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Abstract An increasing wealth of data indicates a close
relationship between the presynaptic protein alpha-synuclein
and Parkinson’s disease (PD) pathogenesis. Alpha-synuclein
protein levels are considered as a major determinant of its
neurotoxic potential, whereas secreted extracellular alpha-
synuclein has emerged as an additional important factor in
this regard. However, the manner of alpha-synuclein degrada-
tion in neurons remains contentious. Both the ubiquitin–pro-
teasome system (UPS) and the autophagy–lysosome pathway
(ALP)—mainly macroautophagy and chaperone-mediated
autophagy—have been suggested to contribute to alpha-
synuclein turnover. Additionally, other proteases such as cal-
pains, neurosin, and metalloproteinases have been also pro-
posed to have a role in intracellular and extracellular alpha-
synuclein processing. Both UPS and ALP activity decline
with aging and such decline may play a pivotal role in many
neurodegenerative conditions. Alterations in these major pro-
teolytic pathways may result in alpha-synuclein accumulation
due to impaired clearance. Conversely, increased alpha-
synuclein protein burden promotes the generation of aberrant
species that may impair further UPS or ALP function, gener-
ating thus a bidirectional positive feedback loop leading to
neuronal death. In the current review, we summarize the recent
findings related to alpha-synuclein degradation, as well as to
alpha-synuclein-mediated aberrant effects on protein degrada-
tion systems. Identifying the factors that regulate alpha-

synuclein association to cellular proteolytic pathways may
represent potential targets for therapeutic interventions in PD
and related synucleinopathies.
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Introduction

As highlighted in other manuscripts in this volume, the aggre-
gation of alpha-synuclein has emerged as the most important
player in the neurodegenerative process that occurs in the
context of Parkinson’s disease (PD) and other neurodegenera-
tive diseases, collectively termed synucleinopathies. One of the
critical factors controlling the aggregation process of alpha-
synuclein is the protein levels, which are regulated by a bal-
anced equilibrium between the synthesis, degradation, and se-
cretion of the protein. Multiple lines of evidence implicate
altered alpha-synuclein handling accompanied by decreased
degradation of the protein as the major factor leading to PD
pathogenesis. Failure of the two major intracellular proteolytic
systems, the ubiquitin–proteasome system (UPS) or/and the
autophagy–lysosome pathway (ALP), is widely considered to
contribute to the accumulation of aggregated alpha-synuclein
species that consequently influence fundamental cellular path-
ways. The UPS is considered to degrade mostly short-lived,
soluble proteins [1], while the ALP is responsible for the bulk
degradation of longer-lived macromolecules, cytosolic compo-
nents, and dysfunctional organelles [2]. These proteolytic sys-
tems are functionally connected, such that impairment of one
influences the other. Both the UPS and the ALP have been
suggested to be responsible for alpha-synuclein degradation in
various cell culture systems, while other proteolytic systems,
such as calpains [3, 4], kallikrein-6 (neurosin) [5, 6], or
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metalloproteinases [7, 8], have also been proposed to play a role
in alpha-synuclein processing. Of particular recent interest is the
possibility that such proteolytic systems may operate on the
degradation of extracellular alpha-synuclein, which is increas-
ingly assuming pathogenic significance [7–9].

During the last decade, research in the field was focused
towards two interrelated themes: deciphering the manner of
alpha-synuclein degradation and identifying the targets of
the aberrant effects of alpha-synuclein on protein degrada-
tion pathways. Deregulation of the major proteolytic sys-
tems may result either in accumulation of total alpha-
synuclein, or of specific species that are targeted for degra-
dation through the pathway in question; on the other hand,
increased levels of alpha-synuclein may promote the gener-
ation of aberrant species that may further impair UPS or
ALP function, inhibiting their own degradation as well as
the degradation of other substrates and generating thus a
vicious cycle of neurotoxicity. The mechanisms governing
the turnover of alpha-synuclein are a critical aspect of dis-
ease mechanisms and represent potential therapeutic targets
for the treatment of PD and related synucleinopathies.

Proteolysis Through the Ubiquitin–Proteasome System

Protein degradation through the UPS, a major system for deg-
radation of short-lived proteins, consists of two distinct and
consecutive steps. The first step involves the covalent attach-
ment of the highly conserved 76-residue protein ubiquitin to
surface-exposed lysine residues of the target protein [10]. Ubiq-
uitylation is accomplished via a three-step cascade mechanism,
where each step is catalyzed by ubiquitin-activating (E1),
ubiquitin-conjugating (E2), and ubiquitin-ligase (E3) enzymes.
Following the initial conjugation of ubiquitin, polyubiquityla-
tion of the substrate occurs through the sequential transfer of
ubiquitin molecules—minimum of four ubiquitin moieties—
generating a polyubiquitin chain [10–12]. In the second step,
this polyubiquitin chain is recognized by the proteolytic core
engine of the UPS, the 26S proteasome complex which in turn
degrades the substrate protein into defined oligopeptides with
release of free and reusable ubiquitin. The removal of the
ubiquitin molecule is mediated by ubiquitin recycling enzymes
[10, 13]. The 26S proteasome comprises of two multimeric
protein complexes, the 20S barrel-shaped core particle, where
actual proteolysis occurs, and two 19S regulatory particles that
regulate the function of the 20S [14–16]. The substrate speci-
ficity and selectivity of the proteasome is achieved by two
distinct groups of proteins, the E3 ligases that catalyze substrate
recognition prior to their ubiquitination and the proteasome
ancillary proteins [10]. Proteasome regulation is tightly con-
trolled by the ATPase subunits of the 19S complex [17]. Alter-
natively, degradation of target proteins may take place without
the addition of polyubiquitin chains, with the participation of

regulatory non-ATPase complexes, such as the PA28 activator,
resulting in ubiquitin-independent proteolysis [17].

Proteolysis Through the Autophagy–Lysosome Pathway

If the proteasome is the wandering assassin of cell proteins, the
lysosome is surely protein purgatory. The major differences
between the UPS and the ALP proteolytic machineries rely on
the fact that the ALP is responsible for the vesicle-mediated
degradation of long-lived proteins, and that, through the process
of macroautophagy, the ALP can also degrade cellular organ-
elles. Within the acidic confines of the lysosomal lumen, a
plethora of proteases, lipases, and nucleases deconstruct most
cellular constituents down to their composite parts. In lysosomes,
degradation of cytoplasmic components is achieved through
three subtypes of autophagic pathways: microautophagy, macro-
autophagy, and chaperone-mediated autophagy (CMA) [2, 18].
In microautophagy, direct delivery and digestion of the cellular
constituents (including organelles, lipids, or proteins) is accom-
plished through invaginations at the level of the lysosomal
membrane which eventually round up into vesicles [19].

Macroautophagy is a tightly regulated process, in which
double-membrane structures (cup- or rod-shaped) called
phagophores are formed and engulf organelles and/or other
intracellular constituents, generating the autophagic vacuoles
(AVs). Sequentially, the AVs fuse with the lysosome creating
the autophagolysosome, wherein eventually the vesicular
components are being degraded. In neurons, AVs can be
found at long distances from the lysosomes (which are mainly
located perinuclearly), for example along neuronal processes
[20]; they then move to a perinuclear location to fuse with the
lysosomes. Thus, efficient functioning of this pathway
requires proper cellular transport machinery. There is also
convergence with the endocytic pathway [21]. In general,
macroautophagy consists of several sequential steps: (1) for-
mation of AVs, which includes initiation, nucleation, cargo
recognition, expansion, and completion; (2) maturation, trans-
port, and fusion of AVs with lysosomes; and (3) degradation
of the constituents in the acidic environment of the autopha-
golysosomes by lysosomal proteases [22]. A plethora of
autophagy-related genes (ATG) involved in the above process-
es has been well characterized in yeast and more recently in
mammals [23, 24]. Macroautophagy occurs constitutively in
cells (basal macroautophagy), but is markedly induced under
certain circumstances (induced macroautophagy). Amino ac-
id deprivation and insulin/growth factor signals are thought to
converge on the serine/threonine kinase mammalian target of
rapamycin (mTOR), which is a master regulator of nutrient
signaling [25]. However, it is important to note that macro-
autophagy can be induced by mTOR-dependent and mTOR-
independent pathways [26, 27].
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Recently, macroautophagy has been shown to mediate selec-
tive degradation of various targets such as aggregated proteins
and damaged organelles. In this process, p62 (sequestosome 1,
SQSTM1) and perhaps HDAC6 proteins play a vital role and
are considered to be the missing link between the UPS and the
ALP systems. p62 serves to selectively link ubiquitinated pro-
teins to the autophagic machinery and enable their degradation
in the lysosome [28]. HDAC6 has the capacity to bind both
polyubiquitinated misfolded proteins and dynein motors, target-
ing thus polyubiquitinated aggregates and damaged mitochon-
dria to aggresomes for degradation [29].Moreover, several other
proteins (“autophagy receptors”) linking the autophagic ma-
chinery to its substrates have been identified [30–33] reinforcing
the idea that macroautophagy can be a rather selective process.

CMA is a high selective mechanism in which cytosolic
proteins bearing the specific pentapeptide KFERQ motif or a
biochemically related one are recognized by a complex of
chaperones and co-chaperones in the cytosol. Sequentially,
they are translocated one by one to the lysosomal membrane,
where they bind to another complex and through this binding
they are finally threaded into the lysosomes and degraded
[34–38]. The complex involved in substrate recognition com-
prises of the heat shock cognate protein of 70 kDa (Hsc70)
and Hsc70 co-chaperones. The main element in the lysosomal
membrane complex is the lysosome-associated membrane
protein type 2a (LAMP-2a), an alternatively spliced form of
the Lamp2 gene, and the only one known to participate in
CMA [39]. The substrate protein is degraded after unfolding
and translocation into the lysosomal lumen, with the help of
lysosomal Hsc70. CMA activity is directly dependent on the
levels of LAMP-2a at the lysosomal membrane and on lys-
hsc70 levels in the lysosomal lumen [40–42]. Basal levels of
CMA activity are detectable—although variable—in most
cells and tissues, but CMA is often up-regulated under con-
ditions of stress or nutrient deprivation [43]. Macroautophagy
and CMA are interconnected; experimental blockage of one
up-regulates the other, revealing a close cross-talk between the
two major mammalian autophagic pathways [44–47]. Impor-
tantly, CMA activity declines with age in almost all tissues
analyzed so far, mainly as a consequence of decreased LAMP-
2a levels at the lysosomal membrane [48]. In various cell
systems, overexpression of LAMP-2a is able to ameliorate
CMA function, indicating that increased LAMP-2a is suffi-
cient for this effect [49, 50] and stressing the importance of
LAMP-2a as a rate-limiting step in the pathway.

What Is the Main Pathway Responsible
for Alpha-synuclein Degradation?

Notwithstanding the escalating number of publications, the
exact mechanism responsible for the degradation of alpha-
synuclein remains controversial and varies depending on the

system studied. In in vitro isolated purified systems, both pro-
teasomes and lysosomes were shown to be capable of degrading
recombinant alpha-synuclein [51, 52]. However, themechanism
that decides whether alpha-synuclein will be degraded by the
UPS or the autophagy pathway remains puzzling (Fig. 1).

The primary indication for a potential role of the UPS in the
degradation of alpha-synuclein, and in PD in general, arose
from the finding that two UPS-related proteins, Parkin and
UCH-L1, were encoded by genes with genetic links to PD
[53–56] and frommolecular, cellular, and animal data that link
these genes to UPS-dependent processing of alpha-synuclein
[57, 58]. Initial studies suggested that alpha-synuclein, in
some cases in a polyubiquitinated form, accumulated in neu-
ronal cells upon proteasomal inhibition, suggesting that the
UPS is responsible for alpha-synuclein degradation (Fig. 1a)
[59–62]. Subsequent studies in purified systems and in neu-
ronal cells showed that alpha-synuclein does not need to be
ubiquitinated to be degraded by the proteasome (Fig. 1b) [63,
64]. Machiya et al. recently showed that phosphorylated
alpha-synuclein at Ser129 can be rapidly turned over via the
proteasomal pathway in a ubiquitin-independent manner in
addition to undergoing dephosphorylation [65], implicating
the UPS in the biogenesis of Ser129-phosphorylated alpha-
synuclein-rich Lewy bodies (LBs). In this study, only phos-
phorylated, but not total unmodified alpha-synuclein, was
found to be stabilized by proteasomal inhibition.

Other studies, including our own, have failed to detect
accumulation of endogenous or overexpressed alpha-
synuclein with proteasomal inhibition in various cellular sys-
tems [66–69]. One factor that might explain the observed
controversy is the assembly state and pools of alpha-synuclein
utilized, since large oligomeric forms can be cleared only by the
ALP but not by the UPS [70]. In this framework, we have found
that only very specific species of alpha-synuclein, comprising
of small, soluble oligomers, are degraded through the UPS.
Interestingly, the same species appear to cause proteasomal
dysfunction in their attempt to be degraded [69] (see below).
A candidate molecular switch involved in the decision between
the UPS and autophagy pathways was initially suggested to be
CHIP (co-chaperone carboxyl terminus of heat-shock protein
70-interacting protein), which was found to co-localize with
alpha-synuclein and Hsp70 in LBs from human subjects [71].
Towards the same direction, it was demonstrated that in the
presence of proteolytic inhibitors, monoubiquitination of alpha-
synuclein by the E3 ubiquitin-ligase SIAH led to a marked
increase in alpha-synuclein aggregation and formation of toxic
inclusions [72, 73], while recently, it was reported that the
deubiquitinase USP9X interacts and deubiquitinates alpha-
synuclein both in vitro and in vivo [74]. In search for molecules
that determine the fate of alpha-synuclein, Rott et al. surmised
that USP9X regulates alpha-synuclein partitioning between the
proteasomal and autophagy systems favoring the latter; in the
absence of proteolytic impairment, monoubiquitination
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promotes alpha-synuclein degradation through the proteasome,
while deubiquitination targets the protein almost entirely to
ALP [74]. USP9X cytosolic levels were found to be decreased
in dementia with Lewy bodies (DLB) and PD nigral tissues,
indicating lower deubiquitinase activity and subsequent accu-
mulation and aggregation of monoubiquitinated alpha-
synuclein in LBs [74]. Moreover, Tofaris et al. identified Nedd4
as the E3 ligase involved in alpha-synuclein degradation via the
endosomal pathway and speculated that this pathway is specific
for the degradation of alpha-synuclein membrane-associated
pools, whereas autophagy degrades the oligomeric forms [75].

Two in vivo reports support the involvement of the UPS
in alpha-synuclein degradation. Bedford et al. demonstrated

that conditional ablation of the Psmc1 subunit of the 26S
proteasome in nigral or forebrain (e.g., cortex, hippocam-
pus, and striatum) neurons caused intraneuronal LB-like
inclusions immunoreactive for ubiquitin and alpha-
synuclein and extensive neurodegeneration [76], suggesting
that the UPS is an important route for alpha-synuclein
proteolysis [76]. However, an alternative explanation could
be that, as in cortical neuron cell culture studies, alpha-
synuclein gets “trapped” after the fact in formed inclusions
[77]. More recently, an elegant study suggested that the UPS
and the ALP possess distinct roles for the degradation of
alpha-synuclein in the living mouse brain [78]. Using selec-
tive pharmacological inhibitors against the UPS and the
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Fig. 1 Proteolytic pathways implicated in alpha-synuclein processing.
The proteasome and the lysosome are the two major pathways for the
degradation of intracellular proteins. In the ubiquitin–proteasome sys-
tem (UPS), substrate proteins are tagged with ubiquitin molecules and
transferred to the 26S proteasome complex where they are degraded
into defined oligopeptides with release of free and reusable ubiquitin.
Both ubiquitin-dependent (A) and ubiquitin-independent (B) mecha-
nisms have been proposed to degrade alpha-synuclein (wild type and
mutant). In mammalian cells, three different lysosomal pathways have
been described: microautophagy, macroautophagy, and chaperone-
mediated autophagy (CMA). In microautophagy, substrates are directly
delivered into the lumen through invaginations of the lysosomal mem-
brane. In macroautophagy, intracellular constituents (proteins, organ-
elles) are sequestered by a double membrane (phagophore) that finally
generates the autophagic vacuole, which then fuses with the lysosome.

In CMA, selective substrate proteins (bearing a KFERQ-like motif) are
threaded into the lysosomes one by one after binding to the lysosomal
receptor LAMP-2a. Both CMA (C) and macroautophagy (D) have
been proposed to degrade alpha-synuclein, with CMA being responsi-
ble for the monomeric wild-type alpha-synuclein and macroautophagy
being capable of degrading various forms (wild type, mutant, oligo-
meric). Besides the proteasome and the lysosome, other proteases such
as calpains (E) and neurosin (F) have been implicated in the cleavage
of normal or aggregated forms of intracellular alpha-synuclein. Such
cleavage may promote the generation of truncated alpha-synuclein
species with pathogenic significance. Moreover, secreted neurosin
(G) and metalloproteinases (H) have been found to cleave at selective
sites extracellular alpha-synuclein, generating fragments with in-
creased tendency to aggregate
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ALP and multiphoton imaging in different alpha-synuclein
transgenic mouse models, the authors proposed that the path-
way recruited to degrade alpha-synuclein depends on the pro-
tein burden inside the cell. According to their findings, the UPS
degrades alpha-synuclein under conditions of endogenous and
increased protein burden, whereas ALP takes over in pathologic
conditions when alpha-synuclein levels are elevated [78]. The
authors also presented evidence that a functional coupling
between the UPS and the ALP exists, but only in the scenario
of elevated alpha-synuclein protein burden, and surmised that
the intracellular alpha-synuclein levels modulate the potential
cross-talk between the two degradation pathways.

According to our own work, and that of others, a signif-
icant portion of the degradation of alpha-synuclein in neu-
ronal systems occurs through the lysosomal pathways of
CMA and macroautophagy; consequently, we and others
have suggested that dysfunction of these degradation path-
ways may be a contributing factor to PD pathogenesis [44,
45, 79]. Paxinou et al. were the first to show that in cultured
cells alpha-synuclein accumulated with lysosomal, but not
proteasomal inhibition [80]. The Rubinsztein lab found that
alpha-synuclein was indeed located within lysosomal com-
partments of cultured neuronal cells and that the degradation
of PD-linked mutant, but not of wild-type alpha-synuclein
was attenuated by application of macroautophagy inhibitors
[62]. Importantly, from a therapeutic point of view, the
mTOR inhibitor and macroautophagy enhancer rapamycin
promoted the degradation of both wild-type and mutant
alpha-synuclein [75]. This approach was also taken by the
Masliah lab, who showed that pharmacological and molec-
ular enhancement of macroautophagy led to significant re-
duction in wild-type alpha-synuclein levels in cell culture
systems, and extended such studies to the in vivo level,
where reduction of alpha-synuclein-related neuropathologi-
cal effects in a transgenic mouse model was observed with
viral transduction of the macroautophagy-inducing protein
beclin-1 [81]. The group of Lee found that general lysosom-
al inhibition via bafilomycin led to a specific build-up of
soluble oligomeric, but not of bulk monomeric or fully
fibrillar forms of overexpressed wild-type alpha-synuclein
in neuronal cell lines [70]. This enrichment, however, did
not occur with the selective macroautophagy inhibitor 3-
MA. In our own work, 3-MA application led to a significant
increase of both endogenous and overexpressed wild-type
alpha-synuclein in PC12 cells and of endogenous alpha-
synuclein in cultured cortical and ventral midbrain dopami-
nergic neurons [44]. Alvarez-Erviti et al. in agreement with
the Rubinsztein group found that 3-MA inhibited only the
degradation of mutant A53T, but not wild-type, alpha-
synuclein, whereas general lysosomal inhibition affected
both [79]. The discrepancies among these studies are clear,
but also the general impression that macroautophagy is
important for the degradation of at least some species of

alpha-synuclein; perhaps more importantly, forced induction
of macroautophagy may have therapeutic potential against
synucleinopathies (but see caveats below).

Some of the above studies were indicative of an alternative
lysosomal pathway being the primary workhorse in alpha-
synuclein turnover, as in certain instances general lysosomal
inhibitors had more profound effects than selective macro-
autophagy inhibition. An explanation for this particular co-
nundrum had actually been in the works since the late 1980s,
near single-handedly through the work of Fred Dice’s lab,
which, through a series of elegant experiments, proved the
existence of CMA [82]. In pivotal experiments, Ana Maria
Cuervo and colleagues showed, using mainly cell-free sys-
tems, that wild-type alpha-synuclein, which contained the
appropriate motif, was indeed a CMA substrate, whereas the
A30P and A53T alpha-synuclein PD-linked mutants bound
strongly to LAMP-2a but were not internalized and degraded
and thus acted as inhibitors of CMA degradation of other
substrates [52]. This seminal discovery has spurred interest
for the association between CMA and PD pathology.

In subsequent studies, by using siRNAs against LAMP-2a
and expressing forms of alpha-synuclein lacking the CMA
recognition motif, we confirmed that CMA is an important
pathway for normal alpha-synuclein turnover in neuronal cell
lines and primary cortical and ventral midbrain neurons [44].
Moreover, detergent-insoluble or high molecular weight oligo-
meric alpha-synuclein conformations also increased following
CMA inhibition, suggesting that CMA dysfunction could even-
tually lead to alpha-synuclein-related pathology [44]. The data
implicating CMA in wild-type alpha-synuclein degradation in
neuronal cellular systems have recently been confirmed using
similar approaches [79]. Moreover, Mak et al. demonstrated
that mice exposed to the mitochondrial toxin paraquat or alpha-
synuclein transgenic mice up-regulate lysosomal LAMP-2a and
degrade alpha-synuclein more efficiently, providing indirect
evidence that CMA is a main mechanism for alpha-synuclein
degradation in vivo, at least under conditions in which alpha-
synuclein levels are induced above a certain threshold [83].

As for the proteolysis of alpha-synuclein itself, evidence
suggests that the primary lysosomal protease involved is
cathepsin D, as its expression correlates with the levels and
neurotoxic potential of alpha-synuclein [84–86]. More partic-
ularly, Qiao et al. reported accumulation of high molecular
weight but not monomeric alpha-synuclein species in the
cortex of cathepsin D-deficient mice, in the absence of an
increase of alpha-synuclein mRNA expression [85]. Con-
versely, up-regulation of cathepsin D, but not cathepsin B or
L reduced human overexpressed alpha-synuclein aggregation
and subsequent neurotoxicity, both in dopaminergic cell lines
and in Caenorhabditis elegans [85]. In addition, Cullen et al.
demonstrated a reduction—rather than an increase—in solu-
ble alpha-synuclein levels and an increase in insoluble high
molecular weight alpha-synuclein oligomers/aggregates in
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cathepsin D−/−mouse brains, compared to their control litter-
mates [86]. Furthermore, the authors reported alpha-synuclein
accumulation in human postmortem brains from three infants
diagnosed with cathepsin D deficiency altered alpha-
synuclein immunostaining in mutant cathepsin D sheep brains
and enhanced alpha-synuclein toxicity in Drosophila flies
expressing human alpha-synuclein in a cathepsin D-null back-
ground [86]. These in vivo studies which point out increased
cathepsin D “synucleinase” activity and show formation of
alpha-synuclein aggregates without significant accumulation
of the monomer in a cathepsin D-null background suggest that
in an in vivo scenario the lysosomes are responsible mainly
for the degradation of aggregated or aggregated-prone species.
This could be consistent with the findings mentioned above
suggesting a lysosomal-dependent degradation specifically of
oligomeric aggregation-prone species or of excess levels of
alpha-synuclein [78]. Alternatively, this might indicate that in
certain circumstances—perhaps favored in in vivo settings—
even small increases in alpha-synuclein levels lead to its
deposition within inclusions.

In view of the recent findings supporting the notion that
alpha-synuclein exists physiologically as a tetramer with
decreased aggregation propensity [87], while the PD-
linked mutants (A30P, E46K, and A53T) markedly decrease
the stability of the tetramer and shift alpha-synuclein equi-
librium towards the “toxic” monomer [88], the clarification
of the mechanisms controlling the clearance of this putative
physiologic form will also be of great interest.

Degradation of Alpha-synuclein by Other Proteases

Besides the UPS and the ALP systems, several lines of
evidence implicate other proteases, including calpain-1 [3,
4], neurosin (kallikrein-6) [5, 6], and matrix metalloprotei-
nases [7, 8, 89], in the cleavage of normal or aggregated
forms of alpha-synuclein in vitro (Fig. 1e–h). Such cleavage
might lead to generation of alpha-synuclein truncated spe-
cies with pathogenic significance, in view of the fact that
they can promote the ability of the full length protein to
aggregate and that similar truncated species are found in
LBs of sporadic PD and DLB brains [90, 91].

Alpha-synuclein is predominantly a presynaptic protein,
suggesting that it may be a substrate for soluble or membrane-
associated proteases such as the calcium-activated neutral pro-
tease calpain I (Fig. 1e). Mishizen-Eberz et al. initially demon-
strated in a cell-free system that calpain I cleaved wild-type
alpha-synuclein primarily within the NAC region and at amino
acid 57, while the cleavage of fibrillized alpha-synuclein oc-
curred mainly at amino acid 120, close to the C-terminal,
generating fragments similar to the ones that confer susceptibil-
ity to dopamine toxicity and oxidative stress [4]. The major
cleavage between amino acids 57 and 58 did not occur in A53T

alpha-synuclein, indicating that this cleavage might be protec-
tive and that lack of this calpain-induced proteolysis might
increase the stability of A53T protein and enhance its accumu-
lation [4]. Furthermore, Dufty et al. showed that calpain I
proteolytic processing of alpha-synuclein leads to the formation
of aggregated high molecular weight species and adoption of a
β-sheet structure and that similar calpain-induced C-terminal
fragments were present in mouse models of cerebral ischemia
and PD [3]. Moreover, calpain-cleaved N- or C-terminal frag-
ments of alpha-synuclein were identified using two site-directed
calpain cleavage antibodies within nigral LBs and Lewy neu-
rites and were co-localized with activated calpain in neurons of
PD and DLB brains [3]. These findings implicate calpain I in
the disease-linked aggregation of alpha-synuclein, through gen-
eration of the C-terminal truncated pathogenic species and
could thus represent a target for therapy. Recently, it was shown
that passive immunization with antibodies against the C-
terminal of alpha-synuclein was able to reduce memory/learn-
ing deficits and promote clearance of cortical and hippocampal
alpha-synuclein aggregates in human alpha-synuclein transgen-
ic mice, by reducing the accumulation of calpain I-cleaved and
oligomerized alpha-synuclein aggregates [92].

The initial suggestion for a potential role of the serine
protease neurosin (kallikrein-6) in alpha-synuclein degradation
(Fig. 1f) arose through the finding that neurosin immunoreac-
tivity was present in LBs [93]. Neurosin is preferentially
expressed in the brain, especially in neurons and oligodendro-
cytes [94]. Iwata et al. showed that alpha-synuclein-degrading
activity fromHEK-293 cells was dose-dependently inhibited by
a kallikrein inhibitor, suggesting that alpha-synuclein fragments
were generated by a protease of the kallikrein family, such as
neurosin [5]. Neurosin was found to be mostly present in the
mitochondria and translocated to the cytoplasm upon conditions
of cellular stress co-localizing with alpha-synuclein, not only in
the healthy mouse brain but also in synucleinopathy models,
where it accumulated in the core of LB-like structures [5]. A
subsequent in vitro study in a cell-free system estimated that the
major cleavage site of neurosin was localized between Lys80
and Thr81, within the NAC region, indicating that this cleavage
may preclude alpha-synuclein polymerization [6]. Moreover,
phosphorylated (at Ser129) alpha-synuclein was found to be
more resistant to degradation by neurosin than nonphosphory-
lated forms, and the A30P mutant was more resistant to degra-
dation than the wild-type or the A53T and E46K alpha-
synuclein mutants [6], supporting the idea that posttranslational
modifications or PD-associated mutations might alter its degra-
dation by neurosin. This study indicated that neurosin plays a
role in the metabolism of alpha-synuclein, but this is not yet
verified in a cell culture system; in fact, themain site of action of
neurosin may be extracellular (Fig. 1g). Kallikreins are synthe-
sized as pre-/pro-peptides and are secreted as inactive pro-forms
that are subsequently processed extracellularly to their active
form via removal of the pro-peptide. Neurosin was also found
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present as an inactive pro-enzyme in the human cerebrospinal
fluid and plasma, suggesting that it can act in the extracellular
space [95, 96]. Tatebe et al. analyzed the localization of neuro-
sin and its ability to degrade intracellular and extracellular
alpha-synuclein, in HeLa or HEK293T cells transiently trans-
fected with human neurosin and/or alpha-synuclein. The
authors found that transiently expressed neurosin was secreted
from HeLa or HEK293T cells, activated in the extracellular
space, and degraded extracellular alpha-synuclein [9]. Intracel-
lularly, neurosin was localized predominantly in the ER but
rarely within the mitochondria or the lysosomes but, in contrast
with previous findings [5], was not able to cleave alpha-
synuclein within cells [9].

In addition to neurosin, matrix metalloproteinases (MMPs),
which also act extracellularly, have been shown to cleave recom-
binant alpha-synuclein in a selective manner (Fig. 1h), suggest-
ing that this specific cleavage might play a role in PD
pathogenesis [7, 8]. MMPs are zinc-dependent endopeptidases
that degrade extracellular matrix and nonmatrix proteins. They
are up-regulated upon oxidative and nitrative stress that accom-
panies various neurodegenerative conditions, and this up-
regulation is associated with blood–brain barrier breakdown,
demyelization, inflammation, and neuronal death [97]. Sung et
al. reported that, in SK-N-BE human dopaminergic (DA) neu-
roblastoma cells, transiently transfected alpha-synuclein was
cleaved extracellularly most efficiently by MMP-3 at its C-
terminal end with at least four cleavage sites within the NAC
region; additionally, MMP-14, MMP-2, MMP-1, and MMP-9
could also digest alpha-synuclein, but to a lesser extent [7].
Compared with the intact form, the aggregation propensity of
alpha-synuclein was remarkably facilitated in the presence of the
MMP-3-produced proteolytic fragments, and these aggregates
were more toxic to the recipient cells [7]. Importantly, MMP-3
levels were also found to be elevated significantly in the rat
substantia nigra upon intracerebral injection of 6-
hydroxydopamine [7], suggesting that increased levels of
MMP-3 could be associatedwith the pathogenesis of PD through
generation of specific aggregation-prone alpha-synuclein frag-
ments resulting from limited proteolysis. Moreover, Levin et al.
characterized four additional cleavage sites of MMP-3 related to
the NAC domain of alpha-synuclein and reported that limited
digestion byMMP-1 andMMP-3, but not byMMP-9, increased
the tendency of alpha-synuclein to aggregate [8].

Further evidence for in vitro and in vivo cleavage of alpha-
synuclein by MMP-3 was provided by a recent study that
demonstrated co-localization of the two proteins in the majority
of the LBs in nigral DA neurons from postmortem brains of PD
patients, while MMP-3 expression was barely detectable in
control subjects [89]. Incubation of alpha-synuclein with the
catalytic domain of MMP-3 resulted in generation of several
peptides, which were different between the wild-type and the
PD-linked A53T mutant form; the A53T alpha-synuclein pro-
duced significantly higher quantities of these peptides.

Overexpression of these C-terminal truncated peptides via
AAVs in the rat substantia nigra resulted in DA loss without
LB-like aggregate formation [89], supporting further the hy-
pothesis that MMP-3 cleavage might modulate alpha-synuclein
aggregation, LB formation, and neurotoxicity. Previously, it
was reported that intracellularly active MMP-3 participated in
apoptosis of DA cells in the presence of toxic stimuli [98], while
active MMP-3 digested DJ-1, abolishing its antioxidant func-
tion and leading to dopaminergic neuronal degeneration [99].
The above observations indicate that MMP-3 activity is not
limited in the extracellular space, but that intracellular MMP-3
is active as an endopeptidase and can interact with available
substrates inside the cells, making an interaction of active
MMP-3 with alpha-synuclein possible, leading to a potential
cleavage of the latter.

To add further complexity in the connection between alpha-
synuclein and degradation systems, it was reported that alpha-
synuclein not only can be processed by metalloproteinases, but
conversely, can induceMMPs up-regulation evoking an inflam-
matory response. More particularly, alpha-synuclein was found
to up-regulate MMP-9 and down-regulate tissue plasminogen
activator activity in rat primary astrocytes and microglia in an
ERK1/2-dependent fashion [100]. Moreover, alpha-synuclein
applied extracellularly in rat primary microglia cultures induced
the mRNA expression of MMP-1, MMP-3, MMP-8, and
MMP-9 and the protein expression of MMP-3 and MMP-9
[101]. These MMPs in turn stimulated microglia by activating
protease-activated receptor-1 in an autocrine or paracrine man-
ner, amplifying alpha-synuclein-induced inflammatory
responses [101]. These observations add further importance to
the potential role of extracellular alpha-synuclein in the DA
neurodegeneration and PD pathogenesis.

Impact of Alpha-synuclein in Proteolytic Systems:
a Reciprocal Relationship

A common denominator of synucleinopathies and other neuro-
degenerative conditions is the presence of ubiquitinated inclu-
sions, indicative of failure not only of the UPS, but also of the
ALP protein degradation systems, as selective genetic inhibition
of macroautophagy in mouse brain leads to accumulation of
polyubiquitinated proteins and ubiquitinated aggregates
[102–104]. Furthermore, accumulating evidence suggests a
more generalized lysosomal dysfunction in various synuclein-
opathy models, characterized by the presence of increased
numbers of autophagic vacuoles, indicative of excessive induc-
tion or failure of macroautophagy completion and CMA im-
pairment [105]. In addition, another important contributing
factor is aging, which represents the best-established risk factor
for PD. Alpha-synuclein protein levels are significantly elevated
in aged human substantia nigra [106], while both UPS and ALP
activities decline with age [107], implicating a potential
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dysfunction of these proteolytic systems in the disease process.
Whether malfunction of the intracellular degradation pathways
is the primary cause of synucleinopathies or occurs secondarily,
in part through impairment of these pathways by aberrant alpha-
synuclein species, remains to be deciphered.

Alpha-synuclein Impairs UPS Function

Numerous studies link alpha-synuclein to UPS dysfunction,
even though it remains dubious whether the proteasome is
responsible for the degradation of the protein [59, 67]. In vitro
work, either with purified proteins or in cell culture systems,
notwithstanding some important differences, has demonstrated
that expression of mutant or wild-type alpha-synuclein, in par-
ticular in soluble oligomeric and aggregated conformations,
inhibits the activity of the 20S or 26S proteasome [108–112].
A proposed mechanism mediating these effects may be a direct
binding of alpha-synuclein to the S6′ or the Rpt5 subunit of the
19S proteasome or to the β5 subunit of the 20S proteasome
[111, 113, 114]. Tanaka et al. showed that inducible expression
of mutant A30P alpha-synuclein in PC12 cells led to a reduction
of proteasomal function, as measured by incubation of total cell
lysates with synthetic substrates for the individual proteolytic
activities of the 20S proteasome [110]. We have shown that
stable expression of A53T, but not wild-type alpha-synuclein in
PC12 cells led to a 25–35 % inhibition of chymotrypsin-like
proteasomal activity, accompanied by accumulation of poorly
soluble polyubiquitinated species in punctuate aggregates, fur-
ther confirming a defect of the UPS at the level of the protea-
some [108]. Moreover, Petrucelli et al. reported accumulation of
the GFPu reporter of UPS activity in neuroblastoma cell lines
overexpressing mutant A30P or A53T, but not wild-type alpha-
synuclein [109], whereas Snyder et al. found that evenwild-type
alpha-synuclein inhibited the enzymatic proteolytic activity of
the proteasome when stably overexpressed in neuroblastoma
cells [111]. Additionally, Chen et al. found that expression of
wild-type or A30P alpha-synuclein in yeast markedly inhibited
proteasome-dependent degradation through changes in compo-
sition of the proteasome, even though there was only a small
effect on the chymotrypsin-like activity in cell lysates [115]. In
contrast to these studies, Martin-Clemente et al. failed to detect
UPS dysfunction in PC12 cells or even in transgenic mice
overexpressing wild-type or mutant alpha-synuclein [116].

In search for a mechanism through which alpha-synuclein
affects proteasome function, we have addressed, in a cellular
context, the identity of alpha-synuclein species that are impli-
cated in UPS dysfunction [69]. Our results indicated that spe-
cific oligomeric alpha-synuclein species of intermediate size are
targeted to and impair the 26S proteasome, possibly through a
functional interaction [117]. In particular, we have found that
stable overexpression of A53Tmutant alpha-synuclein in PC12
cells significantly reduced 26S enzymatic proteasomal activity,
without altering the levels of proteasome subunits or the

assembly of the 26S complex [117]. Moreover, a small amount
of alpha-synuclein, migrating between 150 and 450 kDa, and
thus distinct from monomeric or recombinant alpha-synuclein,
co-eluted specifically in the 26S proteasome-containing frac-
tions. These species of alpha-synuclein were removed upon in
vitro incubation with the amyloid-disrupting agent Congo Red
or upon cellular application of an inducer of heat shock-related
chaperone activity, further confirming their oligomeric, β-
sheet-pleated structure. Removal of these species was associat-
ed with restoration of proteasomal activity, indicating that these
particular species were responsible for proteasomal dysfunction
[69]. Importantly, similar species were detected in cortex homo-
genates of homozygous humanA53Talpha-synuclein transgen-
ic mice and were also associated with 26S proteasomal
dysfunction [118].

Up to date, the nature of the interaction between alpha-
synuclein and the 26S proteasome remains to be deciphered
(see Fig. 2). One possibility could be a direct binding of alpha-
synuclein oligomers to the active sites of the 20S β-subunits,
although this would require translocation of the oligomers into
the catalytic cylinder through a narrow open-gated channel
(Fig. 2a) [119]. Lindersson et al. have proposed a related model
in which this interaction occurs on the outer part of the 20S
complex and secondarily affects 20S proteolytic function [113].
Alternatively, alpha-synuclein oligomers may interfere with
processes controlled by the 19S complex; this could occur
either because of aberrant binding of alpha-synuclein oligomers
to specific 19S subunits that leads to alteration of 19S function,
or because of steric hindrance induced by bulky alpha-
synuclein oligomers, inhibiting further interactions of other
substrates with the proteasome (Fig. 2b, c). Such a mechanism
has also been proposed in the case of oligomeric prion protein
[120] and would be consistent with our own data, as the same
oligomeric species that were responsible for proteasomal dys-
function were selectively degraded by the proteasome [81].

Alpha-synuclein Impairs ALP Function

Dysfunctions in macroautophagy and CMA have been linked
with intracellular alpha-synuclein accumulation in several stud-
ies using both cellular and animal models (Fig. 3) [105, 121].
We have previously shown that stable expression of the A53T
mutant alpha-synuclein in PC12 cells induced a marked accu-
mulation of autophagic vacuoles, accompanied by a dramatic
decrease of lysosomal acidification in these cells [108]. Actu-
ally, we have observed that the ability of lysosomes to degrade
long-lived proteins was severely impaired in the A53T-
expressing cells [52], which could have led to the dramatic
macroautophagy phenotype that was observed [108]. The in-
crease in AVs in cells and transgenic mice overexpressing
mutant, or, in some cases, wild-type alpha-synuclein (Fig. 3c)
has now been reported in numerous studies [81, 122, 123]. In
subsequent work in neuronally differentiated human
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neuroblastoma cells inducibly expressing alpha-synuclein and
in rat cortical neurons adenovirally transduced with alpha-
synuclein, we observed consistent CMA dysfunction, AVaccu-
mulation, and neuronal toxicity [124]. The observed macro-
autophagic alterations and toxicity were secondary to CMA
impairment, as forms of alpha-synuclein that were not targeted
to CMAdid not induceAVaccumulation and induced death to a
lesser extent [124]. There thus appear to be two main mecha-
nisms through which mutant alpha-synuclein can induce AV
accumulation (Fig. 3c): through generalized lysosomal dys-
function, in which case macroautophagy would be nonproduc-
tive (i.e., not lead to enhanced proteolysis), and specifically
through CMA impairment, in which case macroautophagy is
productive (i.e., it does lead to enhanced protelolysis). Whether
the observedAVaccumulationmay also have other causes, such
as alterations of converging signaling pathways or calcium
homeostasis, remains to be deciphered.

A previous study from the Cuervo group reported that
only wild-type alpha-synuclein monomers and dimers, but
not oligomers, are degraded via CMA, while oxidation and
nitration of the protein inhibit slightly its degradation by
CMA [125]. On the contrary, phosphorylation and

dopamine modification of the protein almost completely
prevented the CMA-dependent degradation (Fig. 3a); of
these, only dopamine modification was able to significantly
inhibit the degradation of other CMA substrates [125]. Con-
sistent with the above findings, we have shown that, in
dopaminergic neuroblastoma cells, even wild-type alpha-
synuclein mediated CMA dysfunction, followed by neuro-
nal death, in a dopamine-dependent fashion [124]. This is
especially important, as it implicates CMA dysfunction as a
pathogenic PD mechanism also in the sporadic disease,
which is much more common than the familial forms. As
free dopamine is abundant in neurons of the substantia
nigra, this mechanism could serve to explain the selective
vulnerability of this region. Moreover, a postmortem study
of brain tissue from human PD patients recently revealed
significant reductions of LAMP-2a and Hsc70 in nigral
dopaminergic neurons, suggestive of overall reduced CMA
in the parkinsonian brain [79]. In rats, an age-dependent
decrease of LAMP-2a levels has also been identified—in
good agreement with the proposed role of age as the primary
risk factor in sporadic PD [48, 126]. In total, such studies
suggest the notion that CMA dysfunction, either primary or

20S

20S

20S

alpha-synuclein  oligomers

phosphorylated alpha-synuclein 

(A)

(B)

(C)

20S

20S

Accumulation of 
proteasomal
substrates

Lewy
Bodies

Neuronal
Death

(i)

(ii)

Fig. 2 Proposed mechanisms through which alpha-synuclein might
impair proteasomal function. A Unfolding and translocation of alpha-
synuclein into the interior of the 20S cylinder (i) results in alpha-
synuclein binding to one or more of the catalytic β-subunits. Such
changes could interfere with the active site(s) thus decreasing the
overall proteolytic activity of the proteasome. Alternatively, this inter-
action might occur on the outer part of the 20S complex (ii) and
secondarily affect 20S proteolytic function. B Oligomeric alpha-
synuclein can directly bind to a subunit of the 19S complex inhibiting
substrate recognition or gate opening. C Alpha-synuclein oligomers

can transiently interact with the 19S particle possibly by preventing
19S subunits from obtaining the appropriate conformation, therefore
“clogging” the 19S cap. In all the above possibilities, the resultant
proteasome dysfunction may lead to cytoplasmic accumulation of
proteasomal substrates, among which the central role possesses toxic
alpha-synuclein species (oligomeric, phosphorylated). Alpha-synuclein
oligomers may further impair proteasomal function, generating thus a
positive feedback loop. Ubiquitinated, nondegraded proteins are pres-
ent in Lewy bodies and their accumulation may have deleterious
consequences on neuronal viability
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secondary to aberrant alpha-synuclein, may be important in
PD pathogenesis.

As mentioned above, in our studies, alpha-synuclein-
induced CMA dysfunction was followed by a compensatory
up-regulation of macroautophagy, supportive of a potential
cross-talk between the two major autophagic pathways [124],
as previously reported [45]. In our experiments, up-regulation
of macroautophagy was detrimental, as pharmacological or
molecular inhibition of macroautophagy was protective [124].
A recent report has confirmed this finding and has demon-
strated that mutant alpha-synuclein exerted toxicity in primary
neurons through induction of mitochondrial autophagy, pro-
viding a potential link between alpha-synuclein accumulation
and mitochondrial dysfunction (Fig. 3d) [127]. Apart from
excess mitochondrial consumption, aberrant productive mac-
roautophagy may lead to cell death through surplus consump-
tion of other vital cellular constituents, release of lysosomal
hydrolases into the cytosol, or enhanced production of dam-
aging molecules within AVs or autophagosomes. These data
for a potential deleterious role of macroautophagy induction
are in contradiction to several reports in the field suggesting
macroautophagy augmentation as the treatment strategy

against synucleinopathies or other neurodegenerative condi-
tions [81, 122, 123]. Our view is that in the case of synuclei-
nopathies, macroautophagy induction strategies should be
undertaken with caution, as excessive aberrant macroautoph-
agy may form part of the disease process. Ideally, means to
promote “healthy”macroautophagy and reduce aberrant mac-
roautophagy could be developed.

Another interesting possibility was raised by the Rubinsztein
group, who showed that wild-type alpha-synuclein could inhibit
an early point in autophagosome formation, through an inter-
action with Rab1a (Fig. 3e) [128]. These apparent conflicting
results could be attributed to timing (i.e., alpha-synuclein may
inhibit somewhat macroautophagy early on, but later, when
cells are already compromised, and CMA is impaired, aberrant
macroautophagy occurs) or to differences in the particular
models used.

Apart from indirect aberrant induction of macroautoph-
agy, CMA impairment induced by alpha-synuclein may also
lead to neuronal dysfunction and death through direct dis-
ruption of CMA-dependent proteolysis (Fig. 3a, b). Consis-
tent with this idea, wild-type and mutant A53T alpha-
synuclein interfered with the CMA-dependent degradation

Fig. 3 Aberrant effects of alpha-synuclein on lysosomal function. A
Mutated and dopamine-modified wild-type alpha-synuclein bind stron-
ger to the LAMP-2a receptor with resistance to translocation, inhibiting
their own uptake and that of other CMA-substrates. B The cytosolic
aggregation of one such substrate, the survival factor MEF2D, can be
detrimental to neuronal health. C Aberrant productive macroautopha-
gic activation, due to disrupted CMA, might result in accumulation of
autophagic vacuoles, jeopardizing neuronal survival. D Macroautoph-
agy up-regulation may promote neuronal toxicity through

mitochondrial dysfunction, due to enhanced mitophagy. E Moreover,
alpha-synuclein-mediated inhibition of the GTPase Rab1a may impair
the early formation of the phagophore, causing lysosomal hydrolases to
escape to the cytosol and promoting neuronal death. F Additionally,
oligomeric alpha-synuclein may disrupt the trafficking of glucocere-
brocidase (GCase) to the lysosomal lumen, causing intralysosomal
build-up of its substrate, glucosylceramide (GlcCer) that in turn sta-
bilizes additional alpha-synuclein oligomers, generating thus a vicious
cycle of cytotoxicity
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of the neuronal survival factor MEF2D (Fig. 3b), leading to
its enhanced cytosolic localization and reduction of its pro-
tective nuclear form; interestingly, a similar picture emerged
in PD brains and in A53T transgenic mice [129].

Other lines of evidence have also implicated the Gaucher
disease (GD)-associated lysosomal enzyme glucocerebrosi-
dase (GCase) in the pathogenesis of PD and related synu-
cleinopathies. Following the discovery that mutations in
GBA1—the GCase encoding gene—constitute a significant
genetic risk factor for PD [130], several publications have
investigated the potential mechanisms surrounding this re-
lationship. Pharmacological inhibition of GCase was
reported to cause increased levels of intracellular alpha-
synuclein in neuroblastoma cells and mouse nigra [131].
This suggested that loss of GCase function led to lysosomal
dysfunction and to secondary build-up of alpha synuclein
(Fig. 3f). This concept was further elaborated in a seminal
study where, in various cellular models, including human
iPS neurons derived from GD fibroblasts, down-regulation
of GCase activity compromised lysosomal degradation and
evoked alpha-synuclein accumulation/aggregation followed
by neuronal toxicity [132]. In the same study, it was shown
that GCase dysfunction led to accumulation of glucosylcer-
amide, which enhanced further oligomeric alpha-synuclein
intermediates and reinforced the pathogenic process [132].
Importantly, alpha-synuclein overexpression inhibited the
intracellular trafficking of wild-type GCase, leading to its
decreased lysosomal activity, and thus into a feed-forward
pathogenic amplification loop of alpha-synuclein accumula-
tion and GCase dysfunction [132]. Furthermore, restoration
of wild-type GCase expression via adeno-associated viruses
in a mouse GD model ameliorated both alpha-synuclein/
ubiquitin accumulation in hippocampal neurons, as well as
related histopathological and behavioral aberrations [133].
In further support of an association between alpha-synuclein
and GCase in a lysosomal context, both wild-type and the
GD-related N370S mutant GCase were found to interact
physically and selectively with alpha-synuclein in vitro, in
human tissue and in neuronal cultures under lysosomal
solution conditions, with the mutant GCase displaying re-
duced affinity for alpha-synuclein compared to the wild-
type enzyme [134].

Arguing against the notion that loss of GCase activity
provides the pathogenic link, Cullen et al. found that over-
expression of various mutant GBA forms promoted marginal-
ly, but significantly, human alpha-synuclein accumulation in
cellular and in vivo conditions, in a dose- and time-dependent
manner, without altering GCase activity [135]. The results of
this study are therefore more consistent with a gain of aberrant
function conferred by mutant GCase.

In conclusion, though the causative agent remains unknown,
evidence exists for a relationship between lysosomal failure and
alpha-synuclein pathology. As one seems to reinforce the other,

it seems that an equilibrium exists in the disease-free brain that
needs to be reinstated in the parkinsonian brain to counteract the
downward spiral.

Conclusions

Amajor factor in idiopathic PD and related synucleinopathies
pathogenesis is the accumulation of alpha-synuclein, either
because of enhanced transcription, reduced degradation, or
specific posttranslational alterations that favor select toxic
species. The pathways of alpha-synuclein degradation remain
controversial. We conjecture that the decision in alpha-
synuclein clearance is likely dependent upon the overall pro-
tein burden, the assembly state of the protein, the homeostatic
environment of the particular cell type, and the stage of the
pathogenic process. Alpha-synuclein and intracellular proteo-
lytic systems interact with each other in a self-feeding cascade
leading to neurodegeneration. Future therapeutic strategies
targeting specific degradation pathways can be applied to
counteract alpha-synuclein pathology. Such strategies have
the advantage of “killing two birds with one stone,” in a
way that they would theoretically not only enhance excess
alpha-synuclein clearance, but also ameliorate its aberrant
effects on protein degradation pathways, which have been
observed in various synucleinopathy models.
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