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Abstract

The term proteostasis reflects the fine-tuned balance of cellular protein levels, mediated through a vast network of biochemical
pathways. This requires the regulated control of protein folding, post-translational modification, and protein degradation. Due to
the complex interactions and intersection of proteostasis pathways, exposure to stress conditions may lead to a disruption of the
entire network. Incorrect protein folding and/or modifications during protein synthesis results in inactive or toxic proteins, which
may overload degradation mechanisms. Further, a disruption of autophagy and the endoplasmic reticulum degradation pathway
may result in additional cellular stress which could ultimately lead to cell death. Neurodegenerative diseases such as Parkinson’s
disease, Alzheimer’s disease, Huntington’s disease, and Amyotrophic Lateral Sclerosis all share common risk factors such as
oxidative stress, aging, environmental stress, and protein dysfunction; all of which alter cellular proteostasis. The differing
pathologies observed in neurodegenerative diseases are determined by factors such as location-specific neuronal death, source
of protein dysfunction, and the cell’s ability to counter proteotoxicity. In this review, we discuss how the disruption in cellular
proteostasis contributes to the onset and progression of neurodegenerative diseases.

Keywords Neurodegeneration - Proteostasis - Aggregation - Chaperone - Autophagy - Ubiquitin - ER - Proteotoxicity -

Apoptosis - ROS - Lewy bodies

Introduction

Neurodegenerative disordes, such as Parkinson’s disease
(PD), Alzheimer’s disease (AD), Huntington’s disease
(HD), Amyotrophic Lateral Sclerosis (ALS), and prion dis-
eases (pD), are caused by neuronal dysfunction and death.
Although neurodegenerative diseases share common risk
factors, such as oxidative stress, environmental factors, ag-
ing, and protein dysfunction, these manifest distinctly in
each disease and produce unique pathologies [1].

Protein misfolding and aggregation is a common char-
acteristic in many neurodegenerative diseases, therefore
maintaining intracellular protein homeostasis
(proteostasis), by balancing protein folding and
misfolding, is paramount in protecting the functionality
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of the proteome [2]. Although misfolded proteins are gen-
erally inactive, the accumulation of these misfolded pro-
teins can cause stress responses in cells and organelles.
Indeed, the endoplasmic reticulum (ER) is a key organelle
in maintaining proteostasis and the unfolded protein re-
sponse (UPR) is triggered in response to protein accumu-
lation and ER stress. The UPR promotes protein folding
and reduces ER protein levels by proteosomal degradation,
translation mitigation, and autophagy [3]. Autophagy also
plays an essential role in proteostasis because of its ability
to degrade protein aggregates that cannot be processed by
the proteasome [4]. For example, the autophagosome can
degrade and recycle entire organelles in an effort to pro-
mote cell survival. Protein degradation by autophagy and
the proteasome utilize ubiquitination to recruit target pro-
teins [5]. Ubiquitination along with other covalent attach-
ments, such as phosphorylation, SUMOylation, and oxida-
tion, regulate normal proteome function. The Post-
Translational Modifications (PTMs) of proteins have also
been shown to influence protein aggregation in many neu-
rodegenerative diseases [6]. The accumulation of disease-
associated proteins, resulting in protein aggregation and/or
inclusions, can lead to proteotoxicity which is especially
problematic in post-mitotic neurons highlighting the clear
relationship between neurodegeneration and age [7].
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Mitochondrial proteostasis is also critical for cell survival
and its dysfunction can lead to the accumulation of reactive
oxygen species (ROS), which in turn can be disruptive to
overall cellular proteostasis. Indeed, a disruption of mitochon-
drial proteostasis may lead to the irreversible induction of
apoptosis, a highly regulated set of pathways leading to cell
death. Although cell-specific, stress-induced apoptosis is de-
signed to avoid the damaging of adjacent cells, it is detrimen-
tal to the nervous system as differentiated neurons cannot be
reproduced. Although neuronal loss cannot be fully attributed
to apoptosis, it is a common culprit in many neurodegenera-
tive disorders.

In this review, we summarize important factors that affects
proteostasis and further describe how proteostasis dysfunction
ultimately affects neurodegeneration.

Post-Translational Modifications

PTMs play a pivotal role in protein structure and function
where they increase the diversity and complexity of protein
function by altering protein tertiary structures. PTMs include,
but are not limited to, phosphorylation, acetylation, glycosyl-
ation, ubiquitination, NEDDylation, and SUMOylation. They
play a crucial role in many cellular functions and for this
reason need to be tightly regulated. As a result, disruption in
PTMs can lead to a cascade of pathological events that disrupt
cellular proteostasis [8]. In neurodegenerative diseases, PTM
pathways are often compromised which can have toxic effects
on cells, and therefore cause neuronal cell death [9]. In the
following sections we will discuss the link between aberrant
PTMs of proteins, and their downstream effects with respect
to specific neurodegenerative diseases.

Parkinson’s Disease

The formation of Lewy bodies (LBs) within dopaminergic
neurons represent one of the hallmarks of PD. LBs are large
protein deposits enriched in a-synuclein, a natively unfolded
protein, which is found in aggregated states in PD neurons. o-
Synuclein is a soluble 14-kDa protein and its primary structure
contains five phosphorylation sites (Ser87, Ser129, Tyrl25,
Tyr133, and Tyr 136) [10]. Under normal physiological con-
ditions, phosphorylation at Ser129 occurs at a frequency of
approximately 4%; however, studies have shown that approx-
imately 90% of «-synuclein is phosphorylated at Ser129 in
LBs [11]. This finding has propelled the hypothesis that the
hyperphosphorylation of Ser129 has a strong connection with
the formation of aggregated o-synuclein. Phosphorylation of
Ser129 has also been shown to play a cytotoxic role by facil-
itating trafficking between the cytosol and nucleus [12]. In the
nucleus, the phospho-Ser129 «-synuclein variant can interact

with histones masking them from histone deacetylases thereby
inducing neurotoxicity. Although the phosphorylation status
of a-synuclein on Ser87, Tyr125, Tyr133, and Tyr 136 is also
altered in PD patients, these PTMs do not seem to contribute
to proteins aggregation [13].

Histone acetylation is regulated by histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs). HATs
add an acetyl group to histones and promote transcription.
By contrast, HDACs remove the acetyl group. The link be-
tween acetylation and the pathogenesis of PD has been
shown with respect to increased levels of histone acetyla-
tion. A study was conducted to investigate environmental
effects on PD pathogenesis by treating SHSY neuroblasto-
ma cells with 1-methy-4-phenylpyridinium (MPP+), and it
was found that MPP+-treated cells exhibited increased his-
tone acetylation [14]. This increase in histone acetylation
also showed a decrease in the levels of HDACs alluding to
the neuroprotective effects of HDACs. However, there have
been conflicting studies that indicate that HDAC inhibitors
attribute to neuroprotective effects in cellular models and
this has been explored in clinical trials with the aim of mit-
igating «-synuclein accumulation [15].

The degradation of proteins is essential for maintaining
cellular proteostasis. Ubiquitination is an enzymatically
catalized PTM that targets and marks proteins for degradation
by the attachment of ubiquitin (Ub) [16]. Ubiquitination con-
sists of three main enzyme classes including, Ub activating
enzyme (E1), Ub conjugating enzyme (E2), and Ub ligase
(E3) [17]. Proteins tagged for degradation can be mono-
ubiquitinated or poly-ubiqutinated where the latter targets pro-
teins to the 26S proteasome for degradation. Parkin, a protein
associated with PD, is an E3 ubiquitin ligase that will tag
misfolded proteins for ubiquitination. Further, PINK1
(PTEN-induced putative kinase 1) is a mitochondrial Ser/Thr
kinase which activates and recruits Parkin by phosphoryla-
tion. Studies have shown that PINK1 phosphorylates ubiqui-
tin at serine 65, which binds to Parkin and recruits Parkin to
the mitochondria so that it can ubiquitinate misfolded pro-
teins, which ultimately leads to proteasomal degradation of
the proteins [18, 19]. Parkin and PINK1 mutations and dys-
function are linked to early-onset familial PD, as well as spo-
radic PD. This dysfunction has been shown to cause excessive
ROS production in mitochondria leading to inappropriate cel-
lular proteostasis. Studies have also shown that the protein
kinase c-Abl can downregulate Parkin activity by phosphory-
lating Tyr143, thus affecting its E3 ubiquitin ligase activity.
This inactivation of Parkin by c-Abl has also been reported in
post mortem PD brains [20]. Parkin has also been shown to
interact with and ubiquitinate p62, a major shuttle protein and
regulator of protein quality control [21]. p62 plays an impor-
tant role in transporting polyubiquitinated proteins for
proteasomal degradation [4] and in response to mitochondrial
stress Parkin tags p62 for degradation. When this balance is
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interrupted, p62 can cause accumulation of aggregated pro-
teins and disturb mitochondrial dynamics and cellular
homeostasis.

Phosphorylation, nitration, and SUMOylation of «-
synuclein are altered in PD and may serve as potential bio-
markers for the disease [22]. Indeed, Tyr 125 phosphorylation
and Y39 nitration are significantly increased in PD patients as
compared to healthy individuals, whereas SUMO-1 is signif-
icantly reduced in PD patients [22]. Interestingly,
SUMOylation reduces x-synuclein aggregation in vitro and
in vivo, which may explain the decreased SUMO-1 levels in
PD patients [23]. Although more analysis is required, these
findings suggest that alterations in PTMs may represent prom-
ising diagnostic and prognostic biomarkers for PD.

Alzheimer’s Disease

AD is characterized by the presence of neurofibrillary tangles
(NFTs), which are aggregates of abnormally phosphorylated
tau protein as well as amyloid 3-peptide plaques. Tau is a
microtubule-associated protein mainly expressed in neurons
and its main function is to stabilize the neuronal cytoskeleton
[24]. Tau exists as six isoforms, each with a different number
of N-terminal inserts and C-terminal repeats. Phosphorylation
is the most common PTM of the tau protein, which contains
85 potential phosphorylation sites. Of these, 45 are serine
(53%), 35 are threonine (41%), and 5 are tyrosine (6%).
Hyperphosphorylation of tau occurs at several sites through-
out the protein, and this precedes the formation of NFTs. This
hyperphosphorylation disrupts tau’s ability to efficiently bind
to microtubules, which can result in neurotoxicity [25]. AD-
associated kinase glycogen synthase kinase-33 (GSK3[3)
phosphorylates tau at T231. Reduction of tau phosphorylation
by GSK3{ inhibition in mice has been shown to block the
formation of NFTs [26]. The activity of phosphatases, specif-
ically protein phosphatase 2A (PP2A), is decreased in AD
patients due to the upregulation of PP2A, 11 and 12 inhibitors
[27]. PP2A is a major phosphatase and accounts for more than
70% of cellular phosphatase activity [28]. This cascade of
events in the dysregulation of phosphorylation contributes
greatly to the pathogenesis of AD.

Aggregation of tau and amyloid beta (A[3) is mediated by
ubiquitination of these proteins as well as other proteins. The
formation of A3 plaques occurs by the cleavage of the amy-
loid precursor protein (APP) in various compartments
throughout the cell. APP is produced in the ER and has been
shown to interact with HRD1, an E3 ligase which clears newly
synthesized proteins in the ER. In patients with AD, a de-
crease in HRD1 expression, which induces ER stress, leads
to accumulation of APP and A3 and subsequent apoptosis
[29]. APP is then internalized into the trans-golgi network
where it is cleaved, producing AP plaques [30]. These A3
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plaques have been suggested to stimulate GSK3 3 which will
subsequently result in the hyperphosphorylation of tau [31].

SUMOylation is another PTM that has been linked to AD
pathogenesis. The small ubiquitin-like modifier is similar to
ubiquitin, but binds covalently to lysine residues on target
proteins and does not overlap with the ubiquitin pathway. In
comparison to ubiquitination, SUMOQylation requires the ac-
tion of E1, E2, and E3 to attach SUMO to the target proteins,
and these target proteins can be altered by the SUMOylation
pathway. SUMOylation has been recognized as playing an
important role in oxidative stress [32], and its dysregulation
is associated with neurodegenerative diseases. Reports have
shown that both SUMO-1 and SUMO-2 covalently attach to
lysines 587 and 595 of APP respectively, and this regulates
levels of A3 aggregates [25].

APP is also modulated by NEDDylation, another
ubiquitin-like pathway, where lysine residues of APP are
modified [33]. These sites are important because they are
within the Binding protein-1 (BP-1) sites of APP, and BP-1
has been shown to be a member of the NEDDylation-
conjugation pathway [34]. The downregulation of BP-1 in-
hibits NEDDylation, which subsequently results in accumula-
tion of APP and APP [3-secretase fragment; this suggests that
NEDDylation of APP can also signal for the degradation of
APP [35, 36].

Recent data also suggests an important role of ER calcium
homeostasis in AD [37], specifically, dysfunction in the
ryanodine receptors (RyR) in the ER causing leakage of
Ca®* which has been reported in AD. Hyperphosphorylation
and hypernitrosylation of the RyR complex results in calstabin
depletion and leakage of Ca®* from the RyR channel [38, 39].
It is plausible to suggest that targeting these “leaky” RyR
channels may represent a possible future therapeutic approach
in the treatment of AD.

Amyotrophic Lateral Sclerosis

ALS, also known as Lou Gehrig’s disease, is a fatal neuro-
degenerative disease that affects motor neurons. ALS path-
ogenesis is characterized by the loss of motor neurons in the
brain and spinal cord, which can lead to progressive paral-
ysis and ultimately death [40]. Key factors that contribute to
the pathogenesis of ALS are mutations in superoxide dis-
mutase (SOD1) and the dysregulation of the astroglial glu-
tamate transporter, EAAT2 [41] [42]. Ubiquitination,
SUMOylation, and acetylation of SOD1 and EAAT2 have
been shown to contribute to late onset ALS [43]. Most ALS
cases are sporadic, while approximately 10% are familial.
The combination of rapid deterioration of motor neurons
accompanied by short life-span of patients makes it difficult
to perform longitudinal studies with the ultimate aim of
developing therapeutic strategies.
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In familial cases of ALS, one of the genes that is mutated is
UBQLN2, which is located on the X chromosome and func-
tions in proteostasis [44]. Indeed, it appears that UBQLN?2
mutations interfere with proteasomal degradation [44].
Mutation in the UBQLN2 gene, encoding ubiquilin-2 protein,
results in less efficient binding of ubiquitinated proteins to the
proteasome [45], leading to protein accumulation. SOD1
plays an important role in eliminating free superoxide species
and SOD1 has been linked to both familial ALS where the
SODI1 gene is mutated, and sporadic ALS where PTMs seem
to play a role in the late onset of the disease [46]. The
ubiquitination of SOD1 occurs via the E3 ligase E6-AP and
mouse studies have shown decreased levels of E6-AP and
increased SOD1 before the onset of ALS [47]. Recent studies
have also suggested that the acetylation of SOD1 at lysine 123
(K123) [43], a region for copper binding and protein folding
[48], may play a role in ALS; however, the relationship be-
tween SOD1 acetylation dysregulation and ALS is not fully
understood.

SUMOylation of SODI1 at lysine 75 occurs via SUMO-1,
SUMO-2, and SUMO-3 [49]. EAAT2, which is cleaved by
caspase 3 and accumulates in spinal cord astrocytes [42], is
also SUMOylated. Studies show that SUMO-3 modification
of SODI1 mutants contributes to the aggregate formation of
SOD1, which leads to ALS pathogenesis. The resulting inabil-
ity of SODI to remove ROS causes oxidative stress to cells
and affects cellular proteostasis, and elevated oxidative dam-
age is observed in ALS patients [50]. Fei and colleagues have
further shown that SUMO-1 can SUMOylate SOD1 at Lys9,
and that this modification increases the susceptibility of SOD1
aggregation.

EAAT?2 is a glutamate transporter that is expressed in the
spinal cord and its expression is decreased in ALS patients
[51]. The SUMOylation of EAAT2 occurs by SUMO-1 on
its C-terminal intracellular domain. The accumulation of these
SUMOylated domains has been shown in astrocytes at the
end-stage of ALS and a generic dysfunction of astrocytic
physiology, leading to motor neuronal loss, has been sug-
gested [52].

Fused in sarcoma (FUS), a protein primarily involved in
RNA metabolism, has recently gained attention because of its
connection with ALS. Mislocalization and aggregation of
pathological FUS occurs in ALS patients [53], and has been
found in aggregates along with SOD1 [54]. Arising data sug-
gests that PTMs may play a role in the localization of FUS,
primarily serine/threonine phosphorylation [55]. It is not fully
understood how the PTMs affect localization and aggregation
of FUS due to the extensive and complex modification sites.

PTMs such as phosphorylation, acetylation, and
ubiquitination are important biological processes involved in
protein-protein interactions, protein degradation, and protein
localization, respectively. Therefore, it is not surprising that
dysfunction in these processes play a role in

neurodegenerative diseases. Many of the neurodegenerative
diseases share commonalities in terms of PTMs. For example,
phosphorylation of x-synuclein at ser129 has been linked to
its neurotoxicity in PD while the phosphorylation of tau in-
creases AD pathogenesis. Ubiquitination is also a major con-
tributor in both familial and sporadic cases of PD and in ALS
pathogenesis mutations in UBQLN? cause less efficient bind-
ing of ubiquitin to its substrates. While commonalities exist,
much of the dysfunction caused by PTMs manifests distinctly
in different neurodegenerative diseases.

Aggregation and Proteotoxicity

The aggregation of disease-specific proteins is a hallmark for
several neurodegenerative disorders. The presence of patho-
logical aggregates, often called “bodies” or inclusions, classi-
fy PD, AD, HD, ALS, and pD as proteopathies (Fig. 1).
Pathological aggregates result from the accumulation of
misfolded proteins where the protein and type of neuron af-
fected determine the disease.

Although protein aggregates are a pathological feature of
proteopathies, it is largely unknown whether they are toxic or
neuroprotective. It has been postulated that the collection of
misfolded protein into aggregates represents a cellular defense
mechanism to combat proteotoxicity and maintain
proteostasis [56]. These inclusions, however, have been
deemed proteotoxic either through loss-of-function, where ag-
gregated proteins are unable to carry out their normal physio-
logical function, and/or by gain-of-function, acquiring new
functions that contributes to cell death [57].

Protein aggregates in PD, AD, HD, and pD are formed as
beta sheet-rich insoluble structures called amyloid fibrils.
Although it is known that aggregation is a result of protein
misfolding, the initiation and formation of amyloid fibrils are
not well understood. Studying the formation of amyloid fi-
brils, their gain-of-function, loss-of-function, and
neuroprotectivity are critical to the advancement of under-
standing neurodegenerative diseases and developing future
therapeutics.

Parkinson’s Disease

In PD, LBs are enriched in «-synuclein and aggregation has
been correlated with inappropriate PTMs, protein accumula-
tion, and misfolding. In addition to -synuclein, LBs have
been shown to harbor a plethora of other proteins including
a-synuclein binding proteins, the PD-associated proteins DJ-
1, LRRK2, parkin, PINK-1, GBA, and synphilin-1, in addi-
tion to components of the ubiquitin-proteosome pathway. The
complex composition of LBs implies that they acquire cyto-
toxicity by attracting proteins and thereby disrupting
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Fig. 1 Altered proteostatic levels
and protein conformations lead to
hallmark pathological
neurodegenerative pathways.
Damaged and excessive protein
directly causes ER stress and
aggregation as well as
mitochondrial dysfunction and
oxidative stress indirectly.
Additionally, feedback loops (1,
II) highlight the destructive nature
of damaged proteins propagating
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proteostasis. Interestingly, PD progression is influenced by
neuron-to-neuron transmission of «-synuclein fibrils or non-
fibrillar multimers through a prion-like mechanism, which can
presumptively skip or accelerate the early stages of LB forma-
tion [58, 59].

«-Synuclein proteotoxicity has traditionally been at-
tributed to LB formation in neurons. However, more re-
cently studies have emerged suggesting that smaller, non-
fibrillar, multimeric species of a-synuclein are more sig-
nificant to PD pathogenesis [60, 61]. For example, there is
evidence suggesting that a-synuclein multimers interact
and damage cell membranes and further that the toxicity
of «-synuclein multimers is associated with the inhibition
of the axonal transport machinery [62]. If the aggregation
of a-synuclein multimers reduces their toxicity, LB for-
mation could be viewed as a neuroprotective mechanism
rather neurotoxic. However, as both «-synuclein aggrega-
tion and LB formation represent temporal processes, it is
likely that the consequences of protein aggregation in PD
is multidimensional.

Although the aggregation of x-synuclein is generally
viewed as a toxic mechanism, its loss-of-function during ag-
gregation may have detrimental effects on neurons. While not
fully understood, the function of «-synuclein has been shown
to include suppression of apoptosis, regulation of glucose,
modulation of calmodulin activity, promotion of SNARE as-
sembly, chaperone activity, polyunsaturated fatty acid control,
antioxidation, neuronal differentiation, and regulation of
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dopamine synthesis, all of which may be compromised in
response to aggregation [63].

Alzheimer’s Disease

AD is associated with two forms of aggregation: extracellular
A3 plaques and intracellular neurofibrillary tangles composed
of the tau protein. AD is considered both an amyloidopathy
and a tauopathy, and although early research implicated A3
aggregation as the primary cause of AD, it has been shown
that the formation of neurofibrillary tangles is highly correlat-
ed with the progression of the disease.

Plaque formation has been attributed to mutations in amy-
loid precursor metabolic protein encoding genes, the ratio of
two forms of A3, and A3 accumulation. However, it is un-
clear whether AD pathogenesis is driven by non-fibrillar A3
multimers or amyloid plaques [64, 65]. In AD patients, the
proteostatic equilibrium of A342 and A 40 is disrupted in the
mesenchyme. As the A(342/A[340 ratio increases, proteotoxic
gain-of-function of A} inhibits synaptic function and eventu-
ally becomes neurotoxic. The increased ratio also results in
increased aggregation; however, non-toxic aggregates have
been shown independent of AD, leading to the conclusion that
fibril toxicity is caused by conformational changes. In fact,
higher levels of A340 aggregates have been shown to be
neuroprotective. A plausible mechanism for this protection
is the hoarding and inactivation of toxic A 342 into aggregates
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rich in APB40. The function of A is not well understood,
therefore, any loss-of-function due to aggregation has not
been described.

A3 has shown cytotoxicity with tau. Not only can tau dys-
function cause neurodegeneration independent of Af3,
supporting the hypothesis that it is downstream of plaque for-
mation in AD pathogenesis, but it has been shown that soluble
extracellular Af3 and soluble intracellular tau codependently
cause synaptic dysfunction and neuronal death. Tau can also
facilitate A3 toxicity through a feedback loop [66].

Tau aggregation into NFTs or paired helical filaments
(PHFs) might be neuroprotective, due to the toxic nature of
tau being neutralized by the PHF structure [67]. PHFs gain-of-
function inhibition of fast axonal transport indicates pathogen-
ic proteotoxicity linked to AD [68]. Conversely, loss-of-
function toxicity by PHFs, due to microtubule instability and
cellular transport dysfunction, does not appear to be signifi-
cant [69].

Huntington’s Disease

HD is associated with the aggregation of the huntingtin (HTT)
protein to form inclusion bodies. HTT aggregation is due to a
5" CAG repeat in the IT15 gene encoding huntingtin. Normal
HTT contains 6-34 CAG (glutamine) repeats; however, HD is
developed in individuals with at least 40 glutamine repeats
(polyQ) [70]. The rate of development of HD and aggregation
of HTT correlates with the amount of polyQ repeats. Inclusion
bodies are independent of neurotoxicity and the accumulation
of toxic misfolded HTT is found to be neuroprotective [71].
The physiological roles of HTT include, but are not limited to,
vesicle trafficking, ciliogenesis, endocytosis, autophagy, tran-
scription, and cell survival [72]. HD-like pathology can be
reversed in mice by reducing HTT levels, implying a toxic
gain-of-function form of the protein [73]; however, the vari-
ous functions of HTT, especially in central nervous system
development [74], suggest that a loss-of-function might con-
tribute to HD.

Prion Diseases

Prion diseases are caused by extracellular toxic protein accu-
mulation due to genetic mutations or environmental factors.
«-Synuclein, tau, beta-amyloid, HTT, TAR DNA-binding
protein, and SODI1 are considered prions due to their trans-
missible ability. The widely accepted pD model involves
PrPSC, an infectious, abnormal, toxic protein.
Physiologically normal human PrPC is indeed a substrate,
which is converted into PrPSC upon infection. PrPSC is prone
to 3-sheet formation rather than the o-helix-rich PrPC, lead-
ing to the development of amyloid fibrils. It is debated

whether the proteotoxicity is due to PrPC loss-of-function,
resulting in anti-apoptotic activity, or amyloid fibril gain-of-
function by blocking axonal transport, impairing synaptic
function or apoptotic activity [75]. While not often suggested,
aggregation of PrPSC might halt or delay the spread of infec-
tious protein and conversion of PrPC, resulting in a neuropro-
tective effect.

Amyotrophic Lateral Sclerosis

ALS is associated with TAR DNA-binding protein (TDP-
43) or SODI1 abnormalities and insoluble aggregation in
neurons and glial cells. In ALS, TDP-43 most often forms
disordered aggregates; however, skein-like inclusions,
which share amyloid fibril characteristics, have been
shown in a subset of ALS patients [76]. ALS pathology
can be mimicked by both overexpression and partial
knockout of TDP-43, suggesting both loss-of and gain-
of-function toxicity [77]. Interestingly, the mechanics of
TDP-43 loss-of-function (insufficient RNA splicing and
transport) are similar to its gain-of-function toxicity (re-
cruitment of nuclear TDP-43 to the cytoplasm resulting in
improper localization). Mutations in SOD/ are linked to
familial ALS, and WT and mutant SOD1 form amyloid
fibrils of different conformations, which might vary in
neurotoxicity [78]. SOD1 mutants exhibit a gain-of-toxic
function when localized near mitochondria and loss-of-
function neurotoxicity by insufficient defense against ox-
idative stress [79, 80]. These gain-of and loss-of-function
characteristics underline the common challenge to main-
tain protein equilibrium and homeostasis in neurodegen-
erative diseases.

The aggregation phenomena in all five neurodegerative
diseases described here result in beta sheet-rich amyloid
fibrils. The formation of amyloid fibrils is an event which
requires the formation of a nucleus, which seeds subse-
quent aggregation [81]. Recent research has identified low
complexity regions (LCRs) of proteins as prion-like and
aggregate-prone. LCRs are intrinsically disordered re-
gions which, through weak intermolecular forces, are in-
dependently sufficient to produce phase separation into
liquid droplets [82—84]. These droplets have been shown
to act as a site of nucleation for fibril formation and con-
version into solid-state aggregates [82]. The main protein
used in these early experiments has been the ALS-
associated protein FUS; however, it is expected that o-
synuclein, mutant HTT, PrPSC, TDP-43, and A3 will be
included in future studies of LCR phase separation. This
new field is generating much excitement as LCRs may
represent a potential common, primary event in neurode-
generative disease pathology.
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Endoplasmic Reticulum Stress

The ER is the center for protein quality control and
proteostasis. Functions of ER include correct folding of newly
synthesized peptides, degradation or chaperone-mediated
refolding of misfolded proteins, and control of cellular calci-
um homeostasis. ER stress is caused by the accumulation of
misfolded protein and in response the UPR pathway promotes
correct folding through chaperones, proteosomal degradation
by the ERAD pathway, antioxidation, and ER genesis. In
cases where the stress is too extreme for adaptation, apoptosis
is initiated (Fig. 2). ER stress and the UPR are major topics of
study in relation to neurodegenerative diseases due to the
common pathology of protein misfolding and its downstream
effects. As misfolded proteins accumulate during neurodegen-
eration, the ER undergoes stress and initiates UPR, which
eventually proves insufficient leading to proteotoxicity and
aggregation. At baseline, the ER is capable of maintaining
proteostasis in healthy cells with incidental misfolding events;
however, the chronic protein misfolding in neurodegenerative
diseases not only overruns the capability of the ER but pro-
motes pathways which contribute to cytotoxicity [85].

Parkinson’s Disease

PD pathology induces ER stress and inhibits its response
mechanism, exacerbating the effect. Accumulation of
misfolded x-synuclein occurs in various cell compartments
including the ER lumen [86]. «-Synuclein has been shown
to inhibit UPR and ERAD resulting in apoptosis (Fig. 2)
[87]. ERAD functions by exporting target proteins to the
ubiquitin-proteosome system (UPS) in the cytosol and the
ERAD E3-ligase, HRDI, is elevated in PD brain tissue [88].
«-Synuclein also inhibits the ERAD pathway, promoting
pathogenesis, in a similar, parallel manner as the PD protein,
parkin, inhibits the UPS. Rotenone, which induces PD condi-
tions in vitro and in vivo, increases the phosphorylation of ER
stress markers as well as the upregulation of UPR components
and ER chaperones [89].

Alzheimer’s Disease

AD and ER stress have been linked by the presence of UPR
components in patient-derived brain tissue [90]. AP342 acti-
vates AMPK, which inhibits the mTOR pathway, shown to
promote AD [91, 92]. Interestingly, some UPR components
regulate AD pathways directly. For example, the UPR tran-
scription factor, XBP1, regulates gamma secretase complex
components, cyclin-dependent kinase 5 (CDKS5) as well as
other APP processing factors [93]. Furthermore, the PERK-
elF2-alpha pathway directly regulates beta-secretase 1
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(BACE1), resulting in increased processing of APP and the
production of beta-amyloid [94]. Interestingly, deletion of
elF2 activators, PERK, GCN2, and PKR, in AD models re-
duce symptoms [95]. Indeed, a “vicious cycle” has been de-
scribed in which ER stress is induced by A342 which in turn
promotes AP42 production by the UPR component, JNK3
[92].

Huntington’s Disease

HD pathology correlates with the upregulation of the UPR
components BiP, CHOP, and XBP1 [96]; this occurs in re-
sponse to impairment of ERAD by mHTT inactivating the
ERAD proteins Npl4, Ufd1, p97, and gp78 [97, 98]. mHTT
proteotoxicity overloads the UPS and results in the accumu-
lation of misfolded proteins [99-101]. The connection be-
tween ER stress, XBP1, and autophagy has been investigated
within the context of HD [102].

Prion Diseases

Prion diseases, as with other neurodegenerative diseases, is
correlated with ER stress and upregulation of the UPR; how-
ever, the specific modes of action remain to be elucidated
[103—105]. Inhibition of the PERK-elF2-alpha UPR pathway
by the elF2-alpha phosphatase GADD34 and by PERK inhib-
itors results in neuroprotection and slowed disease progres-
sion while treatment with Salubrinal, which promotes the
PERK-elF2-alpha stress response, enhances pD progression
[106, 107].

Interestingly, there are commonalities in how neurodegen-
erative diseases stress the ER and inhibit proteostasis. For
instance, AD and HD are both associated with the upregula-
tion of XBP1 while HD and pD are both associated with the
upregulation of PERK. As these neurodegenerative diseases
are clearly distinct, it is interesting to contemplate other mo-
lecular commonalities that may exist in neurodegeneration.

Autophagy and Mitophagy

Autophagy is a cellular process that involves the efficient and
selective degradation of misfolded/aggregated proteins [108].
Autophagy is a lysosomal-mediated degradation pathway that
is activated under stress conditions to degrade and eliminate
damaged organelles and proteins (Fig. 3) [109]. This process
begins with the formation of the autophagosome, which is a
double-membrane vesicle that engulfs and degrades damaged
cellular components [110]. The process of autophagy is driven
by a group of autophagy-related proteins (ATGs) that are re-
sponsible for autophagosome formation, vesicle expansion,
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Fig. 2 Pathway of protein
throughout the ER. Protein is
synthesized in the rough ER by
ribosomes. Native protein is
predominantly exported, while
some can aggregate. Misfolded
protein aggregates are sent to
proteasome for degradation.
Misfolded protein and aggregates
promote the UPR,which includes
UPR associated gene regulation,
ERAD pathway, chaperone
response, and apoptosis all in an
effort to mitigate the effects of
toxic aggregates

infusion with the lysosome, and cargo recruitment [111]. A
complex of protein kinases initiates the signaling mechanism
that controls the activation of autophagy, one of which is the
mammalian target of rapamycin (mTOR). Rapamycin, a wide-
ly used molecule, is an inhibitor of mMTOR and has been tested
in terms of enhancing autophagy activity [112]. Defects in
autophagy are associated with the pathogenesis of many
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neurodegenerative diseases and controlled modifications of
autophagy may prove very useful in the development of pos-
sible therapeutic intervention strategies [113]. Quality control
of the autophagic pathway is of great importance to the main-
tenance of cellular proteostasis due to compounding evidence
that the alteration of various regulatory steps in autophagy
may lead to global dysfunction in cells [114]. In
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pathway, which ultimately leads to neuronal cell death. The altered steps
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of toxic proteins; Mutation in VCP leads to inhibited transport of
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and acidification. All defective steps, leading to impairment of protein
degradation by lysosomal degradation, ultimately leads to the release of
cathepsin’s and apoptosis. Huntington’s disease (HD); Alzheimer’s dis-
ease (AD); Parkinson’s disease (PD); spino-cerebelar ataxia (SCA);
spino-muscular atrophy (SMA); dementia with Lewy bodies (DLB);
Amyotrophic Lateral Sclerosis (ALS); Valsin-containing protein (VCP)
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neurodegenerative disorders, dysfunction in the autophagy
pathway leads to accumulation of pathogenic proteins and
damaged organelles (Fig. 3).

In AD, the accumulation of damaged mitochondria in neu-
rons occurs due to the translocation of misfolded proteins into
the mitochondria [115]. This leads to disruption in the oxida-
tive phosphorylation cycle triggering an autophagic response
by the cell. This response, mitophagy, is a type of
macroautophagy where damaged mitochondria are engulfed
by the autophagosome and degraded. If this response is hin-
dered, it can lead to accumulation of protein aggregates, spe-
cifically A3 oligomers. Mitophagy can indeed protect cells
from apoptosis by degrading damaged mitochondria [116].

Studies suggest that specific proteins involved in the pro-
duction of the autophagosome are disrupted in early stages of
sporadic AD [117]. Microtubule-associated light chain 3-11
(LC3-11), along with multiple proteins, is involved in the early
formation of the autophagosome. Upregulation of LC3-1I is
seen in early stages of AD, which suggests that autophagy
induction is an early response to AD progression; dysfunction
in the induction could influence the pace of neuronal cell death
[117]. The reduction of lysosomal activity, which can impair
autophagy, is also observed in the pathogenesis of AD.
Evidence suggests that decreased lysosomal acidification can
be directly linked to mutations in vacuolar ATPase (v-
ATPase), a proton pump responsible for lowering the pH in
lysosomes, in patients with early-onset AD (Fig. 3) [118, 119].
The defective clearance of many AD related proteins is greatly
emphasized by mutations of Presenilin 1 (PS1), a common
cause of early-onset AD (Fig. 3) [120]. PS1 is a transmem-
brane protein and one of the four proteins in the gamma
secretase complex. Mutations in PS1 result in the increase of
A3 deposits by cleavage of APP. Previous studies show that
PS1 is required for lysosomal turnover and that deletion of
PS1 causes a complete loss of autophagy [120].

Autophagy can also be inhibited. For example, the patho-
genic AS3T and A30P mutants of a-synuclein block the up-
take of damaged proteins or substances by the lysosome
[121]. This inhibition is one of the key aspects in the patho-
genesis and progression of PD. Another example is illustrated
by mitochondrial dysfunction where enlarged mitochondria
do not get removed by mitophagy [122]. Many PD related
proteins such as Parkin, PINK 1, and Htra2 (Park13) have been
shown to be associated with mitochondrial dysfunction.
Mutations in PINK1 cause a cascade of events leading to
mitochondrial dysfunction and ultimately mitophagy [18].
The loss of function of mitophagy is caused by elevated
ROS levels and decreased lysosomal-autophagic degradation
resulting from mutations in DJ-1, a protein involved in cellular
protection against oxidative stress [123]. Recent therapeutic
strategies has been focused on key autophagy-lysosomal path-
ways (ALP) instead of autophagy within a boad context.
Focusing on specific targets, such as chaperone-mediated
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autophagy and lysosomes, may enhance drug specificity and
decrease adverse side effects. In conclusion, defects in autoph-
agy or mitophagy can be sufficient to cause PD [124].

In HD, mitochondrial defects have been hypothesized to
have a pivotal role in the cause of the disease [125]. While
mitophagy and autophagy induction combats damaged mito-
chondria and organelles, which can lead to neuronal cell
death, studies hypothesize that these autophagosome cannot
trap the aggregated HTT protein [126]; this results in an influx
of the autophagosome as well as aggregates in the cytoplasm
acting as possible sources of neuronal cell damage (Fig. 3).
Studies have also shown that overexpression of lysosomal
cathepsins helps clear HTT protein aggregates from HEK cells
which is consistent with in vivo studies that show the favor-
able effects of autophagy [127, 128]. Despite these findings,
the role of autophagy in HD remains unclear.

Factors contributing to ALS onset and pathogenesis in-
clude oxidative stress, ER stress, mitochondrial dysfunction,
and genetic factors [129]. The induction of autophagy is due
to impairment of the UPS found in animal and patient samples
[130]. Aggregated proteins can cause the impairment of the
UPS as well as mitochondrial dysfunction. It has been shown
that mutations in Valsin-containing protein (VCP), a chaperon
associated with autophagosome maturation, may be linked to
patients with autosomal dominant ALS [131]. Consequently,
this could hinder autophagy and mitochondrial quality con-
trol. Autophagy induction is clearly beneficial to slowing the
progression of ALS [132] and autophagy inducers, such as
trehalose and resveratrol [133, 134], have been shown to de-
crease protein aggregation and promote cell survival.

Combined, these results point to the importance of autoph-
agy, a regulated and orderly recycling of unnecessary or dys-
functional components of the cell, in terms of neurodegener-
ative diseases. This process needs to be tightly regulated by
chaperons and proteins to maintain cellular proteostasis.

Mitochondrial Dysfunction and Oxidative
Stress

Mitochondrial proteostasis is critical to the proper functioning
of this organelle. In highly metabolic post-mitotic neurons,
mitochondrial function is key due to ATP demand and the
organelle’s role in regulating apoptosis. The major source of
mitochondrial dysfunction in cells is oxidative stress, which
originates in mitochondria, but are tightly regulated through
antioxidant pathways. Dysfunctioning mitochondria either
produce more ROS or are unable to sustain proper regulation.
ROS, extremely reactive molecules containing one or more
free or unpaired electrons, can damage lipids, DNA, and pro-
teins. ROS toxicity provides a link between mitochondrial
proteostasis, which regulates oxidative stress, to cellular
proteostasis, which can be damaged and disrupted by ROS.
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The consequences of oxidative stress are overarching and
devastating to the cell; due to its deleterious effects, oxidative
stress is a key element in elucidating the link between neuro-
degenerative diseases and age [135]. In relation to neurode-
generative diseases and proteostasis, oxidative stress can alter
transcription and translation of disease proteins by reacting
with transcription factors or altering enzymes, respectively.
ROS are also known to affect components of autophagy and
proteosome degradation. A feedback loop is therefore obvious
where these effects propagate the aggregation of disease pro-
teins, which in turn have been shown to cause mitochondrial
dysfunction, leading to oxidative stress and disease progres-
sion (Fig. 1). In some cases, such as in ALS, SOD1 holds a
key function in mitochondrial proteostasis and its loss of func-
tion may represent a key step of neuropathology [136].

Parkinson’s Disease

The PD-associated proteins PINK 1, PARK13, Parkin, DJ-1,
and «-synuclein have been shown to regulate mitochondrial
function. PINK1 along with its targets, Parkin and Miro, reg-
ulate mitophagy in response to mitochondrial dysfunction.
PARK13, also activated by PINKI, is a protease, which
removes damaged mitochondrial proteins. PARK 13 mutations
have been associated with oxidative stress and PD pheno-
types, while overexpression and knockout mouse models have
shown both neuroprotection and PD phenotypes [137, 138].
DJ-1, a predominantly cytosolic antioxidant protein, can be
recruited to mitochondria, including damaged mitochondria
where it induces mitophagy [139]. The accumulation of o-
synuclein on the outer and inner membranes of mitochondria
in dopaminergic neurons decreased mitochondrial Complex I
activity and induced ROS levels [136]. Interestingly, under
oxidative stress, o-synuclein upregulates PGC-1-alpha, the
“master” mitochondrial biogenesis regulator which may rep-
resent a therapeutic target for neurodegenerative diseases
[140].

Alzheimer’s Disease

In AD the earliest pathological events have not been identi-
fied; however, mitochondrial dysfunction has been suggested
as a primary event leading to its pathology [141]. Indeed,
reduced energy levels and decreased activity of mitochondrial
complexes I, III, and IV have been reported in AD patient
brains [142, 143]. A overproduction leads to dysfunctional
mitochondrial dynamics in human neuroblastoma cells [144]
and its localization to mitochondria in AD patients and in AD
models impairs complexes I, III, and IV [145]. Furthermore,
antioxidants have been shown to decrease the accumulation of
A and restore mitochondrial function [146].

AR also facilitates the reduction of Cu?" and Fe?", which in
turn produces H,O, [147]. A feedback effect has been sug-
gested where ROS induces the accumulation of A3, which as
previously stated, causes mitochondrial dysfunction and oxi-
dative stress [148]. The same effect might be involved in the
observed aggregation and oxidative stress in other
proteopathies such as HD, ALS, and pD.

Concluding Remarks

It is evident from the literature that impaired proteostasis in
neuronal cells is a key contributor to the pathogenesis of neu-
rodegenerative diseases. Alterations in cellular proteostasis,
due to the accumulation of misfolded proteins, ER stress, au-
tophagy, and mitochondrial dysfunction, are a few of the main
contributors of neuronal cell death. Therefore, maintaining
cellular proteostasis is key in ensuring cell survival and lon-
gevity. In recent years, the increased understanding of intra-
cellular pathways and how they contribute to protein quality
control to offset the progression of age-related diseases has
been the focus of many recent research programs. This collec-
tive strategy seems logical, as the traditional neurodegenera-
tive disease proteins have proven to be challenging as targets
for therapeutic intervention strategies. By broadening the
scope of research to include the manipulation of proteostatic
pathways may lead to promising ways to reduce or reverse the
pathology of neurodegenerative diseases.
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