study demonstrated that microglia
facilitated tau dissemination via phagocytosis of tau aggregates followed by exosome
secretion, and that inhibition of exosome biosynthesis by knocking down sphingomyelinase
2 or inhibiting its enzymatic activities prevented tau propagation /n vitroand /n vivoin an
adeno-associated virus-based mouse model inducing rapid tau dissemination from entorhinal
cortex to dentate gyrus [85]. Together, these studies suggest that exosomes may propagate
the release of tau between cells, critical for disease progression.

Finally, another promising characteristic of exosomes is the potential as an AD biomarker.
Exosomes contain a large selection of molecules, including, but not limited to, DNA,
mRNAs, and microRNAs [86]. This is of particular interest because of the role of
microRNAs (miRNAS) in regulation of gene expression. Some investigations have been
conducted to better understand how exosomal miRNAs can play a role in AD. One study
compared the miRNA expression profiles between AD patients and age-matched controls
and identified sixty miRNAs that were differentially expressed between the two groups [87].
In another study assessing exosomal miRNAs in AD, it was found that levels of twenty
miRNAs were significantly different between AD samples and controls [88]. Further studies
are needed to determine the validity of applying exosomes as AD biomarkers, more
specifically to investigate the sensitivity and specificity of changes in exosomal contents like
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miRNA changes in disease development and progression in longitudinal studies using large
sample cohorts.

2.4. Autophagy

Autophagy is a lysosome-dependent degradation process to eliminate the accumulation of
cellular waste by degrading and recycling defective organelles and misfolded proteins [89].
It is categorized into microautophagy, chaperone-mediated autophagy and macroautophagy.
Autophagy dysfunction has been associated with neurodegenerative processes with an
increasing number of autophagy genes associated with neurodegenerative diseases such as
PICALM, autophagy-related 7 (ATG7), beclin 1 (BECN1/ATGS), clusterin, cathepsin D and
PS1 [89,90]. There are proposed mechanisms of action for identified risk genes on various
steps of autophagic process including impaired autophagosome formation [90], disruption of
cargo recognition [90], inhibition of the fusion of autophagy with lysosome [91],
accumulation of misfolded proteins within autophagosomes and autophagolysosomes [92],
and inability to degrade cellular wastes [93]. However, the autophagy pathway is rather
complex and how dysregulated autophagy machinery is involved in AD pathogenesis
remains controversial. For example, Ap can be cleared through the autophagy pathway and
hampering autophagosome formation or its fusion with endo-lysosomal compartments
increased BCTF and AP levels significantly [94]. Upregulation of autophagy functions
reduced AP levels seen in neurons and AD animal models [95]. On the other hand, Ap can
be generated within autophagosomes during turnover of APP-containing organelles [91,96—
98]. Autophagy pathway can also regulate A secretion, e.g. ATG7 knockout in APP
transgenic mice reduced extracellular Ap levels and plaque formation but led to increased
intracellular Ap accumulation and cognitive deficits [94].

Recently, studies suggest the link between autophagy and neuroinflammation in AD
pathogenesis. A study showed that IL1p-induced inflammation elevated expression of
certain autophagy proteins in cultured microglia [99]. In addition, in APP/PS1 mutant AD
transgenic mice, accumulation of autophagic vacuoles within dystrophic neurons and
expression of autophagy regulators BECN1 and mTOR correlated with increased levels of
inflammatory cytokines [100]. Moreover, recent studies have shown that knockdown of
autophagy protein beclin 1 impaired microglial phagocytosis and recycling of phagocytic
receptors by retromers as described in the earlier section [66]. In contrary, others have shown
that inhibition of autophagy may enhance microglial activities such as the release of
inflammatory cytokines /n vitro [101]. Nevertheless, the cross-talk between autophagy and
neuroinflammation likely play a role in AD.

2.5. Mitochondria and mitophagy

Mitochondria is an organelle that produces adenosine triphosphate (ATP), which supplies
energy and maintains cellular integrity and function [102-104]. It plays a major role in the
formation of synapses and neuroplasticity [105-107]. Previous studies indicated that
mitochondrial dysfunction as one of early AD pathological features, including accumulation
of dysfunctional mitochondria seen in cellular and animal models of AD and in brain tissue
of AD patients [108-110], as well as defects in mitochondrial motility and dynamics
[106,111,112]. For example, in a knockout mouse model of mitofusion 2 (CAMKII-
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Mfn2/"), a key regulator protein involved in mitochondrial fusion, mitochondrial membrane
abnormalities and cristae damage were seen with progressive transition into
neurodegeneration, neuronal death and cortical volume loss over time mirroring AD
pathological changes [113].

Evidence further suggests that accumulation of APP and A play important roles in
mitochondrial toxicities. For example, Ap was found in purified mitochondria from brain
tissue of AD patients and mouse models. The interaction between AB and mitochondrial
matrix proteins induced cytotoxic effects [110,114], affected mitochondrial fusion and
motility [115,116]. Mitochondrial dysfunction and dysfunctional mitochondria accumulation
generate the excessive reactive oxygen species and lower ATP levels, which exacerbate
mitochondrial damage and cause abnormal processing of APP and p-tau in turn, leading to
increased formation of AR plaques and neurofibrillary tangles [106,117]. Mitochondrial
dysfunction also results in dysregulation of Ca?* homeostasis, rendering stress resistance of
cells, and accumulation of dysfunctional mitochondria leads to neuronal apoptosis through
activating caspase-9 dependent pathway [106,107,117].

Mitophagy is the major pathway to sequester damaged mitochondria into autophagosomes
for lysosomal degradation and maintain mitochondria in high quality of function [118],
through Parkin-dependent and Parkin-independent manners [119-122]. Mitophagy has been
found to be compromised in AD [116]. For example, undigested mitochondria have been
found in lysosomes of AD neurons, as well as in soma due to impaired lysosomal function
and mitochondrial transport [118]. In addition, up-regulation of mitophagy associated gene
expression was seen in early stages of AD, suggesting compromised lysosomal function
leading to autophagosomes accumulation [123,124]. On the other hand, reduced expression
mitophagy proteins such as SIRT1, SIRT3, PGC1 and NRF2 associated with defects in
mitochondrial biogenesis and responses to oxidative stress [125-127]. It has also been
reported that the levels of cellular metabolite NAD* are decreased in AD leading to
compromised mitophagy function [128-130]. Genetic manipulations to knock down NAD*
consuming enzymes like CD38 or PARP1 and elevate NAD* levels reduced Ap plagues and
improved learning and memory in AD mouse models [131-133]. Similarly, conditions like
excessive dietary intake and diabetes can impair mitophagy function leading to
neurodegeneration [134,135]. Therapeutic interventions targeting at mitochondrial health
may protect neurons against aging and neurodegenerative processes.

2.6. Lysosomes

Lysosome is the last step to degrade cargo-like macromolecules, organelles or protein
aggregates by the endocytic and autophagic pathways [136]. As the degradation center of
cells, lysosomes house over 60 unique hydrolytic enzymes with the purpose of degrading
both intracellular and extracellular proteins, lipids, and a myriad of macromolecules into
basic molecular building blocks [137]. From a physiological standpoint, lysosomes must
maintain an optimal pH of 4-5 for hydrolytic enzymes to function properly [137].
Additionally, lysosomes must fuse properly with other cellular compartments (trafficking),
as exemplified by endosomal fusion, in order to function properly [23]. A defect in any of
these mechanisms could culminate in various neurological pathology states [23].
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Evidence suggests the roles of lysosomal dysfunction in cellular aging, longevity, and
neurodegenerative diseases such as Parkinson’s disease and AD. Previous studies showed a
broad range of genes and proteins associated with lysosomal network dysregulated in AD
patients including several well-known risk genes of AD such as Apolipoprotein E4 (ApoE4)
[138,139]. It has been shown that the presence of ApoE4 increases Ap aggregation and
decreases AP clearance [140-142]. In addition, the presence of ApoE4 increases the
pathogenicity of tau and a-synclein [143]. Recent RNA-sequencing studies of the entorhinal
cortex of AD patients have identified several endosomal-lysosomal genes deeply affected by
ApoE4 expression supporting the role of ApoE4 in the lysosomal degradation pathway
[144]. These results were further strengthened by immunohistochemistry studies of brain
sections from ApoE4 versus ApoE3 mice showing significant morphological impairments in
endosomal-lysosomal compartments of ApoE4 mouse brains. Besides ApoE4, cohorts with
genetic defects in v-ATPase or v-ATPase related proteins also show increased susceptibilities
for neurodegenerative processes [145].

Lysosomal proteolysis defects result in neuropathological changes such as AR accumulation
in AD [146,147]. Inhibition of lysosomal function increased amyloid accumulation and
memory deficits in mouse models of AD [148]. Ap aggregates together with oxidized lipids
and lipoproteins prevent lysosomal proper proteolysis, exacerbating toxic cargo
accumulation and neuronal degeneration AP aggregates together with oxidized lipids and
lipoproteins prevent lysosomal proper proteolysis, exacerbating toxic cargo accumulation
and neuronal degeneration [148]. For example, studies demonstrated that a chloride
transporter, CIC-7 plays a critical role in lysosomal acidification and fibrillary AB
degradation in cultured primary microglia. Activation of microglia with colony-stimulating
factor promotes CIC-7 delivery to lysosomes, leading to optimal lysosomal acidification and
increased AP degradation [149]. Another protein of interest that influences AD via
lysosomal trafficking is synaptojanin 1 (synj1) and phosphoinositol (4,5)-biphosphate (P1P;)
[138]. Synj1 is a phosphatase that dephosphorylate PIP,, which acts as a signaling molecule
that stimulates clathrin-mediated endocytosis, a vital process in the endo-lysosomal pathway
[150,151]. Experimental data demonstrated synj1 knockdown reduced Ap levels through
accelerated cellular AB uptake, internalization and lysosomal degradation in conjunction
with increased PIP, levels [138], ultimately supporting an important role for synj1 in
modulating endo-lysosomal degradation of A through PIP, signaling.

Defects in lysosomal trafficking and vesicular fusion can also result in Ap-independent
pathological changes [23]. In this context, disruption in calcium homeostasis within
lysosomal compartments play an extremely integral role, particularly in endo-lysosome and
autophagy pathway [152]. Experimental efforts involving cell-free vesicle fusion assays
showed that lysosomes and late endosomes require Ca** for fusion, and that lysosomes are
the source of Ca** in late endosomal and lysosome fusion [153]. Familial AD mutations of
PS1 can compromise lysosomal Ca** efflux, as well as v-ATPase assembly and its proton
pumping activity [154]. PS1 knockout cells had elevated lysosomal Ca** efflux.
Interestingly, lysosomal proteolysis, autophagy, and Ca** homeostasis of PS1 knockout cells
were restored when acidic nanoparticles were introduced to resume optimal lysosomal pH
levels but not when correcting for Ca** deficits alone [154].
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Because of v-ATPase’s important role in maintaining the integrity of optimal intra-
lysosomal pH, its functional disturbance could alter and diminish the effectiveness of many
hydrolases of lysosomes [145]. Experimental models of yeast, Drosophila, and mice have
demonstrated the detrimental effects of increased intra-lysosomal pH values. In these
models, early age onset of pH increases in intra-lysosomal compartment yielded
mitochondrial dysfunction and shorted lifespan, all of which were accompanied by further
intra-lysosomal pH increase along with aging [155-158]. Conversely, overexpression of v-
ATPase and v-ATPase related proteins extended lifespan in yeast model [155-158].

Another class of important lysosomal proteins of interest is leucine rich repeat and
immunoglobulin-like domain-containing protein (LINGO)-1 and its analogs LINGO-2 and
LINGO-3. LINGO-1 is predominately expressed in the central nervous system [202].
Experimental reports demonstrated that the physical interaction between LINGO-1 and APP
promotes lysosomal degradation of APP, and thereby reduces available APP for
amyloidogenic process [159]. It is also shown that expression of LINGO-1 was down-
regulated in AD cortical gray matter [160]. Over-expression of LINGO-1 in cortical neurons
significantly reduced APP levels, which supports the hypothesis that LINGO-1 promotes
APP degradation and inhibits AB generation [159].

The clearance of aberrant tau proteins through the autophagy-lysosomal pathway [161] can
be regulated via transcription factor EB (TFEB) [162]. Normally, TFEB is contained in the
cytoplasm in a phosphorylated state due to the influence of mechanistic target of rapamycin
complex 1 (mTORC1) [163]. Inhibition of mMTORCL1 causes TFEB dephosphorylation and
nuclear translocation, which subsequently increases lysosomal expression [164].
Experiments showed that TFEB overexpression reduced neurofibrillary tangle burden and
ameliorated behavioral deficits in the Tg4510 tau mouse model, while no adverse side
effects seen in wildtype mice with TFEB overexpression [165]. Additionally, the brain mass
of treatment group (AAV-TFEB delivery) was increased brain mass compared to that of the
control group [165]. These promising results do suggest the possibility of upregulating
TFEB expression to modulate lysosomal activity as a potential therapeutic approach.

Therapeutic approaches targeting at lysosomal function are rather limited, possibly due to
the challenges derived from the diversity and redundancy of lysosomal hydrolases to be
targeted on. On the other hand, some lysosomal regulators have been assessed as AD
biomarkers such as lysosome-associated membrane glycoprotein (LAMP) family proteins
[166]. Studies demonstrated about 1.4-fold and 2.8-fold increases in CSF LAMP-1 and
LAMP-2 levels of AD individuals when compared to those of non-AD subjects, respectively
[166]. Specifically, the levels of LAMP-2 correlated well with CSF pTau levels [166].

3. Ubiquitin and proteasome system dysfunction during AD pathogenesis

While the endo-lysosome autophagy system clears long-lived proteins and intracellular
organelles, the UPS provides the fundamental molecular machinery for short-lived protein
degradation [11], and helps maintain overall proteostasis in eukaryotic cells. In addition,
UPS is an essential player in the modulation of other crucial cellular functions, such as
differentiation, inflammation, cell cycle, cell signaling during stress, apoptosis and antigen
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processing [167]. In the brain, UPS elements are involved in synaptic function [168]. As one
of the primary intracellular proteolytic pathways, UPS holds a critical role in maintaining a
dynamic state of equilibrium [169]. Several lines of evidence suggest that certain
modifications can alter UPS activities and consequentially induce pathological conditions
with defective brain function such as neurodegenerative diseases with a commonly shared
feature by which accumulation of toxic protein aggregates deeply interferes with normal
proteostasis [167,170].

UPS mediates the removal of damaged soluble proteins and degradation of short-lived
regulatory proteins by two fundamental steps: Ubiquitination, followed by proteolytic
degradation of ubiquitinated proteins [167]. During ubiquitination, a polyubiquitin chain is
covalently attached to a lysine residue of a substrate protein. This ATP-dependent process
serves as a recognition signal for later degradation processing by the proteasome. Three
classes of enzymes are involved: ubiquitin-activating enzymes (E1), ubiquitin-conjugating
enzymes (E2), and ubiquitin ligases (E3) [171]. The ubiquitination process has a high degree
of substrate specificity, which is accomplished by a large number of distinct E2 and E3
enzymes [172]. When a minimum of four ubiquitin groups are assembled on a substrate
protein, this polyubiquitinated substrate is then recognized, unfolded and degraded by the
proteasome to subsequently generate short peptides and amino acids that are later recycled
for new protein synthesis. The proteasome is a multi-subunit complex with a central
catalytic core, with a cylindrical structure, and one or two regulatory particles [173].

3.1. The UPS machinery and AD

The disturbance of the UPS machinery plays a critical role in AD development. A significant
decrease in proteasome activities has been evidenced in the hippocampus, middle temporal
gyri, and inferior temporal lobe of AD patients [16,174]. Defective UPS proteolysis induces
synaptic dysfunction [175]. Furthermore, disruption of UPS correlates with several AD
pathological features, such as Ap accumulation, tau hyper-phosphorylation (HP-tau) and
autophagy impairment [176,177]. Studies have demonstrated that the accumulation of HP-
tau oligomers at pre- and postsynaptic terminals are directly associated with increased
ubiquitinated substrates and proteasome elements in brains of AD patients, suggesting that
HP-tau oligomers influence and mediate UPS proteotoxicity, thus impairing synaptic
function [176].

3.2. AP modulates UPS function

The relationship between AP and the proteasome has been well-studied since the discovery
of ubiquitin in senile plaques [178]. Since then, many reports indicate the effects of UPS on
AP toxicities. A study demonstrated that when the proteolytic activity of the proteasome was
inhibited in primary culture of cortical neurons and astrocytes, there was a significant
decrease in AP degradation suggesting that A is a substrate for the UPS machinery [179].
Impairment of UPS affects Ap degradation leading to its accumulation and amyloid plaque
formation [179].

On the other hand, AB inhibits the proteolytic activity of the proteasome [180]. Evidence
suggests that A induced a significant increase of ubiquitin-protein conjugates and
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expression of E1 in neurons [179], considered as AD pathological traits. With growing
concentrations of toxic oligomeric AB, Ap competes against natural proteasomal substrates
leading to the proteasomal malfunction [181]. In addition, a study indicates that the
inhibition of UPS by intraneuronal AP was originated from impaired MVB sorting pathway
[180], where different materials or substances are carried from neuronal terminals to cell
bodies through retrograde transport for signaling cascades or lysosomal degradation. Further
research on the link between MVB impairment and UPS defects in AD might shed a light
into molecular mechanisms of AB-induced neuro-toxicities.

3.3. The interplay between UPS and tau through UPS

Tau can be cleaved by a number of proteases (e.g. caspases, cathepsins, calpains and
thrombin). Increasing evidence suggests the involvement of UPS in tau turnover [8]. Studies
have shown that the proteasome was co-immunoprecipitated with tau aggregates and the
amounts of tau aggregates pulled-down were significantly higher in samples with low
proteasome activities [8], suggesting that the interaction between tau aggregates and
proteasome inhibits the proteasomal activities. Moreover, /in vitro experiments using tau
aggregates isolated from human AD brains confirmed that tau inhibits the proteasome,
whereas non-aggregated tau does not have this effect [8]. Additional data supports the
involvement of the UPS in tau turnover /n vitro [7,182]. Inhibiting the proteasome resulted
in reduced tau degradation [7], and conversely, tau degradation was accelerated after
incubation with the proteasome [182].

Studies further suggest that the proteasome holds the molecular link between AB and tau
pathogenesis. Promoting AP clearance can reduce early tau pathology [183]. On the other
hand, increased Ap damages the proteasomal function thus exacerbating tau accumulation
[183]. Notably, both A and tau accumulation was reported on transgenic mice after directly
inhibiting the proteasome activity [184]. Further research is needed to elucidate how
proteasome inhibition induced by A, leads to tau accumulation, and which molecular
regulators within UPS play key roles in the interplay between A and tau pathology of AD.

UPS also plays a role within signaling pathways that modulate neurotransmitter release,
synaptic plasticity, and recycling of membrane receptors [185,186]. Particularly in neurons,
the signaling pathway of cAMP-dependent protein kinase A (PKA)-cAMP response element
binding protein (CREB) is directly involved in cognitive function, and the PKA activation
and CREB phosphorylation are key mechanisms for memory formation [187]. This pathway
is finely modulated by UPS through controlling the degradation of the PKA regulatory
subunit [188]. Moreover, studies have evidenced that CREB signaling is compromised by
AB both in vitro, using neuronal culture treated with oligomeric AB, and /in vivo by
overproduction of AP in transgenic mice [188,189]. Therefore, reduction of PKA-pCREB
levels is suggested to contribute to impaired synaptic plasticity and diminished learning
function during AD progression [190]. A number of compounds such as cCAMP
phosphodiesterases inhibitors have been found to enhance pCREB levels in the brain,
providing a beneficial effect on cognitive function [186]. Another UPS regulator is the
ubiquitin C-terminal hydrolase (Uch-L1), an abundant deubiquitinase mainly expressed in
neurons [191]. The reduction of cytosolic Uch-L1 is linked to AD progression, specifically
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by inducing the formation of AB plaques and abnormal tau metabolism [192]. Moreover,
studies showed that Uch-L1 levels were significantly reduced in brains of AD patients and
AD transgenic mouse models, corresponding with the accumulation of ubiquitinated
proteins in Ap plaques and NFT [193].

4. Implications for developing therapeutic strategies for AD

Dysregulation of proteostasis contributes to the accumulation of misfolded proteins and
cellular waste in AD. While we review the critical roles of two major protein homeostasis
governing pathways in AD pathogenesis (Fig. 1; endo-lysosomal autophagy pathway and
ubiquitin proteasome system), targeted therapy at key components of these pathways may
have great potential in developing novel therapeutic interventions for AD.

Different strategies targeted at various steps of endo-lysosomal pathway have been tested for
AD therapies. For example, it was hypothesized that stabilizing the retromer complex may
enhance its function and correct cargo protein trafficking defects. Using pharmacological
chaperones to stabilize and increase retromer levels in neurons, APP trafficking toward
Golgi was increased and thereby it was moved away from endosomes for amyloidogenic
processes [194]. Evidence suggests a role for PIP; in regulating Ap clearance through
endolysosomal pathway. Reduction of a PIP, degrading enzyme in the brain, synjl
accelerated Ap degradation through lysosome and improved cognitive function in an AD
transgenic mouse model [138]. These studies indicate a potential therapeutic strategy for AD
targeted at synj1 to increase PIP, levels and accelerate AP clearance (Cao et al., manuscript
in preparation).

Several interventions to stimulate autophagy or mitophagy pathways through fasting, caloric
restriction, exercise or rapamycin treatment have also been shown to provide neuroprotective
effects against degeneration in AD experimental models [195-197]. It is reported that
accumulation of AP and p-Tau activated the serine/threonine kinase mTOR [198], and that
inhibitors of mMTOR activity like rapamycin and its analogs as autophagy inducers have
shown beneficial effects against AD pathologies in AD animal models [90,195].

While UPS dysfunction is intimately associated with AD pathogenesis [186], UPS
regulators such as PDEs and Uch-L1 that can modulate brain PKA-pCREB levels become
attractive drug targets For AD. A number of studies have supported this idea by
demonstrating that overexpression of Uch-L1, or pharmacological enhancement of Uch-L1
activity greatly improved cognition in AD transgenic mouse models. Conversely, knocking
out Uch-L1 or pharmacological inhibition of UchL1 activity will cause a notorious cognition
decline [199,200]. Therefore, enhancing the expression of Uch-L1 in the brain is suggested
to have beneficial effects in both accelerating protein degradation and improving cognitive
and synaptic functions.

It should be noted that while targeting specific steps of protein degradation pathways,
defects of downstream machinery need to be taken into consideration. For example, up-
regulating expression of autophagy components may be futile or even detrimental if the
clearance or degradation of autophagosome is impaired. Approaches to stimulate the
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activities of the whole pathway may be more efficacious. Alternatively, directly targeting at
the downstream machinery like lysosomal function could be more effective but limited by
the diversity and redundancy of various lysosomal hydrolases to be targeted on as we
discussed in the previous section.

5. Conclusions

In summary, several lines of evidence support a direct link between the efficiency of
degradation systems and cellular dysfunction in AD. The functional diversity of protein
degradation systems has important implications of our understanding of AD pathogenesis.
While we have gathered some critical information regarding the role of dysregulated
proteostasis in AD pathogenesis, a detailed understanding of the aberrant circuits triggering
the disease is yet to be accomplished. It is critical to elucidate the interactions and interplay
between upstream and downstream key components of the protein homeostasis governing
pathways which will improve our abilities to manipulate transport pathways with higher
efficacy and less side effects. More importantly, future investigations are needed to
determine how this complex regulatory system becomes malfunctional during AD
development and progression, which will help tailor future development of novel therapeutic
interventions targeted at specific stages of disease [201].
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Fig. 1.

Pr%tein degradation pathways affected in Alzheimer’s Disease. The endo-lysosomal
pathway, autophagy, and ubiquitin-proteasome system are the three main regulatory routes
of protein degradation. During AD progression, aberrant expression and/or impaired
function of key components of these pathways, as well as defects in the interactions between
upstream and downstream components involved in protein homeostasis induce dysregulation
of proteostasis contributing to AD pathogenesis. Targeted therapy to key players of these
pathways becomes a promising strategy for developing novel therapeutic interventions for
AD.
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