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The accumulation of protein inclusions is linked to many
neurodegenerative diseases that typically develop in older
individuals, due to a combination of genetic and environmental
factors. In rare familial neurodegenerative disorders, genes
encoding for aggregation-prone proteins are often mutated.
While the underlying mechanism leading to these diseases still
remains to be fully elucidated, efforts in the past 20 years
revealed a vast network of protein–protein interactions that
play a major role in regulating the aggregation of key proteins
associated with neurodegeneration. Misfolded proteins that
can oligomerize and form insoluble aggregates associate with
molecular chaperones and other elements of the proteolytic
machineries that are the frontline workers attempting to pro-
tect the cells by promoting clearance and preventing aggrega-
tion. Proteins that are normally bound to aggregation-prone
proteins can become sequestered and mislocalized in protein
inclusions, leading to their loss of function. In contrast, mu-
tations, posttranslational modifications, or misfolding of
aggregation-prone proteins can lead to gain of function by
inducing novel or altered protein interactions, which in turn
can impact numerous essential cellular processes and organ-
elles, such as vesicle trafficking and the mitochondria. This
review examines our current knowledge of protein–protein
interactions involving several key aggregation-prone proteins
that are associated with Alzheimer’s disease, Parkinson’s dis-
ease, Huntington’s disease, or amyotrophic lateral sclerosis. We
aim to provide an overview of the protein interaction networks
that play a central role in driving or mitigating inclusion for-
mation, while highlighting some of the key proteomic studies
that helped to uncover the extent of these networks.

Neurodegenerative diseases (NDs) are complex disorders,
with multifactorial pathology, that result in progressive dam-
age to neuronal cells and loss of neuronal connectivity, ulti-
mately leading to impaired mobility and/or cognition. Protein
aggregation due to misfolding and oligomerization gives rise to
extracellular or intracellular inclusions that are a common
hallmark for many NDs. Further spreading of these amyloid
aggregates in the nervous system–similar to prion-based
infections, hence referred to as a prion-like mechanism–is
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often thought to be a major element in the etiology of NDs
(1). In the past few decades, many of the genetic and
biochemical causes underlying NDs associated with protein
aggregation were uncovered, leading to the distinction
between rarer familial forms, where disease-causing mutations
are genetically inherited, and the more common sporadic
forms, where genetic and environmental risk factors drive the
pathogenesis (2). In both cases, the affected proteins are found
enriched in pathological aggregates, which highlights their
importance in the manifestation of the disease. However,
despite the knowledge accumulated and the many clinical
trials in which attempts were made to alleviate protein
aggregation, to date no therapeutic strategy has been broadly
accepted to cure any of the NDs. This led many scientists to
question whether protein aggregation is really central to ND
etiology or a mere manifestation of other underlying causes
(3, 4). Nonetheless, collectively, the work of the past decades
generated a more complex understanding of how each
aggregation-prone protein engages with many key cellular
pathways. In this review, we aim to provide an overview of
these intricate connections by bringing together core findings
and more recent discoveries.

For each ND, different sets of genes are typically found
mutated in the familial forms, and different brain regions and
cell types are initially affected. For example, Huntington’s
disease (HD) and spinocerebellar ataxia type 1 (SCA1) are
linked to the expansion of the CAG repeat of the huntingtin
(HTT) and ataxin 1 (ATXN1) genes, respectively, resulting in
proteins with an unusually long polyglutamine (polyQ) tract
that is very prone to aggregation and causes intracellular
deposits in striatal neurons (5, 6). In Alzheimer’s disease (AD),
two different types of deposits are observed. The aberrant
cleavage products of the transmembrane protein amyloid-β
(Aβ) precursor protein (APP) form extracellular plaque
deposits in the temporal and parietal brain regions, while the
protein tau (MAPT) accumulates intracellularly, in neurofi-
brillary tangles (7). In Parkinson�s disease (PD), the primarily
affected brain area is the substantia nigra (SN), where α-syn-
uclein (α-syn; SNCA) aggregates are found to accumulate in
dopaminergic neurons (8). In ALS, cellular aggregates of su-
peroxide dismutase 1 (SOD1), RNA-binding protein FUS
(FUsed in Sarcoma), and TAR-DNA–binding protein 43
(TDP-43) have been identified in motor neurons of the pri-
mary motor cortex, brainstem, and spinal cord (9). It is
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therefore important to consider each of these proteins inde-
pendently and in the context of the cells that are most affected.
Note, while we will mostly use short protein names in this
review, whenever a gene is linked to ND, the corresponding
italicized gene name will also be indicated in brackets if it is
different from the protein name.

Protein misfolding and aggregation of disease-associated
proteins is facilitated by mutations and posttranslation modi-
fications (e.g., phosphorylation and protein cleavage) that avert
formation of the native protein structure, while in some other
cases misfolding can also seemingly occur sporadically,
without yet a clear explanation. Aggregation is first typically
initiated by a seed or/and an oligomer, in which sequence-
specific elements of the misfolded protein interact to adopt a
non-native conformation, which can then convert other pro-
teins into the toxic form. In many cases, the oligomerization of
misfolded proteins leads to the formation of amyloid fibrils
with a distinctive β-sheet structure that arise when soluble
oligomers begin to assemble into small protofibrils (10). When
more proteins are converted into the non-native forms, these
protofibrils become longer fibrils that can then form larger
cellular inclusions visible by light microscopy. Recently, it has
been proposed that oligomerization may be favored by liquid–
liquid phase separation of aggregation-prone proteins (11)
(Box 1). Moreover, it is now also evident that there are
different polymorphs for most amyloid fibrils in vitro and
in vivo (polymorph is a term used to indicate the capacity of a
polypeptide to generate fibrils with different structures)
(12, 13).

Protein aggregation can cause a series of deleterious events
in the cell. First, it will typically lead to a loss of function of the
aggregated protein and can then also affect other cellular
components that normally form protein–protein interactions
(PPIs) with the natively folded protein. In some cases, these
interacting proteins will also coaggregate. For each
Box 1. Liquid–liquid phase separation

Conventional mechanisms for aggregation of many disease-related prot
increasing attention has been given to the role of liquid–liquid phase separati
environment where the aggregation process may be accelerated. LLPS occurs w
interactions with solution to the extent that the entropic cost of demixing is ov
many cellular membraneless organelles (MLOs) have been shown to exhibit l
environment, deforming under sheer force and fusing (394–396). This led to
of LLPS in cellular processes, changes in the properties of phase-separated g
emerging as a common property of disease-associated proteins. Over time, p
The vitrified state consists of thioflavin-positive aggregates for many of the di
the presence of polyanionic molecules or RNA-binding proteins such as T-cel
of disease-associated mutations in tau promote its phase separation and acce
thioflavin-T–positive fibrils (398–401). The phase-separation of α-syn requ
However, α-syn localizes to droplets formed by tau through interaction of its
rich region of tau (403). The link between phase-separation and neurodegen
RNA-binding proteins have been implicated. RNA-binding proteins are compo
as intrinsically disorder regions (IDRs) are important for driving the phase sep
phase separation and influence the morphology and dynamics of the resultin
complexity domains of the RNA-binding proteins FUS, TIA1, heterogeneous n
to solid transition of phase-separated granules in vitro with many eventually
influence pathology by disrupting granule functions and trapping RNA-bin
complexity domains are characteristic of HTT that phase separates through
polyQ expansion (411, 412). With increasing polyQ length, HTT phase sep
clusions eventually convert to solid and irreversible structures. Interestingly
reduces its ability to phase separate, as well as reduced the rate of fibril for
disease-associated proteins are intertwined and potentially play a major role
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aggregation-prone protein discussed later, we review some of
the main known PPIs and briefly discuss their physiological
relevance. In several cases, we also underline how some
disease-specific mutations may impact these PPIs, especially if
this is also linked to aggregation.

In addition, aggregation-prone species can mediate a toxic
gain of function due to their ability to engage in aberrant and
nonphysiological interactions with different cellular compo-
nents that would not normally occur (14). Notably, acute or
chronic exposure to stress conditions can lead to the unrav-
eling of buried, hydrophobic, and aggregation-prone regions,
even in unrelated proteins, thereby inducing their coag-
gregation with pathogenic polypeptides (15). These gained
PPIs can often perturb the normal function of affected pro-
teins. For instance, all the reviewed proteins, in their aggre-
gated form, can interact with mitochondrial proteins resulting
in disrupted mitochondrial function. These mitochondrial
perturbations are reviewed in more detail in each chapter due
to their evident centrality in ND. In addition to interfering
with other proteins, aggregated proteins and small protofibrils
can also interact with and disrupt cell membranes, which will
then exacerbate cytotoxicity (15, 16). As the aggregating pro-
teins can be arranged in different polymorphs, each form may
impact the cell differentially, depending on their ability to
propagate and to interact with other cellular components.
Interestingly, the cellular environment may dictate which
conformation is favored, which in turn could impact how the
disease will spread (17).

To deal with the challenges posed by aggregation-prone
proteins, human cells developed coping mechanisms that
largely rely on the protein homeostasis network. Molecular
chaperones are central components of this network that
maintain protein homeostasis (a.k.a. proteostasis) by facili-
tating protein folding and disaggregation, as well as by
targeting misfolded products for degradation (18). Different
eins proceed through protein misfolding and oligomerization. Recently,
on (LLPS) in this process. Phase-separated droplets provide a concentrated
hen the interactions between molecules in solution are stronger than their
ercome and a condensed phase is formed (393). Beginning with P granules,
iquid-like properties such as exchanging components with the surrounding
the hypothesis that MLOs form through LLPS. While there is a crucial role
ranules have been linked to NDs. The ability to phase separate in vitro is
hase separated granules can mature into more solid, glass-like states (397).
sease-associated proteins discussed here. Phase separation of tau occurs in
l intracellular antigen 1 (TIA1) (398, 399). Phosphorylation or the presence
lerate the conversion from the liquid-like to solid state eventually forming
ires nonphysiological conditions or long periods of time in vitro (402).
negatively charged C-terminal domain with the positively charged proline-
eration is particularly clear in the case of ALS, where mutations in several
nents of many MLOs, and it is thought that their structural properties such
aration of these granules. The interaction between IDRs and RNA can drive
g protein–RNA granules (404). ALS-associated mutations in IDRs or low-
uclear ribonucleoprotein A1 (hnRNPA1), and TDP-43 accelerate the liquid
forming thioflavin-T–positive inclusions (405–410). These transitions may
ding proteins and elements of the translational machinery (405). Low-
weak hydrophobic interactions between its proline-rich region and the

arates more quickly and at lower concentration. The phase separated in-
, the protein profilin interacts with HTT at its proline-rich domain and
mation (413). This highlights how PPIs and phase separation behavior of
in neurodegeneration.



Box 2. Affinity purification mass spectrometry

Affinity purification mass spectrometry (AP-MS) typically refers to the enrichment and isolation of a particular protein (i.e., bait) and its interaction
partners (i.e., prey) using a coimmunoprecipitation method (414, 415). This can be done by the exogenous expression of the bait fused to an affinity tag or
by the immunoprecipitation of the endogenous protein with a specific antibody. Antibodies are immobilized on resins such as magnetic or agarose beads
and exposed to cellular lysates followed by their retrieval and washing, prior to the elution and digestion of coimmunoprecipitated proteins for shotgun
proteomics. Exogenous expression of a bait protein with an epitope tag such as FLAG or HA tag has the advantage of not requiring an antibody for each
specific protein. Therefore, the approach can be applied to multiple tagged baits and allow a better control of nonspecific interactions, which are different
for each antibody. However, the overexpression of the bait can also lead to false identifications that would not occur at endogenous levels and the tag itself
could perturb the bait function. Isotopic antibodies or transfection of the epitope tag alone or fused to other unrelated proteins are typically used as
negative controls. Initial efforts to decrease nonspecific background focused on a dual purification scheme (416), but it tends to favor the identification of
more stable protein complexes. Alternatively, large scale studies have taken advantage of the AP-MS of other unrelated baits to determine high-
confidence interactors (417, 418). These approaches, alongside with more sensitive instruments, have helped to greatly expand PPIs.
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cellular pathways can be used to eliminate toxic misfolded
proteins, directing them either to the ubiquitin–proteasome or
the lysosomal system. Furthermore, the cell displays a pro-
tective mechanism that can drive the formation of larger
noncytotoxic, or less toxic, inclusions, hence lowering the
cytotoxicity of smaller protofibrils via sequestration (19).
Nevertheless, the aberrant interactions of aggregating proteins
we described previously can also extend to the protein quality
control network itself. These can cause deleterious effects by
trapping chaperones and reducing the pool of chaperones
available for other critical functions, thereby impairing pro-
teasome function and potentially exacerbating the accumula-
tion of aggregated proteins and their cytotoxicity (20, 21).
Understanding how the components of the proteostasis
network are affected during disease progression could reveal
strategies for the treatment of NDs.

The functional characterization of many aggregation-prone
proteins associated with NDs has so far proven to be a major
challenge. In some cases, the function of the aggregation-
prone protein remains to be fully elucidated. Furthermore,
the contributing role of the genetic modifiers of ND-causing
genes is often poorly understood. Few studies have systemat-
ically analyzed the similarities between affected proteins
causing the main types of NDs. Therefore, we decided to
review past work, first by interrogating the PPI networks
(PINs) around the proteins associated with NDs and then by
carefully examining how each of these aggregation-prone
proteins interacts with the protein homeostasis network and
the mitochondria, in order to gain a general view of how the
progression of neurodegeneration may impact the cells and to
determine any commonalities between these diseases.
Box 3. Proximity labeling

Proximity labeling of interacting proteins relies on the fusion of the bait
quickly labels lysine residues of nearby proteins in living cells. The main meth
biotin identification (BioID) and engineered ascorbate peroxidase (APEX), w
respectively. After cell lysis, biotinylated proteins can then be enriched using s
streptavidin, on bead digestion is typically used (419). The BioID approach i
reduces affinity for biotin-AMP, making it a more promiscuous biotin ligase
evolution was used to generate the TurboID and miniTurbo (28 kDa) (421, 4
24 h, while TurboID and miniTurbo produce strong biotinylation after 10 to 2
formation of substrate radicals from H2O2 (423). The APEX protein was origin
for proteomic studies by using biotin phenol as a substrate for labeling protein
et al. identified APEX2 that has an enhanced activity (426). Labeling with APE
resolution than BioID, but it may lead to higher nonspecific signal if not car
Building networks
Identification of PPIs of proteins associated with neuro-

degeneration was in first guided by knowledge of genes asso-
ciated with the diseases and the initial characterization of
components enriched in protein aggregates, often using
immunochemistry. The elucidation of PPIs using targeted
approaches—customarily by assessing binding using coim-
munoprecipitation—still represents a large portion of our
knowledge related to aggregation-prone proteins in neuro-
degeneration. In most cases, the first unbiased searches to gain
better understanding of the role of these aggregation-prone
proteins or their binding partners were driven by the yeast
two-hybrid (Y2H) method, a technique that emerged over 25
years ago. Advances in PPI identification methodologies in the
past 2 decades, including improvement of mass spectrometry
instrumentation, have further unraveled a large portion of
human PINs, providing additional insights into the functions
of proteins involved in NDs. Major contributions to PINs
associated with NDs have come from proteomics studies that
rely on protein coimmunoprecipitation experiments, which are
commonly referred as to affinity purification mass spectrom-
etry (AP-MS) (Box 2), while proximity-labeling approaches
(Box 3) are becoming increasingly more popular.

AP-MS has contributed greatly to the mapping of PPIs and
several large-scale studies have significantly expanded our re-
positories. For instance, the laboratories of Drs Steve Gygi and
Wade Harper have now completed AP-MS experiments for
10,128 baits in a series of landmark studies (22–24). In addi-
tion to these monumental efforts, it is important to identify
how PINs may potentially adapt in the presence of disease-
associated mutations, especially in the context of the NDs
protein to an enzyme that generates a reactive, diffusible molecule, which
ods used in combination with mass spectrometry are proximity-dependent
hich rely on biotin-AMP reactive molecules and biotin-phenoxyl radicals,
treptavidin beads. Due to the strength of the interaction between biotin and
s based on a modified form of the Escherichia coli biotin ligase BirA that
(420). Later, a smaller biotin ligase was identified (BioID2) and directed

22). Both BioID and BioID2 are typically used with labeling times of 12 to
0 min. Ascorbate peroxidase is a plant-derived peroxidase that catalyzes the
ally developed for electron microscopy (424). Subsequently, it was adapted
s that are in close proximity to the bait (425). Using directed evolution Lam
X is typically carried out for 1 min or less providing much better temporal
efully controlled.
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that are examined here. Hosp et al. performed an extensive
characterization of the interactome of several NDs using
quantitative AP-MS to identify interactors of WT and disease-
associated mutations from PD, AD, HD, and SCA (25).
Notably, they identified a small number of interactors specific
to each bait in the presence of a disease-associated mutation
that were not found with their WT counterparts. Application
of this approach to more cell types and disease-associated
proteins will be crucial in uncovering how impacted PINs
within affected cells contribute to neurodegeneration.

Proximity labeling techniques offer complementary
approaches to AP-MS, especially when subcellular compart-
ments cannot be maintained or insoluble components cannot
be immunoprecipitated. By using the engineered ascorbate
peroxidase, Markmiller et al., not only determined the
composition of stress granules in neuronal cells but also
identified changes in stress granule composition in induced
motor neurons with ALS-associated mutations in C9orf72 and
HNRNPA2B1 ((26)). This study demonstrates the power of
proximity labeling in identifying potential mechanisms asso-
ciated with NDs. Similarly, proximity-dependent biotin iden-
tification (BioID) has been used to identify changes in
interactions with aggregation-prone proteins. Chou et al. used
BioID to identify interactors of TDP-43, including interactors
specific to the aggregated form (27). Additionally, BioID has
been applied to other disease-associated proteins such as
cyclin F (also associated with ALS) and α-syn (28, 29).
Importantly, interaction studies have also been applied in the
absence of disease models to map the underlying proteostasis
network. Piette et al. used a combination of BioID and AP-MS
to map the interactors of J-domain proteins and heat shock
protein (Hsp) 70s (30). This builds on previous work identi-
fying interactors of chaperones by AP-MS (31) and demon-
strates the importance of using these complementary
techniques in characterizing PINs.

In addition to protein mass spectrometry, Y2H and other
protein complementation assays continue to be used for spe-
cifically identifying binary interactions. Haenig et al. recently
performed an extensive Y2H screen using nearly 500 bait
proteins related to NDs (32). Focusing on inherited
ND-causing proteins, they constructed disease-specific net-
works and validated hits from these networks in patient
samples. The ability to study interactions of protein fragments
in Y2H has led to specific understanding of differences in PPIs
between various disease-associated mutations in α-syn, HTT,
and ataxias (33–35). Proximity ligation assays are also often
used to verify that a given PPI occurs in a specific location in
the cell or when one of the components cannot be easily
assessed using other biochemical approaches (e.g., coimmu-
noprecipitation). Protein arrays can also be used to probe PPIs
and were used to identify interactors for oligomerized α-syn
and Aβ (36, 37). While these techniques are not currently
widely employed, they offer some unique abilities to probe
PPIs in the context of NDs.

In this review, we focused on six well-known disease-asso-
ciated proteins that drive aggregation in AD, PD, HD, and ALS
(Table S1). For each of the selected protein, we first examined
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the interactomes (i.e., the ensemble of proteins forming PPIs)
that were available in the BioGRID database that included over
714,000 nonredundant human PPIs at the time of writing this
review (38). Because a large number of PPIs are reported for a
given protein, we initially emphasized mostly PPIs that were
reported in multiple independent studies or assessed using
different methods, to gain confidence of their potential sig-
nificance and reduce unspecific hits (Table S1). For instance,
there are 554 unique interactors reported for α-syn, but only
18 interactors were characterized in at least four independent
observations. We also referenced additional PPIs that were
either not yet annotated in BioGRID or placed low in the
aforementioned ranking, whenever the PPI association to ND
was particularly relevant to a specific area examined in this
review. For this analysis, we considered work done in either
human or mice. Some proteins known to aggregate such as the
major prion protein (PrP) and poly-GA polypeptides translated
from C9orf72 with expanded GGGGCC repeats were omitted
from this analysis due the relative paucity of information in
comparison to other aggregation-prone proteins. For each
main ND, we described PPIs with selected aggregation-prone
proteins with an emphasis on the elements and events trig-
gering pathogenesis. Whenever possible, we compared both
the physiological role of the WT protein and the features
distinguishing it from the disease-associated variants. More-
over, we emphasize in each section the PPIs with the proteo-
stasis network and mitochondria. To conclude, we reflect upon
the challenges associated with our efforts and outline possible
future directions aimed to better handle and integrate the
ever-growing PPI databases in the context of NDs.
Alzheimer’s disease

AD is the leading cause of dementia and the most frequent
ND that is characterized by amyloidogenic proteins in the
brain (7). To date, there are no treatments that prevent or slow
down the disease. The progression of the disease leads to
neuronal loss over time. A potential cause is the accumulation
of extracellular deposits of Aβ in plaques and intraneuronal
neurofibrillary tangles (NFTs) rich in hyperphosphorylated
microtubule-associated protein tau. An initial spike of Aβ
levels and a loss of its cellular catabolism is postulated to be
the triggering event that leads to the formation of senile pla-
ques and results in the development of the first clinical
symptoms within years or decades (7). Recent findings suggest
that, although misfolded tau and Aβ are deposited in different
brain regions, both phenomena are synergetic in AD (39).
However, the exact molecular pathways linking tau and Aβ to
neurodegeneration are yet to be fully elucidated.

APP is a cell surface receptor and a type I transmembrane
precursor protein proteolytically cleaved into a variety of
shorter peptides by the transmembrane proteases α-, β-, and
γ-secretases. The majority of peptides are nonamyloidogenic
products of APP cleavage by α-secretase (ADAM10) and
γ-secretase: sAPPα and p3 are released extracellularly and the
APP intracellular C-terminal domain (AICD) is released in the
cytosol (Fig. 1). AICD then forms a transcriptionally active



Figure 1. Amyloid β and Alzheimer’s disease. At the cell membrane, APP is predominantly cleaved into soluble fragments by α-, β-, and γ-secretases. In
the presence of disease-associated mutations, APP cleavage into Aβ fragments increases. Full-length APP also undergoes endocytosis, which influence its
processing. Aβ monomers can aggregate to form small soluble oligomers, then amyloid fibrils, and ultimately insoluble amyloid plaques. The extensive
processing of APP to Aβ in different subcellar localizations can impact the cell, such as disruption of mitochondrial function. In contrast, interaction with
chaperones can modulate oligomerization and aggregation and several proteolytic systems can promote proteolysis of Aβ extracellularly or of related
proteins in the cell. Aβ, amyloid-β.

JBC REVIEWS: Protein aggregation and neurodegenerative diseases
complex with the adapter protein Aβ precursor protein–
binding family B member 1 (APBB1) and the histone acetyl-
transferase KAT5 (lysine (K) acetyltransferase 5, TIP60) to
enhance transcriptional activation (24, 40, 41). Conversely, a
small fraction of the precursor protein APP undergoes a
different sequential enzymatic processing, generating short
amyloidogenic peptides (Aβ), which tend to oligomerize and
deposit forming the base of amyloid plaques observed in AD
patients’ brains. The first step in the formation of the Aβ
peptide from APP is catalyzed by the β-secretase 1 (BACE1) or
its paralog β-secretase 2 (BACE2) (Fig. 1). These cleave APP
after residue 671 generating sAPPβ, a long amino-terminal
soluble fragment for extracellular release and a correspond-
ing cell-associated carboxy-terminal fragment (β-CTF). β-CTF
is further processed by the γ-secretase, which catalyzes its
intramembrane cleavage and yields Aβ for secretion and AICD
for intracellular release (42–44).

AD is categorized in two subclasses according to the age of
onset of the disease: early onset forms of the disease are mostly
caused by mutations in the APP or presenilin genes (PSEN1
and PSEN2), while late onset is linked to other genes such as
APOE, discussed later, and other environmental factors (45).
Increased production of the amyloidogenic form of APP is
observed in familial AD-linked mutations of PSEN1 or PSEN2,
which encode the catalytic subunit of the γ-secretase complex
(46, 47). Because PSEN1 and its homolog PSEN2 directly affect
the protease activity of the γ-secretase required for the
production of Aβ, they represent major candidates for the
development of inhibitory or modulating drugs aimed at pre-
venting AD progression (48). Other components of the
γ-secretase complex affecting Aβ levels include presenilin
enhancer 2 (PEN2) and anterior pharynx-defective 1 (APH1),
both essential for the maturation of the presenilins, as well as
nicastrin, necessary for binding β-CTF (49–51). Mutations in
APP have been linked to the autosomal dominant form of AD,
with most of its mutations clustered in regions encoding
cleavage sites, which favor the generation of Aβ by faulty
processing of APP by β- or γ-secretase (52, 53). Other APP
mutations within the Aβ sequence increase the
self-aggregation tendency favoring amyloid fibril formation
(54, 55).

According to the most favored model of Aβ fibrillization,
once released, the Aβ monomers can undergo a conforma-
tional change shifting from a helical conformation to an
abnormal β-sheet structure. In this conformation, monomers
start assembling in small oligomers of 3 to 50 Aβ units, which
have an increased cytotoxic potential compared to monomeric
Aβ and larger insoluble fibrils (56). Some oligomers have
seeding activity, which can trigger polymerization of more Aβ
into protofibrils. Although protofibrils are still in equilibrium
J. Biol. Chem. (2022) 298(7) 102062 5
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with smaller oligomers, they can rapidly evolve into thermo-
dynamically stable fibrils, which can finally deposit in larger
insoluble aggregates, forming plaques (57, 58). The extracel-
lular accumulation of Aβ in neuritic plaques together with the
binding of soluble oligomeric Aβ to different exposed cellular
receptors has been proposed as a cause of neuronal toxicity in
AD. Such toxicity is proposed to derive from the disruption of
neuronal homeostasis, the internalization of Aβ leading to
cellular defects, and the induction of neurotoxic signals, which
can trigger mitochondrial dysfunction or endoplasmic reticu-
lum (ER) stress response (58).

There is a key interplay between plasma membrane proteins
that interact with APP or Aβ that impacts AD (Fig. 1).
Numerous studies aimed at characterizing the transport of Aβ
through the membrane identified low-density lipoprotein
receptor-related protein 1, 1B, 2, and 8 (LRP1, 1B, 2, and 8) as
major players in AD (59–62). The aforementioned LRPs
interact with a wide range of ligands, including Aβ, the
nontoxic precursor APP, and apolipoprotein E (also known as
apoE) (63, 64). By interacting with precursor APP, different
LRPs play opposing roles in its endocytosis. Whereas, LRP1B
retains APP at the cell surface and reduces Aβ peptide pro-
duction, LRP1 promotes fast endocytosis that results in an
increase of APP processing into Aβ (65). Binding of lipid-
carrying apoE to LRP8 was shown to recruit the adapter
protein Aβ A4 precursor protein-binding family A member 1
(APBA1) and APP, thereby inducing the endocytosis of APP in
neuroblastoma cells and leading to increased production of Aβ
(Fig. 1) (60). ApoE also plays a central role in AD by directly
binding to Aβ. Initially, apoE was shown to bind Aβ and to
promote fibrillization of Aβ, particularly isoform 4, which is a
major genetic risk factor for AD (66, 67). However, searches
for Aβ-binding proteins by affinity chromatography by Calero
et al. led to the identification of serum amyloid P component
(SAP) and apolipoprotein J (also known as clusterin) as the
main plasma interactors of Aβ, while apoE was only marginally
enriched (68). Subsequent work confirmed that only a small
amount of apoE was bound to Aβ in physiological conditions
but that does not preclude the importance of this interaction
(69). In fact, apoE has a role in Aβ clearance. Notably, presence
of LRP1 on brain microvascular endothelial cells plays a major
role to mediate the clearance of Aβ from the brain tissue
through the blood–brain barrier via transcytosis (70). Notably,
apoE interaction mediates delivery of Aβ to LRP1 and drives
its internalization (71). Nevertheless, other reports show that
apoE competes with Aβ for the interaction with LRP1,
resulting in the suppression of Aβ cellular uptake and clear-
ance (69). One important element is that different cell types
may have different ability to uptake Aβ. For instance, the
triggering receptor expressed on myeloid cells 2 (TREM2)
receptor on microglia cells that binds to apoE and clusterin has
been recently found to be involved in Aβ uptake (72). Inter-
estingly, clusterin is a small extracellular chaperone molecule
capable of inhibiting Aβ primary and secondary nucleation by
suppressing the elongation step of Aβ aggregation in vitro
(73, 74). The interplay with plasma membrane proteins and
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APP or Aβ is very complex and a major challenge is to
properly evaluate the importance of each PPI. This is partic-
ularly convoluted because multiple genes associated with AD
interact with the same protein (e.g., LRP1), the animal models
do not perfectly mimic human pathology, and the perturbation
of a gene can have different effect in different cell types. For
instance, isoform 4 of apoE that is major genetic risk factor for
AD in humans is not present in mouse, and the disruption of a
LRP can affect APP catabolism in neurons, while it can impact
transcytosis in endothelial cells.

Interactions between APP or Aβ with the proteostasis
network also play a major role in regulating levels of the
different components involved in Aβ production and its olig-
omerization. Alongside the binding of Aβ to plasma transport
proteins, extracellular proteolysis of Aβ prevents its accumu-
lation in the brain (Fig. 1). Aβ can be degraded by four major
zinc metalloendopeptidases; including neprilysin (MME),
endothelin converting enzymes 1 and 2 (ECE1/2), or insulysin
(IDE) (75–77); or the serine protease plasminogen/plasmin,
which can degrade both monomeric and fibrillar Aβ, thereby
reducing its toxicity (78). Other proteases with Aβ-degrading
activity are the matrix metalloproteases 2 and 9 and the
ADAM30-activated cathepsin D (79, 80). In addition to
generating Aβ, regulation of APP levels by different cellular
proteolytic machineries also plays a major role in AD. For
example, ubiquitin ligase ubiquitin-conjugation factor E4 B
(UBE4B) can help mediate endocytosis of APP via its ubiq-
uitination, thereby impacting Aβ levels (81). While UBE4B
levels are not affected in AD, elements of the endosomal
sorting complex required for transport (ESCRT) machinery
that further direct endosome trafficking downstream of
UBE4B are found expressed at lower levels in AD patients.
Importantly, downregulation of ESCRT components and
UBE4B leads to higher levels of Aβ production in primary
neurons. F-BoX LRR-repeat protein 2 (FBXL2), which is one of
the substrate adapters of the Cullin RING ligase 1 (CRL1)
ubiquitin ligase, was also shown to interact with APP, and its
overexpression in mice reduced levels of Aβ (82). C terminus
of Hsc70-interacting protein (CHIP, also known as STUB1) is
a E3 ligase that has been shown to target a variety of misfolded
proteins for proteasomal degradation. Notably, CHIP binds to
both APP and Aβ (83). In addition, CHIP also influences Aβ
metabolism by targeting the β-secretase for degradation (84).
Interestingly, knockdown of CHIP does not lead to higher
levels of APP but reduces the ability of Hsc70 or Hsp70 to
interact with APP (83). Earlier proteomic work had shown that
several chaperones can bind to cytosolic portion of APP and
Aβ, including Hsc70, Hsp90, and especially the small Hsp
αB-crystallin that was strongly enriched following affinity
purification from brain lysates (85). Interestingly, αB-crystallin
interacts with the Aβ fibrils and aggregation-prone misfolded
proteins using two different interfaces, indicating that this
chaperone has developed distinctive functions (86). A recent
study using AP-MS and proximity labeling with molecular
chaperones led to the identification of multiple APP inter-
actors such as several components of the Hsp40 family



Figure 2. Tau and Alzheimer’s disease. Tau associates to the cytoskeleton
components. However, in a hyperphosphorylated state, tau can oligomerize
and lead to the deposition in NFTs. Chaperones and components of the
ubiquitin proteasome system help prevent the aggregation process. NFT,
intraneuronal neurofibrillary tangle.
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(DnaJB12, DnaJC25, DnaJC30, and DnaJC5) and Hsp70s
(HSPA13 and HSPA5) (30). Note that there are 11 human
genes encoding for HSP70, and whenever possible we also
provide their gene names. This work provides a greater view of
the extent of possible PPIs, and together with additional
studies it portrays a more refined view on how APP is handled
by the protein homeostasis network (Fig. 1). For instance,
DnaJC30 and DnaJB6 were also identified as interactors of
soluble Aβ oligomers in two different studies using human
protein microarray technology (37, 87). Notably, DnaJB6 can
capture Aβ oligomers and prevent primary nucleation (88, 89).
In contrast, DnaJB12, which was also identified as an interactor
of APP-K670N/M671L, the so-called Swedish mutation linked
to familial AD, acts as a cochaperone with Hsc70 (HSPA8)—
also shown to interact with APP—to promote protein folding,
trafficking, and prevention of aggregation (25, 90, 91). Inter-
action with the proteostasis network within the cell may be key
to alleviating Aβ cytotoxicity, especially in relation to mito-
chondria and perhaps to tau aggregation (see later).

Mitochondrial dysfunction is considered a hallmark of many
NDs and AD is no exception. Precursor APP is mainly local-
ized to plasma membrane and ER via its ER-targeting
sequence in amino acids 1 to 35; however, as it contains a
cryptic mitochondrial targeting sequence between residues 36
to 67, it can also be recruited to the mitochondria (Fig. 1) (92).
There it becomes stuck with the cytosolic carboxy terminus
associated to the mitochondrial translocase of the outer
membrane 40 (TOM40), and the amino terminus is fully
imported in the matrix (93, 94). In this conformation, it
interacts with other mitochondrial membrane proteins and
obstructs the TOM channel, impairing mitochondrial protein
import (95). An example of affected mitochondrial proteins is
leucine-rich PPR-motif–containing protein (LRPPRC), which
is linked to multiple cellular functions including maturation
and export of nuclear mitochondrial mRNA (25). Analysis of
amyloid plaques from AD patients confirmed that LRPPRC is
not found extracellularly, whereas proximity ligation assays in
cells and cell fractionation indicated a distinctive mitochon-
drial colocalization for both APP and LRPPRC (25, 96).
Furthermore, LRPPRC has been found to interact intracellu-
larly with early onset AD variants of APP and to induce
mitochondrial dysfunction by the dysregulation of mitochon-
drial gene expression, specifically genes encoding subunits of
complex I and complex IV (25, 97, 98). A similar but more
direct effect on inner-membrane complexes is observed with
internalized toxic Aβ, which can accumulate within the inner
mitochondrial membrane and affect complex IV activity (99).
Mitochondrial dysfunction is further confirmed in various
cellular, transgenic, and human AD models where mitochon-
drial localization of WT or mutant APP disrupts mitochon-
drial dynamics, reactive oxygen species (ROS) generation, and
energy state, as well as causes a loss of membrane potential
(95, 100, 101).

In addition to the major contribution of Aβ in AD,
microtubule-associated protein tau is another key player that
aggregates. Tau is an intrinsically disordered protein that
regulates microtubule stability in neurons. In addition to AD,
aggregation of tau is observed in numerous NDs communally
termed tauopathies. Notably, numerous tau autosomal domi-
nant mutations that are located near the microtubule-binding
domain and promote aggregation have been associated with
frontotemporal dementia (102, 103). While phosphorylation
plays a role in regulating tau function, tau is found hyper-
phosphorylated in NFTs (Fig. 2). Notably, phosphorylation
events can modulate both PPI and the aggregation propensity
of tau in a complex manner. For instance, whereas 14-3-3ζ
interacts with unphosphorylated tau and promotes its aggre-
gation, tau phosphorylation on S134 increases 14-3-3ζ affinity
but, in this case, reduces tau aggregation (104, 105). Other
phosphorylation events have been shown to promote aggre-
gation, and several of these posttranslation modifications are
only identified in the context of neurodegeneration (106).
Especially, several kinases have been proposed to promote tau
aggregation like glycogen synthase kinase-3 (GSK3), casein
kinase 1/2 (CK1/2), leucine-rich repeat kinase 2 (LRRK2,
PARK8) and Fyn, and many have been considered as candi-
dates for potential AD therapeutics (107–110). For instance,
inhibition of cyclin-dependent kinase 5 (CDK5) that interacts
with tau restores long-term potentiation in mice indicating it
may mitigate some AD traits (111). However, an effective
compound has yet to be identified, and other approaches may
need to be taken in consideration to successfully treat AD by
taking in account other PPIs. Screens for tau-interacting pro-
teins in transgenic mice expressing WT human tau led to the
identification of new interactors like the adapter protein of
neuronal nitric oxide (NO) synthase CAPON (carboxyl-ter-
minal PDZ ligand of neuronal NO synthase protein), which
can induce tau aggregation and links tau pathology to the
production of NO (112). Lowering CAPON levels could sup-
press tau pathology. Moreover, cell survival could be achieved
J. Biol. Chem. (2022) 298(7) 102062 7
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by ensuring prevention of tau deposition or clearance of
hyperphosphorylated tau intracellularly. Components of the
ubiquitin system like E3 ligases CHIP, membrane-associated
ring-CH-type finger 7 (MARCH7), and the E2 enzyme
ubiquitin-conjugating enzyme E2 W (UBE2W) are in place to
promote ubiquitination of tau and the removal of its oligomers
by the proteasome (113–115). Hsp70/Hsc70s (HSPA8, HSPA4,
HSPA1A) and Hsp90s (HSP90AA1) interact with amyloid
structures to, in cooperation with DnaJ proteins or BAG family
molecular chaperone regulator 1 (BAG1), modulate their
assembly and disassembly or promote client tau degradation
(116–121). Notably, Hsp70 prevents formation of tau aggre-
gates alongside the DnaJA2 and DnaJB1 cochaperones
(121–123). Interestingly, recent work shows that, while
DnaJA2, DnaJB1, and Hsc70 all bind to the same tau region,
Hsc70 binds preferentially to the monomeric tau, DnaJB1
binds to the oligomerized form, and DnaJA2 binds to both
(124). Another recent proteomic study revealed that DnaJC7 is
yet another cochaperone that interacts with tau (125). In this
case, the cochaperone specifically binds with higher affinity to
the natively folded tau, and this interaction is thought to
stabilize the native conformation to prevent aggregation. In
addition, the small HSP Hsp27 (HSPB1) can also delay for-
mation of tau aggregates via a weak interaction with the small
fibrils (126). These studies illustrate how different elements of
the proteostasis network exert distinct but complementary
roles to prevent protein aggregation in the cell.

The “relationship” between Aβ and tau in AD is still a
matter of debate. Earlier work showed that Aβ can directly
induce tau aggregation in vitro and that it may enhance tau
phosphorylation (127, 128). However, it is still unclear how Aβ
promotes the formation of NFTs, especially since aggregate
deposition occurs in different brain regions. There are two
important elements: (1) the pattern of NFT deposition in AD
has a clear correlation with the disease severity and is actually
used to define the six different Braak stages to describe the
disease progression (Braak stages are also used in PD, where it
follows the spread of α-syn aggregation rather than NFT) and
(2) there is now increasing evidence that Aβ formation pre-
cedes tau aggregation. For instance, specific phosphorylation
events on tau coincide with Aβ formation up to 2 decades
before other sites are phosphorylated and tau aggregation
begins (129). In addition, Aβ plaque favor an environment for
rapid spreading of tau aggregates (130). Recent work also
suggests that microglial cells activated by Aβ may play an
important role in promoting phosphorylation of tau, notably
via the activation of the p38 mitogen-activated protein (MAP)
kinase (131). In addition, isoform 4 of apoE, associated with
increased risk of AD, also aggravates tau aggregation (132). We
will likely continue to refine our understanding of the interplay
between Aβ and NFTs in the upcoming years. This relation-
ship is key to a better comprehension of AD etiology and
strategies for therapeutics.

Parkinson’s disease
PD is the second most common ND and is characterized by

motor abnormalities and neuropsychiatric disturbances derived
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from selective degeneration of dopaminergic neurons in the SN
(8). Approximately, 85% of PD cases are sporadic, whereas the
remaining 15% represent autosomal dominant or recessive fa-
milial PD cases linked to genetic factors (133). At present,
mutations in over 19 genes have been associated with PD
development, including those encoding α-syn (SNCA/PARK1),
parkin (PRKN/PARK2) E3 ubiquitin ligase, PTEN-INduced
kinase 1 (PINK1, PARK6), deglycase DJ-1 (PARK7), and
LRKK2 (PARK8) (133, 134). Among them, α-syn is the most
extensively studied, followed by parkin. However, as none of
these PD-associated genes has a 100% penetrance, one of the
prevalent models involves a synergistic action between multiple
factors causing both familial and sporadic PD (133). We will
mostly discuss PPIs with α-syn, as well as summarize parkin/
PINK1 function in this review.

The presence of Lewy bodies (LBs) in some neuronal tissues
is a key feature of PD. LBs are protein-rich inclusions that
contain α-syn among potentially more than 100 different
proteins (135). Despite the high concentration of α-syn in
neurons, these toxic inclusion bodies do not occur in healthy
individuals. Several SNCA mutations and gene duplication
events are linked to rare cases of familial PD and promote
α-syn fibril formation. In addition to PD, dementia with LBs
and multiple system atrophy are the main synucleinopathies
characterized by the presence of α-syn inclusions. Identifying
and understanding the cellular mechanisms in place to reduce
accumulation and propagation of misfolded α-syn in the brain
will likely play a major role in the design of therapeutics to
prevent synucleinopathies and slow down the progression of
PD. Recent structural analyses provided new insights into
α-syn fibril structures (136, 137). Interestingly, PD-linked
point mutations in α-syn are all predicted to impact the
fibril structure. Notably, α-syn A53T fibrils have a smaller
interface in comparison to fibrils generated with WT α-syn,
which may explain why these fibrils are less stable thereby
promoting seeding propagation (138). Similarly, E46K causes a
distinct conformation that is less stable in some experimental
conditions (139, 140). One key element will be to distinguish
whether some of these polymorphs may cause a gain of
cytotoxicity by forming new protein interactions.

While the exact physiological function of α-syn is still
debated, there is increasing evidence that it plays a role in
regulating the homeostasis in synaptic vesicles owing to its
ability to bind to multiple synaptic proteins and the cell
membrane (Fig. 3A). α-Syn is a small intrinsically disordered
protein of 140 amino acids that is localized in presynaptic
termini. In its monomeric form, it regulates synaptic vesicle
trafficking and subsequent neurotransmitter release, by
increasing local calcium release from microdomains to
enhance ATP-induced exocytosis (141). In its multimeric
membrane-bound state, it supports the assembly of the
SNAREs synaptic fusion components at the presynaptic
plasma membrane, a function that becomes crucial during
aging (142). α-Syn interacts with several cytoskeleton com-
ponents. Both α/β tubulins have been found to bind α-syn in
AP-MS experiments with human brain samples from PD
patients and to colocalize with α-syn-positive pathological



Figure 3. α-Synuclein and Parkinson’s disease. A, α-syn regulates synaptic vesicles and neurotransmitter release, which is disrupted upon oligomerization
and aggregation. Higher levels of α-syn promotes oligomerization and several pathways control α-syn proteolysis (see also panel B). B, accumulation of
misfolded α-syn leads to oligomerization and formation of insoluble amyloid fibrils and Lewy bodies. Several chaperone proteins can modulate α-syn
aggregation or promote degradation. C, PD-related mutations alter mitochondrial function. Disruption of normal parkin or PINK1 activity by familial PD-
associated mutations leads to impaired clearance of defective mitochondria. Direct interactions between mutant α-syn and mitochondrial proteins
drive the formation of ROS and alter membrane potential. PD, Parkinson�s disease; ROS, reactive oxygen species.
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structures (143). As well, α-syn binds tau, and both proteins
have a synergetic effect toward their polymerization into fibrils
(144, 145). In a recent study, in which PPIs of a subset of
LB-localizing proteins were assessed using a combination of
nanobead luminescence and two-color coincidence detection
assays, tau was shown to bind more strongly to preformed
α-syn fibrils rather than to monomeric and oligomeric α-syn
(146). In addition to its association with the microtubular
network, α-syn has also been found to associate with dopamine
transporter 1 (DAT1), and may thereby regulate dopamine
neurotransmission by modulating DAT1 levels at the cell
surface by tethering the transporter to microtubules
(147–149). The interaction of DAT1 with the familial
PD-linked α-syn A30P mutant is enhanced compared to the
WT, thereby decreasing DAT1 surface expression and activity
(150). In addition to mutations, posttranslation modifications
can also impact PPIs. Notably, α-syn phosphorylated on S129
is found enriched in LB where it accumulates upon progres-
sion of the disease (151, 152). While the impact of S129 on PD
is not yet fully elucidated, it can clearly induce multiple effects
(153). In a comparative proteomic study using different α-syn
peptides, McFarland et al. showed that different subsets of
interactors are affected depending on whether α-syn is phos-
phorylated (154). Nonphosphorylated α-syn coprecipitates
with protein complexes enriched for mitochondrial proteins
(many in complex I), whereas phosphorylation on either S129
or Y125 leads α-syn to interact with more cytoskeletal and
vesicular trafficking proteins. In addition, oligomerization of
α-syn can also lead to novel nonphysiological PPIs. For
instance, Tanudjojo et al. recently showed that upon formation
of fibrils, there is a gain of interaction with DJ-1 (155). Notably,
KO of DJ-1 also increases the aggregate-induced cytotoxicity,
which illustrates how a gain of interaction may aggravate the
outcome at the cellular level.

The interaction between α-syn and the proteostasis network
plays a major role both to promote normal function of α-syn
and to prevent toxic gain of function interactions. Interactions
with Hsc70/Hsp70, Hsp90, and small HSP αB-crystallin have
been shown to reduce oligomerization of α-syn in vitro
(Fig. 3B) (156–159). In addition to preventing oligomerization,
other chaperones can also display disaggregase activity and
disassemble α-syn fibrils. This is the case with DnaJB1, Hsp70,
and the Apg2 nucleotide exchange factor that convert
cytotoxic fibrils to nontoxic monomeric α-syn in an ATP-
J. Biol. Chem. (2022) 298(7) 102062 9
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dependent manner (160). Another molecular cochaperone,
DnaJB6, has been shown to suppress the aggregation of seeded
α-syn in cells and in animal models of PD (146, 161–163).
Different chaperone proteins can bind to different populations
of misfolded α-syn. Notably, while the small HSP αB-crystallin
preferably binds to seeding oligomers, DnaJB6 interacts
instead with assembled fibrils (146). Distinctly, recent work
using in-cell nuclear magnetic resonance indicates that a
majority of monomeric α-syn could be bound to chaperone
proteins inside the cell (164). Interestingly, the binding of
α-syn to chaperones and cell membranes is mutually exclusive,
as it is mediated via the same N-terminal region of α-syn.
Protein mass spectrometry confirms that a large portion of
PPIs with that N-terminal region of α-syn are with chaperone
proteins. Therefore, inhibition of chaperone interactions
increases localization of α-syn at cellular membranes,
including with mitochondria, and the aggregation of α-syn.
The equilibrium between free-state, membrane-bound, and
chaperone-bound α-syn is likely to play a major role in PD
etiology (Fig. 3B). Notably, phosphorylation of α-syn Y39, a
posttranslation modification that increases with the severity of
the PD and is found in LB, perturbs both the interactions with
chaperones and cell membranes, and could therefore greatly
accelerate α-syn aggregation (164–166).

As SNCA gene duplication is linked to PD, regulation of
α-syn levels in the cell likely plays a major role in the etiology.
A subset of α-syn is ubiquitinated in LBs, indicating that
ubiquitination may play an important role in regulating α-syn
levels (167). Several ubiquitin ligases have been found to
mediate α-syn ubiquitination (Fig. 3A). Parkin E3 ligase was
first shown to coimmunoprecipitate with and ubiquitinate
glycosylated α-syn (168). Parkin was also subsequently shown
to ubiquitinate synphilin-1 (SNCAIP), a protein that interacts
with α-syn and is enriched in LBs (169). However, subsequent
work on parkin has been more focused on its role with PINK1
in regulating mitophagy, a specialized autophagy process in
which defective mitochondria are targeted to lysosomes (see
later) (170). Instead, more attention was given to other E3
ubiquitin ligases that may potentially conjugate α-syn. The
Seven In Absentia Homolog (SIAH) 1 and 2 E3 ubiquitin
ligases were shown to ubiquitinate α-syn, which also promotes
its aggregation (171). In contrast, the deubiquitinating enzyme
ubiquitin-specific peptidase 9 X-linked (USP9X) interacts with
ubiquitinated α-syn, and downregulation of USP9X accelerates
turnover of α-syn in a proteasome-dependent manner in tissue
culture cells indicating that ubiquitin, in this case, promotes
turnover—and not aggregation—of α-syn (172). Similarly,
ubiquitin-specific peptidase 8 (USP8) is another deubiquiti-
nating enzyme that interacts and reduces turnover of α-syn
and is enriched in LBs with less ubiquitinated α-syn in the SN
(173). Downregulation of USP8 promotes the accumulation of
K63 polyubiquitin chains on α-syn and its lysosomal degra-
dation (K63 polyubiquitin chains are typically not associated
with proteasomal degradation). The neuronal precursor cell-
expressed developmentally downregulated 4 (NEDD4) E3
ligase that binds to the C-terminal region of α-syn promotes its
targeting to the lysosomal pathway, a pathway that was found
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“druggable” as it mitigates α-syn cytotoxicity (174, 175). In
addition to the ubiquitination of the monomeric α-syn, other
E3s have been shown to target or affect α-syn fibrils. The CHIP
E3 ligase, which also targets tau and accumulates in LBs, can
reduce the accumulation of oligomerized α-syn in tissue
culture cells (176). CHIP is recruited to preformed fibrils
internalized in tissue culture cells. Crosslinking coupled to
mass spectrometry experiments show that the interaction with
the fibrils is at least mediated by CHIP U-box that recruits the
E2 ubiquitin-conjugating enzyme (177). The potential role of
this E3 enzyme in regulating α-syn is convoluted, as CHIP also
binds Hsp70 via its tetratricopeptide repeat domain. For
instance, while CHIP can ubiquitinate α-syn in vitro and in
transfected cells, this activity is inhibited by BAG5, which is
recruited via Hsp70 (178). The impact of CHIP on α-syn
regulation would need to be carefully re-evaluated as many
initial experiments relied on transient transfection and over-
expression in tissue culture cells. More recently, the CRL1 E3
ligase with F-box/LRR repeat protein 5 (FBXL5) was shown to
interact with α-syn fibrils that were taken up by cells (179).
Different components of CRL1 colocalize with internalized
α-syn fibrils that form inclusions, especially after rupture of the
lysosome. Cullin-1, the main scaffold component of CRL1, is
required to mediate α-syn ubiquitination and downregulation
of different components of CRL1, including the substrate
adapter FBXL5, leads to an increased accumulation of inter-
nalized α-syn in tissue culture cells. Remarkably, down-
regulation of FBXL5 or Skp1 (another component of CRL1) in
mice allows more spreading of LB-like pathology upon
administration of exogenous α-syn fibrils in the ipsilateral
brain region, where expression of the E3 components was
targeted by a lentivirus. Collectively, past and emerging work
indicate that there are multiple E3 ubiquitin ligases that can
regulate cellular α-syn levels, whether it is in its monomeric
form or assembled in fibrils.

Several additional pathways have been implicated in the
clearance of α-syn in a ubiquitin-independent manner.
Chaperone-mediated autophagy (CMA) is a cellular mecha-
nism ensuring normal cellular function by degrading mis-
folded proteins via the lysosomes (180). It is of particular
relevance in cells that have limited or no division capacity,
such as neurons, and is therefore incapable of diluting accu-
mulated, damaged, and toxic intracellular components. α-syn
and LRRK2, another gene linked to familial forms of PD, both
contain the CMA-specific recognition motif (KFERQ), which
is recognized by Hsc70 (HSPA8) and targets the substrate to
lysosomes via the lysosome-associated membrane protein 2
(LAMP2A) membrane receptor prior to the degradation by
intralysosomal proteases (Fig. 3B) (181–183). Importantly,
while A30P and A53T mutations of SNCA lead to an increase
in binding with LAMP2A, these α-syn mutants are not
properly cleared by CMA (181). Similarly, LRRK2 R1441G
PD-linked mutation induced accumulation of α-syn oligomers
in aged mutant brains by impairing CMA protein clearance
(183, 184). These inhibitory effects on CMA could cause
toxicity in PD by hindering the degradation of α-syn. In
addition to cellular clearance, it is also becoming apparent that
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cells can expel protein aggregates via exosomes or other
specialized mechanisms (185). Recent work has highlighted the
contribution of the misfolding-associated protein secretion for
secretion of several ND-associated proteins, such as tau and
α-syn, that relies on the DnaJC5 cochaperone (186). Interest-
ingly, Trepte et al. report that DnaJC5 binds to α-syn using a
double bioluminescence-based two-hybrid technology (termed
LuTHy) (187). Both α-syn and DnaJC5 localize to neuronal
synaptic vesicles, where they support the folding or assembly
of SNAREs and promote synaptic function (188, 189). This
interaction may also suggest that, together with Hsc70, the role
of DnaJC5 could extend to triaging misfolded proteins asso-
ciated with NDs. Secretion of α-syn could both protect cells
from cytotoxicity, as well as mediate spreading of the pathol-
ogy in a prion-like manner.

Mitochondrial dysfunction has emerged as a common
thread in PD pathophysiology, which has been also highlighted
in a recent review (190). We will therefore only emphasize a
few key points by first summarizing how other PD-associated
genes impacts mitochondria homeostasis before highlighting
contributions from α-syn (Fig. 3C). Earlier work characterizing
brain tissues from PD patients noted the presence of mito-
chondrial defects, oxidative stress, and a predominant decrease
in complex I activity in the SN (191). Similar PD-like pheno-
types can be achieved upon exposure of mouse brains to
mitochondrial drugs, which either directly inhibit complex I
activity (e.g., the rotenone herbicide) or hamper mitochondrial
import (e.g., CCCP or carbonyl cyanide m-chlorophenyl
hydrazine, an uncoupler of oxidative phosphorylation) (192).
Moreover, several nuclear genes encoding familial PD-linked
mutant proteins regulate mitochondria homeostasis, such as
CHCHD2, DJ-1, parkin, and PINK1. Notably, the PINK kinase
and the parkin ubiquitin ligase play a major role in the regu-
lation of mitophagy, in which defective mitochondria can be
targeted for lysosomal degradation viamacroautophagy. While
PINK1 is normally imported and degraded in mitochondria by
presenilins-associated rhomboid-like (PARL), low membrane
potential impairs its import, thereby allowing the kinase to
then phosphorylate ubiquitin and parkin, which is in turn
activated (193–196). Ubiquitination of a first subset of
mitochondrial proteins, including mitofusins, leads to their
proteasomal degradation and promotes fission (197, 198).
Conjugation of other mitochondrial proteins (e.g., VDAC1;
voltage-dependent anion-selective channel 1) then mediates
the recruitment of autophagy receptors, such as optineurin,
that guide the formation of the autophagosome membrane to
eliminate the damaged mitochondria (199, 200).

Mitochondria homeostasis is also impacted by α-syn
(Fig. 3C). Earlier work demonstrated that overexpression of
α-syn in neuronal cells caused a change in mitochondrial
morphology, leading to shorter, wider, and more fragmented
mitochondria, which is accompanied by increased levels of free
radicals (201, 202). Similar effects on mitochondria were also
observed in mouse models (203). A cryptic mitochondrial-
targeting signal in the first 32 amino acids in α-syn confers
mitochondrial localization in human dopaminergic neurons
(204). The mitochondrial localization was enhanced for the
A53T mutant in comparison WT α-syn. Similarly, there was
more mitochondrial α-syn in the SN of patients with PD in
comparison to controls. Subsequent work confirmed that
α-syn can directly associate with mitochondrial membrane in
neuronal cells to drive mitochondrial fission (202, 205).
PD-associated α-syn mutants also reduce mitochondria ER
contact sites (also known as MAM or mitochondria-associated
ER membranes) owing to its PPI with vesicle-associated
membrane protein (VAMP)–associated protein B (VAPB),
which is enhanced with the A30P and A53T mutations
(206, 207). In mitochondria from PD brains, as well as cultured
cells, WT and A53T α-syn interact with complex I subunits
and increase the production of ROS (204). In addition, α-syn
interacts with the mitochondrial matrix peptidase
CaseinoLytic protease P (ClpP), which is directly involved in
complex I maintenance and mitochondrial energy metabolism
(208). α-syn suppresses ClpP protease activity thus triggering
mitochondrial oxidative damage and neurotoxicity. Aggre-
gating α-syn drives additional PPIs that impact mitochondria.
Oligomeric, but not monomeric or fibrillar, α-syn interacts
with TOM20 and impairs mitochondrial import (209). In
addition, α-syn oligomers are located in close proximity to the
ATP synthase and cause its oxidation, which is then linked to
the observed increased transition pore opening that triggers
neuronal cell death (210).

The convergence of parkin, PINK1, and α-syn on mito-
chondrial dynamics as well as the interconnectivity of all these
genes related to familial PD reveals an intricate network in
which it is hard to disentangle the cause and effect of the
disease. An apparent common involvement of these PARK
genes in mitochondrial stress response provides a potential
physiological basis for the prevalence of α-syn pathology in PD.
Huntington’s disease

HD is an autosomal dominant inherited neurodegenerative
condition that presents with progressive motor, cognitive, and
psychiatric impairments due to neuronal dysfunction and
extensive cell loss mainly in the cerebral cortex and the
striatum (211). After the onset of symptoms, the average
survival time is about 15 years, and there is currently no
effective treatment for HD. A pathological expansion of the
trinucleotide CAG in the first exon of the HTT gene is the
main cause of the disease, encoding a mutant HTT (mutHTT)
with expanded polyQ stretches. In healthy individuals, the
CAG sequence is repeated 9 to 35 times, whereas it exceeds 35
repeats in the HD population (212). HTT is ubiquitously
expressed and localizes in the cytosol and nucleus where it is
essential for development and is involved in diverse functions,
including vesicle transport along axons and transcription
(211). The etiology of HD is determined by the combined
result of the emerging toxic properties of mutHTT protein,
and potentially its mRNA, and the associated loss of normal
HTT functions, with an inverse relationship between the
expanded repeat length and the age of disease onset that can
be modulated by additional gene modifiers (213). PolyQ
expansions in mutHTT have been shown to drive the
J. Biol. Chem. (2022) 298(7) 102062 11
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formation of pathological amyloid fibrils that are able to per-
turb the intracellular proteostasis network or deplete factors
crucial for the basic neuronal cell functionality (214, 215).
Although mutHTT is typically thought to accumulate and
exert its toxicity from within the cell, there is also recent ev-
idence for an extracellular localization and transfer to neigh-
boring cells or other tissues via the blood stream, supporting
the idea that mutHTT can propagate in a prion-like fashion
(216, 217). This may contribute to the HD pathology or its
worsening, as blood can serve as a vehicle of propagation for
mutHTT outside of the brain, enabling peripheral pathological
conditions that were previously observed such as changes in
protein metabolism or mitochondrial function in skeletal
muscle, hepatocytes, or immune system cells (218–220).

HTT is a large 3146 amino acid protein (if containing a
23-glutamine polyQ, or 23Q) that is ubiquitously expressed and
is hypothesized to act as a scaffold for binding multiple protein
assemblies (221). Recent work shows that HTT mainly consists
of α-helices arranged in three domains that are stabilized by the
HTT-associated protein 40 (HAP40)–interacting protein: the
N- and C-terminal domains consisting of multiple HEAT
(HTT, Elongation factor 3, phosphatase 2A, and kinase TOR)
repeats that are linked by the bridge domain, which contains
tandem α-helical repeats (222). However, large segments of the
N-terminal region remain poorly defined structurally, such as
the polyQ, as they are highly dynamic. Preceding the variable
polyQ stretch, whose function in normal HTT remains poorly
understood, the HTT amino terminus consists of 17 residues
arranged in an amphipathic α-helix, which has a nuclear export
signal. This region may interact with the cell membrane and is
prone to posttranslational modifications (223). Following the
polyQ stretch, a proline-rich domain drives the binding of
different WW or SH3 domain–containing proteins, involved in
nucleic acid binding and processing or cellular dynamics (25,
224–226), in addition to maintaining the solubility of mutHTT
in vitro and in vivo (227, 228). Interaction with cellular pro-
teases, such as caspases and calpains, promotes cleavage of both
WT HTT and mutHTT amino termini, with enhanced prote-
olysis being specifically observed in HD patient brain extracts
(229). This processing has been linked to the generation and
accumulation of small HTT fragments with the polyQ portion,
which can translocate into the nucleus, associate with mem-
branes, cause toxicity, and accelerate HTT aggregation
(229–232). Aberrant splicing can also lead to the translation of
the exon 1 isoform with the pathogenic polyQ segment (233).
Following seeding, pathological elongated polyQ stretches form
ordered and β-sheet-rich amyloid fibrils (234, 235). The β-
hairpin-containing β-sheets are connected through hydrogen
bond interactions that provide a critical monomeric core
fundamental to trigger the aggregation and the formation of
amyloid fibrils (236). Due to the high affinity of the β-sheets,
higher molecular weight aggregates can be formed by recruiting
not only pathogenic polyQ protein but also other endogenous
nonpathogenic proteins, thereby disrupting other cellular net-
works and their functions (221).

One hypothesis is that HTT acts as a hub to tether multiple
partners to promote several major processes in the cell such as
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vesicle trafficking and transcription (Fig. 4, A and B). A range
of studies have shown that several PPIs can be perturbed by
extended polyQ in mutHTT and several high-throughput
experiments have vastly expanded the list of candidate inter-
actors using Y2H screening and AP-MS (225, 237–239). For
instance, Shirasaki et al. employed AP-MS to define a spatio-
temporally resolved HTT-interactome in transgenic mice
expressing mutHTT (97Q) and identified interactions that are
more specific to some brain regions (cortex, striatum, and
cerebellum) and specific ages (2 and 12 months) (238). HTT
forms a network of PPIs with motor and motor-associated
proteins such as HAP1 and HAP40, HTT-interacting protein
1 (HIP1), optineurin, and Zinc finger DHHC-type palmitoyl-
transferase 17 (ZDHHC17; HIP14) consistent with HTT being
an essential integrator of intracellular vesicular trafficking and
transport in the cell (224, 225, 238–240) (Fig. 4A). HAP1
serves as adapter protein recruiting and stabilizing the anter-
ograde microtubule motor kinesin and retrograde motor
dynactin–dynein complex (225, 241–243). Dynein, which
requires dynactin for its activation, constitutively interacts
with HTT (25, 225), whereas interaction with kinesin to recruit
vesicle occurs only when HTT is phosphorylated on serine 421
(244, 245). Therefore, the dynein–dynactin–mediated retro-
grade motility can occur when HTT is not phosphorylated
(246). Interactions with other proteins also determine the
association to the actin cytoskeleton. High cytoplasmic levels
of HAP40 promote the formation of a complex with HTT and
optineurin on Rab5-positive endocytic vesicles (247). Through
optineurin, the actin-based motor myosin VI associates the
cargo to the actin cytoskeleton for its transport (224, 248).
Interestingly, a complex with HTT, optineurin, and Rab8 has
been shown to regulate exocytic membrane trafficking from
the Golgi (248, 249). MutHTT leads to mislocalization of
optineurin and irregular cargo transport, leading to impaired
palmitoylation of ZDHHC17 substrates, with implications in
HD pathogenesis (250). HTT interaction with the palmitoyl
transferase is also reduced in presence of an extended polyQ
(251). Through the interaction with HIP1 and adapter-related
protein complex 2 subunit beta 1 (AP2B1), which also binds
HTT at the amino terminus, HTT may play a role also in
clathrin-mediated endocytosis and trafficking, although
mutHTT does not seem to directly inhibit clathrin-dependent
endocytosis (25, 225, 252, 253). Nonetheless, the sequestration
of the Hsc70 chaperone in mutHTT aggregates affects
clathrin-mediated endocytosis (254). This phenomenon was
also observed when other proteins aggregate, like mutated
SOD1 and ataxin-1. Numerous studies have also shown that
HTT binds to transcription factors such as specificity protein 1
(SP1) and other components regulating transcription like
CREB-binding protein (CBP) (Fig. 4B) (255–257). Presence of
extended polyQ increased SP1 binding, and CBP is recruited to
HTT inclusions, which can then lead to transcriptional dys-
regulation (255–257). Several groups have also integrated
multiple omics approaches to identify interactors that can act
as gene modifiers. For instance, knockdowns of the vacuolar
protein sorting 35 (Vps35) and the brain-specific angiogenesis
inhibitor 1-associated protein 2 (BAIAP2) Rho GTPase that



Figure 4. Huntington and Huntington’s disease. A, HTT participates in vesicle trafficking along microtubules or actin filaments. mutHTT may disrupt these
processes through mislocalization or disruption of interactors. B, cleavage or mis-splicing of HTT accelerates fibril formation that leads to a loss of HTT
function as well as sequestration of other factors. In the presence of mutHTT, IKK causes hyperaction of NF-κB and modulated SP1 activity. C, soluble and
aggregated mutHTT can be targeted for degradation. Aggregated mutHTT can be disrupted by the disaggregases VCP or DnaJB1 allowing for subsequent
degradation. D, mitochondrial function becomes disrupted in HD. mutHTT disrupts import via its interaction with TIM23. The interaction of mutHTT with
Drp1 disrupts its functions in anterograde mitochondrial transport and mitochondrial fission. HD, Huntingtin’s disease.
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both interact with HTT reduce HTT toxicity in a drosophila
model and tissue culture cell–based model, respectively
(238, 258). The drosophila model also indicates that fly HTT
genetically interacts with autophagy genes, and work in
mammalian cells shows that HTT is required for selected
autophagy, notably by acting as a scaffold for several
autophagy-regulating proteins, such as p62 (SQSTM1) (259).

Multiple elements of the chaperone system interact with
HTT, and several components can reduce mutHTT aggrega-
tion or regulate HTT clearance (Fig. 4C). The main compo-
nents of the human HSP70-based disaggregase system have
been identified in diverse interactome studies of WT and
mutant HTT. Members of the Hsp70/Hsc70 family have been
shown to interact with mutHTT, including genes encoded by
HSPA8 and HSPA1A, alongside Hsp40 cochaperones from the
family A (DNAJA1 and DNAJA2) and family B (DNAJB1 and
DNAJB6), as well as small Hsps (HSP27) (25, 260, 261).
Notably, soluble mutHTT-53Q and mutHTT-103Q oligomers
colocalize and interact with Hsp70 (HSPA8, HSPA1A/B) and
DnaJB1, both in vitro and in rat neuronal model cell lines
(262). The Hsc70 (HSPA8), DnaJB1, and the nucleotide
exchange factor Apg2 cooperatively suppress mutHTT fibril-
lization in vitro (263). Moreover, their depletion promotes
mutHTT aggregation, while overexpression of DnaJB1 alone
was shown to be sufficient to strongly reduce aggregation. A
previous screen for HD modifiers also identified, DnaJB6 and
DnaJB8, as suppressors of mutHTT aggregation (264). These
two cochaperones were shown to directly bind to the polyQ
stretches of mutHTT-Q119 through a serine/threonine
(S/T)–rich region in their carboxy terminus, thereby pre-
venting aggregation independently of the Hsp70 machinery
(264, 265). Notably, only cytosolic isoform B and not
nuclear isoform A of DNAJB6 is able to suppress aggregation
of polyQ-containing and other aggregation-prone proteins
(266), making it the major focus for future studies on polyQ
aggregation. Indeed, DnaJB6 levels are higher in undifferenti-
ated neuronal cells, which could explain why stem cells may be
protected from HTT aggregation (267). Hsp90 also interacts
with HTT (HSP90AA1 and HSP90AB1) (260, 268, 269).
Interestingly, in one study in which new mouse HD models
were generated by expressing HTT fragments that mimic
protease cleavages, Hsp90 shows greater interaction with a
longer HTT fragment that mimics caspase 6 cleavage than a
shorter and more toxic fragment that can be generated by
caspase 2 (268). While overexpression of Hsp90 reduces
cytotoxicity, downregulation of Hsp90 leads to more cell death
J. Biol. Chem. (2022) 298(7) 102062 13
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alongside lower levels of the exogenous HTT fragments,
indicating Hsp90 interaction may regulate mutHTT turnover.
In a separate study, Hsp90 was found to specifically interact
with the N-terminal amphipathic α-helix of HTT (269).
Because Hsp90 also binds to the USP19-deubiquitinating
enzyme, it may play a major role in regulating HTT cellular
levels by modulating its ubiquitination. Yet another chaperone,
the chaperonin T-complex protein ring complex (TRiC, also
known as CCT for chaperonin-containing TCP-1), interacts
with the N-terminal amphipathic α-helix of HTT, which un-
derlies the importance of this domain in HTT aggregation
(270). Previously, TRiC had been shown to promote assembly
of nontoxic HTT oligomers in vitro and tissue culture cells
(271, 272). In a recent study, levels of TRiC components were
shown to be reduced in mouse neural stem and progenitor
cells, which could explain why diseases onset occurs in older
individuals (273).

Clearance of HTT can be mediated by several components
of ubiquitin proteasome system as well as by the lysosome
(Fig. 4C). The N-terminal region of mutHTT interacts with the
E6-associated protein (E6-AP or UbeE3A) ubiquitin ligase
(274, 275). Levels of this E3 ligase are reduced in older mice,
which coincide with the accumulation of HTT associated with
K63-linked polyubiquitin in a HD mouse model, and which
could result from a failure to adequately target mutHTT for
proteasomal degradation (275). Accordingly, exogenous
expression of E6-AP in tissue culture cells and HD mouse
model reduces accumulation of HTT inclusions (274, 275).
Interestingly, mutHTT does not aggregate in induced plurip-
otent stem cells derived from HD patients (276, 277). Koyuncu
et al. showed that the Ubr5 E3 ligase, which binds to mutHTT
alongside E6-AP, is expressed at higher levels in induced
pluripotent stem cells and targets mutHTT for proteasome
degradation (278). Recent work also showed that single
nucleotide polymorphisms near UBR5 acts as a modifier of the
HD age onset, which suggests that Ubr5 may play a major role
in regulating mutHTT levels in neuronal cells (213). Ubiquilin
1 and 2 (UBQLN1/2), which functionally link the ubiquitina-
tion machinery to the proteasome, are shown bind to poly-
ubiquitin chains on mutHTT (279, 280). Several ER-associated
ubiquitin ligases have also been involved in targeting mutHTT
for degradation. For instance, the homocysteine-responsive
ER-resident protein (Herp, HERPDU1) E3 binds to the N
terminus of HTT with an extended polyQ (Q160) and can
mediate proteasomal degradation of the mutHTT in neuronal
tissue culture cells (281). Interestingly, the expression of
HERPDU1 is induced upon ectopic expression of mutHTT
and the E3 ligase localizes in the periphery of the HTT
inclusions, where it could mediate mutHTT conjugation.
Human HMG-CoA reductase degradation 1 (Hrd1) is another
ER-associated E3 that interacts with an N-terminal fragment of
mutHTT and mediates its degradation in tissue culture cells
(282). Interestingly, the turnover of the ectopic HTT fragment
also requires the VCP/p97 disaggregase. The ATPase VCP can
bind to the first 17 residues of HTT and is capable of dis-
assembling mutHTT toxic aggregates via its disaggregase
function both in vitro and in HD cellular models (283). In
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addition to its disaggregase function, VCP also recruits linear
ubiquitin chain assembly complex (LUBAC) an E3 ligase that
mediates conjugation of linear ubiquitin chains (i.e., linked via
the methionine 1 of ubiquitin instead of a lysine) on aggre-
gated mutHTT in tissue culture cells (284). Notably, increase
of linear ubiquitin reduces the recruitment of SP1 to mutHTT
inclusions. Markedly, in addition to HTT, VCP interacts with
ALS-related SOD1 and AD-related APP, suggesting that hu-
man VCP might act as a general disaggregase for several
protein aggregates linked to neurodegeneration (25, 285–289).
Several additional posttranslation modifications may regulate
HTT clearance. For instance, conjugation of the SUMO
ubiquitin-like protein on lysine residues located in the N ter-
minus of HTT—which have also been found ubiquitinated—
reduces turnover and promote aggregation of mutHTT (290).
In contrast, phosphorylation by TANK-binding kinase 1
(TBK1) suppresses mutHTT aggregation and toxicity (291).
Similarly, inhibitor of κB kinase (IKK) activation and the
resulting HTT phosphorylation promotes degradation by the
proteasome and lysosome (261). Indeed, CMA has been shown
to also to regulate mutHTT clearance with the participation of
Hsc70 (292). Interestingly, the activation of IKK is induced
upon binding of mutHTT leading to a hyperactivation of the
transcription factor NF-κB with repercussions for mitochon-
drial homeostasis, similar for what was observed in PD
(293, 294).

Mitochondrial dysfunction plays a critical role also in HD
pathogenesis (Fig. 4D). Both full-length mutHTT and its
cleavage-associated fragments directly associate with mito-
chondria, resulting in impaired protein import, membrane
permeabilization, impaired energy metabolism, abnormal
mitochondrial trafficking, and impaired mitochondrial
dynamics (295–298). As observed in human HD-affected
brains, trafficking motors and mitochondrial components
become sequestered in HTT inclusions (299). MutHTT in-
teracts with mitochondrial Drp1, a mediator of mitochondrial
fission, and abnormally enhances its activity (297). This results
in impaired mitochondrial dynamics causing defects in
anterograde mitochondrial axonal transport and synaptic
deficiencies. In addition, mutHTT also recruits VCP to mito-
chondria, which induces excessive mitophagy (300, 301).
Remarkably, inhibition of the HTT–VCP PPI reduces mito-
chondrial impairment and cell death in HD cell culture and
mouse models. Therefore, the interaction between mutHTT
and VCP may have different consequences depending on the
localization of both proteins. Furthermore, mutHTT affects
both the organization and composition of mitochondria by
interacting with additional proteins in the intermembrane
space. Yablonska et al. showed that both WT HTT and
mutHTT-Q111 localize to the mitochondrial intermembrane
space where they interact with translocase of mitochondrial
inner membrane 23 (TIM23) (302). In particular, the increased
interaction between TIM23 and mutHTT results in reduced
TIM23-dependent import of mitochondrial matrix proteins,
drastically altering the mitochondrial proteome. Another
interesting mitochondrial partner of mutHTT is mitofilin, the
main component of the mitochondrial contact site and cristae
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organizing system (MICOS) that is involved in forming of
contact sites to the outer membrane to maintain mitochon-
drial cristae morphology (25, 303). Notably, compromised
membrane architecture has been observed both in the striatum
and the cortex of HD mice, which has been associated with
impaired oligomerization of optic atrophy 1 (OPA1), which
interacts with mitofilin (304). A Y2H study focused on disease-
associated HTT mutations revealed mutHTT interactions with
other mitochondrial proteins with possible additional rele-
vance for mitochondrial impairment in HD pathology (239).
For instance, mutHTT interacts with mitochondrial interme-
diate peptidase (MIPEP) and NME4, a nucleoside diphosphate
kinase, which are both key to mitochondrial function. How-
ever, additional studies would be required to evaluate this
possibility. Although the mechanisms by which mutHTT
mediates mitochondrial pathology in HD are not fully eluci-
dated, numerous studies now provide insight into the conse-
quences of gained mitochondrial PPIs with mutHTT.

The great diversity in novel or altered PPIs with mutHTT
together with the variety of their cellular localizations, suggests
that multiple pathways are simultaneously affected during the
development of HD. One challenge is to identify a therapeutic
approach that can alleviate these different effects simulta-
neously. In comparison to the other NDs discussed in this
review, HD has the particularity of being a genetic disorder
essentially driven by the mutation of one gene. Therefore, HD
is an ideal candidate for a genetic therapeutic approach such as
antisense oligonucleotides to reduce HTT expression. Though,
the recent failed antisense oligonucleotide trials suggest that
the endogenous HTT function may be important and that
more refined approaches to target HTT are needed (305).
Amyotrophic lateral sclerosis

ALS is a fatal neurodegenerative disorder causing progres-
sive loss of motor neurons with no known effective treatment.
Approximately 90% of ALS cases are sporadic and the
remaining 10% are familial ALS (fALS) (306). There are over
30 genes linked to ALS including the SOD1 Cu/Zn superoxide
dismutase, TDP-43 (TARPDBP), cyclin F (CCNF), FUS, p62,
ubiquitin-like protein ubiquilin 2 (UBQLN2), Matrin 3
(MATR3), or repeat expansions in C9orf72 (307–315). In this
review, we will direct our main focus to SOD1, as approxi-
mately 20% of fALS patients carry mutations in the SOD1 gene
(mutSOD1), and TDP-43 that is found aggregated in the ma-
jority of ALS cases.

There are a large number of SOD1 mutations (over 180)
associated with fALS and many are thought to impact protein
folding and promote aggregation. SOD1 is an enzyme that
detoxifies superoxide anions by converting them to hydrogen
peroxide, and it is typically present in the cytosol, nucleus,
peroxisomes, and mitochondrial intermembrane space of
mammalian cells where it forms a stable homodimer (316). For
its maturation, SOD1 generally undergoes four main steps:
zinc insertion, copper insertion, disulfide bond formation, and
homodimer formation (Fig. 5A). The copper chaperone for
SOD1 (CCS) interacts with SOD1 providing it with copper and
facilitating the transition to the holoform (317, 318). More
specifically, CCS interacts with the zinc-metalated, disulfide-
reduced SOD1. Recent work has shown that copper has to be
transferred from CCS to SOD1 before SOD1 homodimeriza-
tion occurs, following disulfide bond formation (319). None-
theless, absence of CCS in mouse models in which mutSOD1
is overexpressed does not accelerate the disease onset, despite
SOD1 remaining mostly inactive in this case (320). These re-
sults indicate that failure to complete copper loading on SOD1
and loss of function of SOD1 are not at the basis of the pa-
thology. Instead, it has been proposed that there is a gain of
toxicity following conformational changes of monomeric
SOD1 (321, 322). In fact, many SOD1 mutations destabilize
the protein structure leading to more exposed hydrophobic
regions, especially the monomeric metal-free species
(323–325). The reduced capacity to dimerize and the exposure
of more hydrophobic regions can lead to new PPI. For
instance, gain of PPI were noted for a truncated mutSOD1 that
cannot dimerize due to a two base pair deletion at codon 126
(Leu126delTT), notably with several subunits of the Na+/K+

ATPase pump (326). More recently, an independent study that
used an antibody specific to misfolded SOD1 for AP-MS
confirmed the interaction of the Na+/K+ ATPase pump with
fALS-associated SOD1-G93A (327). Importantly, this inter-
action was detected in early stages and was confirmed for other
fALS-associated mutants. Moreover, the levels of Na+/K+

ATPase are reduced in tissues derived from patients with
sporadic ALS. Uncoupling the Na+/K+ ATPase by misfolded
SOD1 could be highly cytotoxic in motor neurons and play an
important role in the ALS etiology.

Since most assessed fALS-associated mutants reduce pro-
tein folding, interaction of SOD1 with the proteostasis network
is pivotal and may have a major impact in disease progression
(Fig. 5B). Proteomic analysis of SOD1 PPIs in a mouse model
led to several chief observations (328). First, the mutant pro-
tein—but not the WT SOD1—shows a marked interaction
with Hsc70 (HSP8A) and Hsp70 (HSPA1B), even in 1-month-
old mice prior to the presence of any SOD1 inclusions.
Interaction of mutated SOD1 with Hsc70/Hsp70 had also been
observed in several other studies (326, 329–331). Secondly,
despite the interaction of mutated SOD1 with Hsc70 and
Hsp70 in young mice, motor neuron disease developed in 4- to
12-month-old mice (328). Finally, there is a gain of multiple
additional PPIs with other chaperones coinciding with
appearance of aggregated SOD1 in later stages, including with
Apg2/Hsp110 (HSP4), Hsp105 (HSPH1), BiP/Grp78 (HSPA5),
and DnajA1. Association to the ER-associated chaperone is
perhaps at first puzzling. However, a recent study by Piette
et al. also found WT SOD1 associating to BiP (30). In parallel,
C9orf72 was found associated to SEC63. In mammalian cells,
transport of signal peptide-containing proteins into the ER is
mediated by the Sec61 channel complex, which relies on BiP
and SEC63 (332). Association of WT counterparts of fALS-
associated proteins to the Sec61 complex and its interactors
could hint to a possible involvement of ER dysfunction and
protein-folding stress in the progression of sporadic ALS, as
previously shown (333). Interestingly, presence of a mutSOD1
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Figure 5. Superoxide dismutase 1, TDP-43, and ALS. A, SOD1 is localized to the cytosol or IMS where is converts superoxide to hydrogen peroxide.
Normal folding and maturation of SOD1 is disrupted by disease-associated mutations. Misfolded SOD1 becomes incorporated into β-sheet-rich fibrils and
inclusion bodies. B, misfolded SOD1 can be degraded by either the proteasome or by the lysosome. Soluble mutSOD1 may be specifically targeted by the
E3 ligase dorfin. Larger aggregates or inclusion bodies may be degraded through autophagy or become resolubilized by disaggregases such as Hsc70 or
VCP and then be subsequently degraded by the proteasome. C, mutSOD1 may disrupt mitochondrial import and thus energy and redox states. Altered
interactions between SOD1 and the components of the antioxidant system may further contribute to increased ROS. Formation of aggregates sequesters
soluble BCL-2, disrupting its antiapoptotic activity. TDP-43 physiological interactions and its involvement in ALS. IMS, intermembrane mitochondrial space;
ROS, reactive oxygen species.
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can modify the composition of the client protein pool inter-
acting with Hsc70 and Hsp70, even when mildly overexpressed
in tissue culture cells (334). These proteomic experiments
relied on engineered chaperone proteins to trap normally
transient interactions with client proteins (i.e., proteins folded
by a given chaperone). The authors of the study noted that in
the presence of misfolded mutSOD1, there is a gain of client
proteins that are predicted to be more disordered, whereas
proteins with more stretches of residues predicted to be
aggregation-prone accumulate in the pellet fraction, perhaps
due to a competition with Hsp70 binding. These results
illustrate how presence of misfolded proteins can shift the
equilibrium within the cell by potentially altering the cell
folding capacity. It will be important to address how proteo-
stasis is affected in differentiated cells and in physiological
conditions in future studies. In another recent study, the
binding of two mutSOD1 to Hsp70 and Hsp90 was compared
using a modified ELISA (335). In this case, the G41S mutant
associated a severe form of fALS shows further increased
binding to Hsp70 in comparison to WT SOD1, whereas G37R
that is associated with a milder phenotype displays, instead, a
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higher association to Hsp90 but not Hsp70. While only two
SOD1 mutants were compared, other disease-associated mu-
tations with known disease severity were assessed and show
the same trend. These results imply that the severity of the
disease may in part be determined by how a misfolded protein
is triaged by the proteostasis network and confirm that Hsp90
can act as protein-folding buffer in the cell to mitigate the
effect of some diseases-associated mutations.

In addition to the SOD1 PPIs with chaperone proteins,
levels of SOD1 are regulated by proteolysis. Both the
ubiquitin–proteasome system and autophagy are reported to
mediate degradation of mutSOD1 when transfected in
neuronal cells (336). In agreement with a role for autophagy in
SOD1 clearance, mutSOD1 mutants—but not WT—bind to
p62 (also linked to fALS), which facilitate autophagy (337). In
addition, the α-crystallin chaperone (HSPB8) that is induced in
mouse motor neurons that express SOD1-G93A can facilitate
the autophagy clearance of aggregated SOD1 and TDP-43 in
tissue culture neuronal cells (338). Moreover, several studies
report that induction of autophagy increases SOD1 clearance
or reduces accumulation of aggregated SOD1 and improves
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some ALS phenotypes (339–341). Interestingly, in another
study where fibroblast cells were derived from ALS patients,
levels of mutSOD1 are increased by proteasome inhibition, but
not by autophagy suppression (342). One possibility is that
different cell types may have different capacity to triage mis-
folded SOD1 or that autophagy can only efficiently clear
aggregated SOD1. Several E3 ubiquitin ligases have been
implicated in regulating SOD1 levels, especially of the fALS-
associated mutants (Fig. 5B). As for other ND-associated
proteins, CHIP has been shown to interact—together with
Hsc70—with mutated but not WT SOD1 (329, 330). Whereas
CHIP may be involved in the regulation of SOD1 turnover,
several results also indicate that another E3 ligase is involved in
ubiquitinating SOD1. Indeed, dorfin, which is a RING between
RING (denoted RBR) E3, interacts specifically with mutated but
not WT SOD1 and is recruited to SOD1 inclusion bodies (343).
The presence of a disulfide crosslink between the cysteine res-
idues at positions 6 and 111 of SOD1 has been suggested to both
mediate SOD1 aggregation and the recognition by dorfin (344).
However, another study, using a different C6 mutation, also
showed that the disulfide bond between these residues is not
required for aggregation, indicating that another mechanism
may mediate recognition of misfolded SOD1 by dorfin (345).
Other ubiquitin ligases have been shown to target misfolded
SOD1 for proteolysis. For instance, the NEDD4-Like ubiquitin
ligase 1 (NEDL1) E3 that is specifically expressed in neuronal
cells interacts with and ubiquitinates several fALS mutants, but
not WT SOD1, as well as reduces the half-lives of mutSOD1
when overexpressed (346). In addition, E6-AP (Ube3A), the ER-
associated glycoprotein 78 (gp78 or AMFR; autocrine motility
factor receptor) and cellular inhibitor of apoptosis protein 1/2
(cIAP1/2) E3s have all been shown to interact and regulate levels
of different mutSOD1 (347–349). While several ubiquitin li-
gases have been implicated in regulating SOD1 levels, careful
evaluation of each E3 ligase expression levels in different
neuronal cells will need to bemore precisely quantified in future
studies to establish a more comprehensive model of their
possible impact in ALS.

Failure to adequately fold or eliminate SOD1 leads to the
accumulation of misfolded SOD1 and its aggregation. Inclusion
bodies enriched in SOD1 can be observed in the cytoplasm of
motor neurons and astrocytes in mouse models and may play a
key role in the ALS etiology (321, 350). These inclusion bodies
present two distinct areas, an external protease-sensitive coating
and amore compact protease-resistant core. The exact structure
varies with different mutations (351). Three main regions of
SOD1, each with different physiochemical properties, were
identified as fibril cores (352). Synthetic peptides corresponding
to these three core regions can form fibrils, either alone or in a
mixture with the other peptides. Furthermore, lowering struc-
tural stability by reduction of the highly conserved intra-
molecular disulfide bond between cysteines 57 to 146, increased
aggregation ofmutSOD1-G93Aunder physiological conditions,
suggesting that exposing fibril-forming core regions through
structure destabilization can facilitate fibrillar aggregation of
SOD1 (351, 352).Une et al. identified proteins that preferentially
bind to the different aggregation cores upon normal conditions
andupon inhibition of autophagy or of the ubiquitin proteasome
system inmouse (331). Proteins interactingwith SOD1 cores are
involved with PI3K/AKT and MAP kinase cascades, suggesting
that mutant SOD1 could indirectly affect cell growth and cell
survival through sequestration of such components. In addition
to cellular aggregates, there is growing experimental evidence
supporting uptake and prion-like propagation of pathological
conformations of SOD1, but the precise mechanism underlying
the transfer is still unknown (353–355). In line with this,
extracellular matrix proteins or cell surface receptors were also
identified as interacting proteins in several studies (356, 357).
Interestingly, SOD1 can also form homotrimers and fALS mu-
tants that promote trimer formation and are more cytotoxic in
model neuronal cells (358, 359). In contrast, assembly into large
insoluble fibrils appear to mitigate neurotoxic effects both in
model tissue culture cells and in a mouse model, indicating that
large SOD1 aggregatesmight be cytoprotective (359, 360). It will
be important to determine in future work whether small SOD1
oligomers engage in specific PPI that are detrimental to the cell.

As a fraction of SOD1 is localized in the mitochondria, it is
perhaps not a surprise that several PPIs with mitochondrial
proteins have been reported. In addition, expression of mut-
SOD1 impacts mitochondrial homeostasis. For instance, over-
expression of the cochaperone CCS in mice leads to the
accumulation of mutSOD1-G93A in mitochondria, inducing a
severe mitochondrial pathology that accelerates neurological
deficits and shortens lifespan (Fig. 5C) (361). Different forms of
mutSOD1 preferentially associate to the cytoplasmic side of the
mitochondrial outer membrane. Proteomic studies by Li et al.
showed that expression of different fALS-associated SOD1 var-
iants leads to a decrease inmitochondrial protein import, despite
increased levels of some components of the mitochondrial
import machinery (362). Interestingly, this defect is more pro-
nounced in organelles purified from motor neurons than from
the liver, suggesting a potential mechanism of motor neuron
susceptibility. In addition, bothWTandmutant SOD1have been
shown to bind the antiapoptotic and mitochondrial-associated
protein Bcl-2 in vitro and in vivo in mouse and human spinal
cord, providing evidence of a direct link between SOD1 and an
apoptotic pathway (363). SOD1 localizes to the intermembrane
mitochondrial space, and gain of PPI with one fALS-associated
mutant (Leu126delTT) was reported for several intermem-
brane mitochondrial space proteins such as members of the
solute carrier family (SLC25A 4, 5, 12) (326). Interestingly,
additional SOD1 interactors that reside in the matrix were also
reported in the same study, such as the subunits α, β, and γ of
ATP synthase. This may be particularly relevant as subunit β
(ATP5B) is reported to be depleted or affected in the mito-
chondrial fraction ofG93Amice spinal cord, suggesting that loss
of SOD1 might play a role either in stabilizing the ATPase
complex or rather promote efficient mitochondrial import,
affecting, when mutated, the energy and redox levels of the
organelle (364–366). In a large proteomic study aimed to
generate a high-confidence mitochondrial protein network
linked to ND disorders, Malty et al. identified SOD1 interacting
withmembers of the peroxiredoxin antioxidant system (PRDX 2,
4, 5, and 6), as previously reported (288, 367, 368). Disruption of
J. Biol. Chem. (2022) 298(7) 102062 17
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the interaction with PRDX5, a hydrogen peroxide scavenger
localizing in the mitochondrial matrix, results in an increase of
ROS,which highlights the importance of SOD1–PRDX5binding
(288). Interestingly, DJ-1 (PARK7), has also been found to
interact with SOD1 as well as PRDX 3 and 6, which are active in
protecting mitochondria by clearing ROS. Whether DJ-1 inter-
action is related to its antioxidant defense role or its chaperone
activity remains unclear, but the shared PPIs between proteins
implicated in PD and ALS raises the question whether DJ-1 and
SOD1might have a role in the same antioxidant pathway, which
may be commonly affected in these two different NDs.

Despite mutations in TDP-43 accounting for less than 1% of
ALS cases, cytoplasmic inclusions of TDP-43 are found in the
majority of ALS cases (369). TDP-43 aggregates are not limited
to ALS and have been found in frontotemporal dementia, AD,
HD, and PD. TDP-43 is an RNA-binding protein, which is pre-
dominantly localized to the nucleus, and is involved in RNA
processing, such as splicing. The number of reported PPIs is
lower than for other disease-associated proteins in this review.
However, TDP-43 interacts with a large number of different
RNAs, including its own mRNA to reduce, in this case, TDP-43
expression levels (370). In addition, depletion of TDP-43 in
mouse brain tissue results in the downregulation of synapse
related genes, suggesting a potential mechanism of neuronal
vulnerability to changes in TDP-43 levels associated with ALS. If
not properly localized, TDP-43 can also impede translation of
mitochondrial genes, thereby inducing mitochondrial damages
(371). Of the reported PPIs with TDP-43, many are interactions
with ribonucleoproteins or RNA-binding proteins. Freibaum
et al. identified nuclear and cytosolic interaction networks using
AP-MS of tagged TDP-43 (372). In this case, most PPIs are not
affected by the presence of disease-associatedmutations inTDP-
43 (A315T orM337V), but many of these interactions are RNA-
dependent suggesting they are indirect. The cytosolic PIN
comprises translation initiation and elongation factors and ri-
bosomal subunits, including the stress granule component
Stau1, which was later shown to interact with TDP-43 in a RNA-
dependent manner (373). The nuclear network of interactors
included transcription and splicing factors, like HNRNPA1 and
HNRNPH1. Additional evidence for the interaction of TDP-43
with RNA-binding proteins, including HNRNPH1, comes from
the BrainMap published by Pourhaghighi et al. (374). Using
cofractionation of proteins obtained from mouse brain tissues,
the authors identified a complex of RNA-binding proteins that
included several ALS-associated proteins such as TIA1, ataxin 2
(ATXN2), Ewing’s sarcoma (EWS), and FUS. Additional studies
have found that TDP-43 and FUS drive together the expression
of Hdac6 and that their PPI is also RNA dependent (375, 376).
The identification of several ALS-associated proteins as inter-
actors suggests that a common pathway is affected in the
development of ALS.

Regulation of TDP-43 interaction with both RNA and the
protein homeostasis network is likely playing a major role in
ALS pathology. Yu et al. recently showed that several muta-
tions or posttranslation modifications that reduce RNA bind-
ing drive TDP-43 demixing in atypical droplets that contain
both liquid spherical shells and cores (377). While TDP-43 is
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more concentrated in the shell, it is also present at a lower
concentration in the core where it interacts with various
Hsp70s and Apg2. These interactions are required to maintain
phase separation and prevent TDP-43 aggregation. Notably,
Hsp70 may directly interact with a more conserved stretch of
the C-terminal low complexity domain that plays a key role in
LLPS of TDP-43 (378). Alongside preventing aggregation,
chaperone proteins also promote the clearance of TDP-43,
especially after the activation of the heat shock transcription
factor 1 (HSF1) master regulator of the heat shock response
(379–381). For example, DNAB8, a small HSP, inhibits the
aggregation of smaller fragment of TDP-43 that is particularly
prone to aggregate in the cytosol, which can then be cleared by
the proteasome and autophagy (382).

TDP-43 is ubiquitinated in aggregates found in the motor
neurons of ALS patients (383), and several E3 ubiquitin ligases
have been shown to interact with TDP-43. The Praja ubiquitin
ligase was recently shown to be upregulated by HSF1, and it
mediates clearance by binding to the C-terminal domain of
TDP-43 (384). RING finger 122 (RNF112, Znf179) is another
ubiquitin ligase that interacts and ubiquitinates TDP-43 (385).
Notably, TDP-43 inclusions are observed in several brain re-
gions of the RNF112 mouse KO, suggesting it may play an
important role in regulating TDP-43 turnover. In addition to
regulating turnover, ubiquitination could also play a role in
TDP-43 localization. For instance, parkin and TDP-43 inter-
action is reported in several studies, and expression of both
human proteins in rat cortex results in an increased ubiquiti-
nation of TDP-43 and mislocalization of TDP-43 to the cytosol,
which could promote cytosolic aggregation (386–388). Cyclin
F, which is a CRL1 substrate adapter protein encoded by a gene
associated to fALS, binds to the N-terminal region of TDP-43
and mediates its ubiquitination in vitro (389). Remarkably, one
of cyclin F ALS-associated mutation (S621G) leads to an in-
crease of K48-linked ubiquitin chains conjugated to TDP-43
in vitro, and there is an accumulation of cytosolic inclusions
containing both TDP-43 and K48 ubiquitin chains in the spinal
cord section of a patient with that mutation. These results are
surprising, as K48-chains are mostly thought to mediate pro-
teasome degradation, which should in principle hamper TDP-
43 aggregation. One possibility is that the ubiquitination of
TDP-43 may increase the affinity for ubiquilin 2—yet another
protein encoded by a fALS-associated gene—that contains a
ubiquitin-binding domain and binds to the C-terminal region
of TDP-43 (390). Ubiquitin 2 itself undergoes phase separation,
localizes to stress granules, and helps mediate proteasomal
degradation of misfolded proteins (391, 392). In this case, the
tightened interaction between TDP-43 and ubiquilin 2 could
favor the solidification of elements in the stress granule con-
densates, which then would undergo a liquid to solid transition
and nucleate aggregation.
Outlook and future directions

While clearer views are emerging regarding the role of each
aggregation-prone protein, many areas still require further
clarification. For example, when more than one function has
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been attributed to a given aggregation-prone protein, it is not
always clear which function(s) may be more important in the
context of the pathology and how they may each exacerbate or
mitigate misfolding and oligomerization. In addition to the
perturbation of normal function, the mutations, post-
translational modifications, and oligomerization of
aggregation-prone proteins can also affect cellular processes
due to deviant PPIs and other cytotoxic events (e.g., damage to
the cell membrane). It remains to be determined which of the
affected cellular processes are dominant in the progression of
the disease, especially in differentiated neurons. One possibility
is that a combination of multiple “system failures” within the
cell contributes to cell death. Alternatively, distinct “series of
unfortunate events” may occur in different neuronal cells, with
some cells being more susceptible to a specific type of injury.
For instance, while impaired vesicle trafficking in some cells
containing HTT inclusions may be particularly detrimental,
misregulated transcription may be more damaging in other
cells in which an HTT inclusion has formed. This may be
particularly true for human neuronal cells that have an average
Figure 6. Protein–protein interaction (PPI) network of the six aggregation
BioGRID on March 11, 2022, and condensed in Table S1. Here are represented
number of PPI evidence on BioGRID greater or equal to four), which are depic
are represented as dotted lines. The size of the nodes is proportional to the num
colored as indicated.
lifespan of over 10 years, during which time they may get
exposed to different sets of stimuli or stresses.

To summarize the numerous PPIs discussed here, we
assembled a PIN (Fig. 6). For clarity, we only included proteins
for which there are at least four experimental evidence
reported in BioGRID for at least one of the six aggregation-
prone proteins. Perhaps not surprisingly, multiple compo-
nents of the proteostasis network interact with several
aggregation-prone proteins and are placed at the center of the
PIN. In contrast, proteins involved in the physiological func-
tion of the examined proteins tend to be located at the pe-
riphery of the PIN. Notably, Hsc70 (e.g., HSPA8) and Hsp70
(e.g., Apg2/HSPA4) plays a dominant role in preventing both
misfolding and aggregation, by driving the disaggregation of
oligomerized and aggregated proteins and the clearance of
misfolded proteins. Together with Hsp90, these chaperones
occupy a central location in the PIN. Oddly, DNAJ proteins are
noticeably absent from the PIN because the number of
observations are below our cutoff. Nonetheless, DnaJA1, A2,
B1, and B6 each bind to multiple aggregation-prone proteins.
-prone proteins analyzed in this review. Source data was obtained from
only the proteins that display at least one high-confidence interaction (with
ted with solid lines. Interactions with less than four PPI evidence on BioGRID
ber of interaction(s) with the aggregation-prone proteins, and the nodes are
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Because these cochaperones play a key role in mediating the
Hsc70/Hsp70 interactions, it would be important to examine
their expression levels and their activity in human neuronal
cells upon aging. This would determine whether a lower
folding capacity in the cell is really the main triggering factor
for aggregation. Other central elements include proteins
associated to the ubiquitin proteasome system such as VCP,
p62, and CHIP. One striking observation is that each
aggregation-prone protein has been found to be targeted for
degradation by more than one pathway, yet the presence of
inclusions indicates that cells are not able to adequately pre-
vent accumulation of misfolded proteins. For example, several
E3s can mediate ubiquitination of a given misfolded protein,
but it is not clear whether all these pathways are really
simultaneously active. One possible issue is that many of the
earlier studies were often based on transient transfection
experiments, in which both the E3 and the substrate were
vastly overexpressed in comparison to their endogenous levels.
This is particularly true for CHIP, as the bulk of studies on the
topic was performed over a decade ago when only fewer mo-
lecular and cell biology tools were available. Therefore, while
there are possibly several redundant quality control pathways
at play, not all are necessarily active in a given cell type,
especially in differentiated neurons. Side-by-side evaluation of
some of these pathways will need to be performed in suitable
cell models to better assess the role of each of these E3s in
neurodegeneration.

One challenging issue for evaluating the role of PPIs in
disease progression is that there is no common repository for
altered PPI due to a disease-associated mutation or upon
oligomerization of a protein. For instance, most PPIs reported
in BioGRID are assumed to occur between WT proteins. Some
PPI specific to ND-associated mutants are included in the
main database, but others, such as those involving oligo-
merized fibrils, are often not included. Perhaps, the creation of
PPI databases that are better structured, with datasets being
organized by gene and including the ND-associated mutations,
could lay the foundation for a greater comprehension of the
PINs involved in disease etiology. Another main issue is that
most studies rely on coimmunoprecipitation experiments us-
ing either overexpressed baits in tissue culture cells or ho-
mogenized tissues, which implies nonphysiological conditions
or loss of contextual information, respectively. For instance,
some PPIs may not occur at lower concentrations or only
occur in specific cell types. Therefore, it remains essential to
test the role of each candidate PPI using adequate cell or an-
imal models in order to properly determine whether it plays a
role in the disease.

Mitochondrial dysfunction can be triggered by all the
reviewed aggregation-prone proteins and may therefore play a
central role in the etiology of neurological disorders. Neurons
critically depend on this organelle and its correct localization
to enable brain development, differentiation, neurotransmis-
sion, and neuronal activity. Markedly, many mitochondrial
PPIs that we cited are not found in our main PIN (Fig. 6).
Similar to the Hsp40 cochaperones, the number of reported
evidence remains low for many of these interacting
20 J. Biol. Chem. (2022) 298(7) 102062
mitochondrial proteins. Nonetheless, some clear shared paths
are emerging. For instance, impaired mitochondrial protein
import and maturation of OXPHOS subunits, including the
subsequent increase in ROS production and a lower energy
state, are a common signature in all NDs that we reviewed.
Additional detrimental defects further diversify the burden on
mitochondria for each ND. For instance, accumulation of
mutHTT on the outer mitochondrial membrane alters mito-
chondrial dynamics and promotes mitophagy in addition to
disrupting protein import. In the case of ALS, import defects
were extended to ROS-scavenging enzymes, thereby favoring
ROS accumulation, alongside the inactivation of antiapoptotic
factors. Although the exact timing between mitochondrial
dysfunction and the onset of NDs are yet to be fully elucidated,
it is clear that the impact of the aberrant interactions of
mutant and/or misfolded aggregation-prone proteins leads to
failure to maintain functional mitochondria. This often results
in aberrant mitochondrial fusion/fission dynamics, impaired
axonal transport, and ultimately neuronal death, thereby rep-
resenting one of the major risk factors in the development and
progression of neurodegenerative disorders.

Despite numerous clinical trials and the vast expansion of
our knowledge in NDs, no cure has yet been established for
these disorders. One important aspect is that each
aggregation-prone protein engages multiple PPIs with various
components of different cellular networks. Therefore, multi-
factor approaches will likely be required to effectively combat
the cytotoxicity associated with protein aggregation. Along-
side, we will need to better define which PPIs occur in
differentiated cells and which elements are most likely altered
upon aging, as they might exacerbate neurodegeneration.
Importantly, while mutations are great tools to start investi-
gating how PINs may be altered in diseases, better models will
need to be established to understand how PPIs may be affected
in sporadic forms of NDs.
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