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α-Synuclein is central to the pathogenesis of Parkinson disease
(PD). Mutations as well as accumulation of α-synuclein promote the
death of dopaminergic neurons and the formation of Lewy bodies.
α-Synuclein is monoubiquitinated by SIAH, but the regulation and
roles of monoubiquitination in α-synuclein biology are poorly un-
derstood. We now report that the deubiquitinase USP9X interacts
in vivo with and deubiquitinates α-synuclein. USP9X levels are
significantly lower in cytosolic fractions of PD substantia nigra
and Diffuse Lewy Body disease (DLBD) cortices compared to con-
trols. This was associated to lower deubiquitinase activity toward
monoubiquitinated α-synuclein in DLBD cortical extracts. A fraction
of USP9X seems to be aggregated in PD and DLBD, as USP9X im-
munoreactivity is detected in Lewy bodies. Knockdown of USP9X
expression promotes accumulation of monoubiquitinated α-synu-
clein species and enhances the formation of toxic α-synuclein
inclusions upon proteolytic inhibition. On the other hand, by ma-
nipulating USP9X expression levels in the absence of proteolytic
impairment, we demonstrate that monoubiquitination controls
the partition of α-synuclein between different protein degradation
systems. Deubiquitinated α-synuclein is mostly degraded by auto-
phagy, while monoubiquitinated α-synuclein is preferentially
degraded by the proteasome. Moreover, monoubiquitination pro-
motes the degradation of α-synuclein, whereas deubiquitination
leads to its accumulation, suggesting that the degradation of deu-
biquitinated α-synuclein by the autophagy pathway is less efficient
than the proteasomal one. Lower levels of cytosolic USP9X and
deubiquitinase activity in α-synucleinopathies may contribute to
the accumulation and aggregation of monoubiquitinated α-synu-
clein in Lewy bodies. Our data indicate that monoubiquitination
is a key determinant of α-synuclein fate.

Parkinson disease (PD) is mainly characterized by the death
of dopaminergic neurons in the substantia nigra and presence

of inclusions called Lewy bodies. Even though Lewy bodies are
composed predominantly of α-synuclein, the mechanisms by
which Lewy bodies are formed and their role in the death of
dopaminergic neurons remain elusive (1, 2).

α-Synuclein purified from Lewy bodies is monoubiquitinated
(3–5). Although some ubiquitin-ligases can polyubiquitinate
α-synuclein (6–8), the E3 ubiquitin-ligase responsible for α-synu-
clein monoubiquitination has remained obscure. We and others
have recently shown that α-synuclein is monoubiquitinated by
the E3 ubiquitin-ligase SIAH both in vitro and in vivo (9–11).
SIAH is present in Lewy bodies (9) and monoubiquitinates α-
synuclein at the same lysine residues that are monoubiquitinated
in α-synuclein immunopurified from Lewy bodies (5, 10). Most
importantly, we found that in the presence of proteolytic inhibi-
tors, monoubiquitination of α-synuclein promoted by SIAH
leads to a marked increase in the aggregation of α-synuclein and
formation of inclusions, which are toxic to cells (10–12). There-
fore, our data indicate that monoubiquitination by SIAH might
play a primary role in the aggregation and toxicity of α-synuclein
and possibly in the formation of Lewy bodies.

Despite the data linking monoubiquitination to α-synuclein
aggregation, the physiological role of α-synuclein monoubiquiti-
nation is not known. Furthermore, it is not even clear whether
α-synuclein monoubiquitination is a dynamically regulated pro-
cess or constitutes a dead-end posttranslational modification seen
in the aggregated protein.

In order to clarify the role of α-synuclein monoubiquitination,
we have now sought to identify its specific deubiquitinase. We
found that the deubiquitinase USP9X interacts and deubiquiti-
nates α-synuclein in vitro and in vivo. Knockdown of USP9X
expression in conditions of proteolytic inhibition leads to the
accumulation of monoubiquitinated α-synuclein and increases
the aggregation of α-synuclein into toxic inclusions, strengthening
the connection between monoubiquitination, inclusion forma-
tion, and toxicity of α-synuclein. USP9X cytosolic levels are lower
in DLBD and PD tissues, which may contribute to the accumula-
tion and aggregation of monoubiquitinated α-synuclein. Surpris-
ingly, we found that, in the absence of proteolytic impairment,
monoubiquitination promotes the degradation of α-synuclein
through the proteasome, while deubiquitinated α-synuclein is
almost entirely targeted to the autophagy pathway. Drugs that
modulate USP9X activity, together with enhancers of autophagy
or proteasomal activity, may help decrease the levels of α-synu-
clein and provide a novel therapeutic strategy to treat α-synuclei-
nopathies.

Results
USP9X Deubiquitinates α-Synuclein.We have previously shown that
endogenous SIAH monoubiquitinates α-synuclein at lysines that
are monoubiquitinated in Lewy bodies (10). We now sought to
determine if monoubiquitination of α-synuclein is a dynamically
regulated process. For this, we added lysates of dopaminergic
SH-SY5Y cells to in vitro monoubiquitinated α-synuclein and
monitored changes in the levels of α-synuclein monoubiquitina-
tion. We found that small amounts of cell lysates significantly
decreased α-synuclein monoubiquitination (Fig. 1A). This activity
was inhibited by a deubiquitinase inhibitor, NEM but not by the
proteasome inhibitor MG132 (Fig. 1B), suggesting that a deubi-
quitinase enzyme present in the cell lysate removes α-synuclein
monoubiquitin chains.

In order to identify the deubiquitinase responsible for α-synu-
clein deubiquitination, we focused on brain-enriched deubiquiti-
nases that act on monoubiquitin linkage. One strong candidate
is USP9X that controls the monoubiquitination of the TGF-β-
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related protein Smad4 (13, 14). Thus, we investigated if USP9X
regulates the levels of monoubiquitinated α-synuclein. We carried
out coimmunoprecipitation experiments of transfected SH-SY5Y
cells and found that α-synuclein coimmunoprecipitates with
USP9X but not with a control protein (Fig. 1C), indicating that
α-synuclein and USP9X interact in a specific manner. We then
carried out coimmunoprecipitation experiments using rat brain
tissues and found that endogenous α-synuclein coimmunopreci-
pitates with USP9X (Fig. 1D), indicating that α-synuclein and
USP9X interact in vivo.

Subsequently, we investigated the ability of USP9X to mod-
ulate α-synuclein monoubiquitination. We immunopurified
USP9X and incubated it with in vitro monoubiquitinated α-
synuclein. Immunopurified USP9X, but not a control protein,
decreased the levels of monoubiquitinated α-synuclein (Fig. 1E).
In addition, lysates of cells transfected with siRNA to USP9X
showed less deubiquitinase activity compared to lysates of cells
transfected with siRNA control (Fig. 1F).

To confirm the relevance of USP9X as a deubiquitinase for
α-synuclein, we next investigated whether USP9X deubiquiti-
nates α-synuclein in vivo. For this, we transfected SH-SY5Y cells
and found that the expression of USP9X, but not of a control
protein, decreased the monoubiquitination of α-synuclein that is
promoted by the E3 ligase SIAH (Fig. 1 G and H). Moreover,
knockdown of endogenous USP9X expression by siRNA signifi-

cantly increased α-synuclein monoubiquitination levels in SH-
SY5Y cells (Fig. 1 I and J), indicating that USP9X is a physiolo-
gical deubiquitinase of α-synuclein.

USP9X Levels Are Decreased in α-Synucleinopathies. In order to
further determine the relevance of USP9X to PD, we investigated
its levels in the substantia nigra. We found that USP9X levels
are significantly lower in cytosolic fractions of PD substantia
nigra when compared to controls (Fig. 2A). We also observed
a drastic decrease in USP9X levels in cytosolic fractions of DLBD
frontal cortex (Fig. 2B). This was associated to a decrease in
the deubiquitinase activity in DLBD lysates toward previously
monoubiquitinated α-synuclein (Fig. 2 C and D). The data indi-
cate that dysfunctional deubiquitinase activity may be important
to the pathogenesis of α-synucleinopathies and that the decrease
of USP9X levels could account for the reduced deubiquitinase
activity we observe in the disease brains.

USP9X Regulates the Formation of Toxic α-Synuclein Inclusions. We
and others recently reported that inhibition of proteolytic path-
ways promotes the accumulation of monoubiquitinated α-synu-
clein, leading to aggregation and formation of α-synuclein
inclusions in cells (10, 11). However, α-synuclein monoubiquiti-
nation was not thought to be under dynamic regulation. We now
investigated the effect of USP9X in the formation of monoubi-

Fig. 1. USP9X interacts with and deubiquitinates α-synuclein. (A) His-α-synuclein was monoubiquitinated in vitro as described in Materials and Methods.
Monoubiquitinated α-synuclein was further incubated for 30 min in the presence of increasing amounts of SH-SY5Y cell homogenates (1 to 10 μg). (B) In
vitro monobiquitinated α-synuclein was incubated for further 30 min with 5 μg of SH-SY5Y cell homogenate, in the absence or in the presence of the deu-
biquitinase inhibitor NEM (1 mM) or the proteasome inhibitor MG132 (30 μM). (C) SH-SY5Y cells were transfected with HA-α-synuclein and myc-USP9X or myc-
LacZ as control. Myc-proteins were immunoprecipitated and samples were analyzed for coimmunoprecipitation with anti-HA antibody (Upper). (D) USP9X was
immunoprecipitated from rat brain lysate using anti-USP9X antibody and coimmunoprecipitation was determined using anti-α-synuclein or anti-p150Glued

antibody. (E) In vitro monobiquitinated α-synuclein was incubated for further 30 min with immunopurified myc-USP9X or myc-LacZ, obtained by immuno-
precipitation with anti-myc antibody and high-stringency washes. (F) In vitro monobiquitinated α-synuclein was incubated for further 30 min with 5 μg lysates
of SH-SY5Y cells transfected with siRNA control or siRNA to USP9X. Levels of endogenous USP9X were monitored with anti-USP9X antibody. (G) SH-SY5Y cells
were transfected and treated for 16 h with 10 μM lactacystin, 25 mM ammonium chloride and 10mM 3-MA. HA-α-synuclein was immunoprecipitated with anti-
HA antibody. (H) Percent of α-synuclein monoubiquitination in SH-SY5Y cells transfected as in G; mean� SEM of three experiments. (I) Transfected SH-SY5Y
cells were treated, immunoprecipitated and detected as in G. Lower panel depicts the expression levels of USP9X in the cell lysates with anti-USP9X antibody.
(J) Percent of α-synuclein monoubiquitination in SH-SY5Y cells transfected as in I; mean� SEM of four experiments. The levels of α-synuclein monoubiquitina-
tion in A, B, E, F, G, and I were determined with anti-α-synuclein antibody. Lower (A, B) and middle panels (E, G, and I) depict the levels of α-synuclein under a
short exposure. **, Significantly different from control at p < 0.01; ***, p < 0.002.
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quitinated α-synuclein inclusions. We carried out immunocyto-
chemistry experiments in SH-SY5Y cells, in the presence of pro-
teolytic inhibition, and found that USP9X decreased the amount
of α-synuclein inclusions (Fig. 3A), whereas the knockdown of
endogenous USP9X expression by siRNA increased the amount
of α-synuclein inclusions (Fig. 3B). The data indicate that mono-
ubiquitination and deubiquitination processes are major deter-
minants of α-synuclein inclusion formation. This also highlights
the dynamic nature of the inclusion formation that is regulated
by USP9X.

We subsequently tested whether changing the levels of α-synu-
clein monoubiquitination by altering the levels of USP9X affect
α-synuclein toxicity. In conditions of proteolytic inhibition, we
found that analogous to the decrease in the formation of α-synu-
clein inclusions (Fig. 3A), USP9X decreased α-synuclein toxicity
(Fig. 3C). In addition, knocking down endogenous USP9X
expression significantly increased α-synuclein toxicity (Fig. 3 D, F,
and G), which paralleled the increase in α-synuclein inclusion
formation (Fig. 3B). This suggests that, when proteolysis is pre-
vented, an increase in α-synuclein monoubiquitination by means
of USP9X knockdown promotes the formation of toxic α-synu-
clein inclusions. We further analyzed cells transfected with
siRNA to USP9X and observed that cells containing α-synuclein
inclusions had higher rates of death when compared to cells
devoid of inclusions (Fig. 3E). No significant cell death was
observed when USP9X was suppressed in SH-SY5Y cells in the
absence of α-synuclein (Fig. S1A). Thus, the increase in α-synu-

clein toxicity is not due to the depletion of USP9X per se but
rather to higher levels of monoubiquitinated α-synuclein and in-
clusions. Moreover, overexpression of α-synuclein did not change
the endogenous levels of USP9X (Fig. S1B). Taken together,

Fig. 2. α-Synucleinopathies brains have lower levels of cytosolic USP9X
and lower deubiquitinase activity. (A and B) Homogenates prepared from
PD substantia nigra (A) and from DLBD frontal cortex (B) were probed with
anti-USP9X antibody. (C) His-α-synuclein was monoubiquitinated in vitro and
further incubated for 30 min in the presence of frontal cortex homogenates
(5 to 15 μg) of DLBD and control cases. Levels of His-α-synuclein monoubiqui-
tination were determined with anti-α-synuclein antibody. Each of the panels
represents a different control and DLBD case, equally processed and ana-
lyzed. The three lower panels depict the levels of α-synuclein under a short
exposure. (D) Percent of remaining α-synuclein monoubiquitination after
the addition of control and DLBD homogenates. **, Significantly different
from control at p < 0.01; mean� SEM of four experiments.

Fig. 3. USP9X regulates α-synuclein inclusion formation and toxicity, and
is present in Lewy bodies and Lewy neurites. (A) Percent of α-synuclein
inclusions in SH-SY5Y cells transfected with HA-α-synuclein, myc-SIAH-2, and
myc-USP9X or myc-LacZ. Cells were treated for 16 h with 10 μM Lactacystin,
25 mM NH4Cl and 10 mM 3-MA, and immunocytochemistry was carried out
with anti-HA antibody. (B) Percent of α-synuclein inclusions in SH-SY5Y cells
transfected with HA-α-synuclein, myc-SIAH-2, and siRNA control or siRNA to
USP9X. Cells were treated and processed as in A. (C) Percent of cell death by
Hoechst 33342 in SH-SY5Y cells transfected and treated as in A. (D) Percent of
cell death by Hoechst 33342 in SH-SY5Y cells transfected and treated as in B.
(E) Comparison of cell death by Hoechst 33342 between transfected cells
containing inclusions with those lacking inclusions. SH-SY5Y cells were trans-
fected and treated as in B. (F and G) Percent (F) and depicting image (G) of
Tunel labeling in SH-SY5Y cells transfected and treated as in B. (H–J) SH-SY5Y
cells were transfected with HA-α-synuclein, myc-SIAH-2, Flag-USP9X, and
treated as in A. Immunocytochemistry was carried out with anti-HA (red,
H) and anti-myc antibodies (green, I). Scale bar, 25 μm. (K–P) Immunohisto-
chemistry of substantia nigra of control (K and L) and PD patients (M–P) using
anti-USP9X antibody. K depicts the widespread distribution of USP9X in a
dopaminergic neuron while L confirms the specificity of anti-USP9X antibody
as shown by the lack of immunoreactivity when preabsorbed with antigen.
Brown grains represent remaining neuromelanin (L). The presence of
USP9X-immunostaining in Lewy bodies is depicted inM and N. Strong USP9X
immunoreactivity in Lewy neurites is shown in O and P. Arrows and inset in
P depict Lewy neurites. (Q–U) Immunohistochemistry of frontal cortex of
DLBD patients using anti-USP9X antibody. The presence of USP9X-immunos-
taining in cortical Lewy bodies is depicted in Q and R. USP9X immunoreac-
tivity in Lewy neurites is shown in Q (arrow), S, T and U. K–U sections were
counterstained with hematoxylin. Scale bars, 30 μm in P; 20 μm in K, L; 10 μm
in O, Q; 5 μm inM, N; 2 μm in P inset and R–U. **, Significantly different from
control at p < 0.02; ***, p < 0.002. The values in A–F correspond to the
mean� SEM of 3–4 experiments.
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these results support the toxic role of α-synuclein inclusions
in conditions of increased monoubiquitination and proteolytic
inhibition.

Interestingly, USP9X colocalizes with α-synuclein inclusions
that were still formed (Fig. 3 H–J). Accordingly, immunohisto-
chemistry experiments of PD and DLBD brain sections revealed
that USP9X is present in Lewy bodies and Lewy neurites of mid-
brain and cortical sections (Fig. 3M–U). USP9X immunoreactiv-
ity was particularly robust in Lewy neurites, both in substantia
nigra of PD as well as in frontal cortex of DLBD cases (Fig. 3 O,
P, and S–U), indicating that USP9X may coaggregate with α-sy-
nuclein, especially in less organized structures like Lewy neurites.

α-Synuclein Fate Is Determined by its Monoubiquitination Levels. We
next investigated how USP9X affects the biology of α-synuclein
in the absence of proteolytic inhibition. By analyzing the effects
of USP9X on α-synuclein in SH-SY5Y cells, we found that the
expression of USP9X robustly increased the steady-state levels
of α-synuclein (Fig. 4A). Conversely, knockdown of endogenous
USP9X expression by siRNA led to a significant decrease in the
steady-state levels of both overexpressed (Fig. 4B) and endogen-
ous α-synuclein (Fig. 4C). In pulse-chase analysis, we observed
that knockdown of USP9X significantly shortened the half-life
of α-synuclein (Fig. 4D), indicating that lowering the levels of
USP9X accelerates α-synuclein degradation. Taken together,
the data indicate that monoubiquitination promotes α-synuclein
degradation.

In order to rule out the possibility that the USP9X-modulated
degradation of α-synuclein is due to an unrelated effect of
USP9X on the proteasomal or autophagic pathway efficiencies,
we determined if USP9X affects the steady-state levels of the
proteasome substrate synphilin-1 (9) and the bona fide autophagy
substrate p62 (15). In cells transfected with siRNA to USP9X, we
found that the levels of synphilin-1 and p62 were not significantly
changed relative to the actin levels (Fig. 4B). Therefore, the
effects of USP9X on the degradation of α-synuclein are not due
to global changes in the proteasomal and autophagic activities
but rather reflect its deubiquitination activity toward α-synuclein.

α-Synuclein is degraded by different pathways that include the
autophagy, the lysosomal, and the proteasomal system (10, 16). It
is not known, however, how the partition of α-synuclein between

these pathways is regulated. Therefore, we next determined the
pathway(s) responsible to degrade monoubiquitinated α-synu-
clein. We carried out experiments in SH-SY5Y cells transfected
with siRNA to USP9X to maximize the monoubiquitination of
α-synuclein by preventing its deubiquitination and treated cells
with inhibitors of the different proteolytic pathways. We observed
a decrease in the steady-state levels of α-synuclein promoted
by USP9X knockdown (Fig. 5A; compare lanes 1 and 2). Under
this condition, lactacystin promoted the largest accumulation of
α-synuclein (Fig. 5A, lane 3) while inhibition of autophagy by
3-MA had only a small effect (Fig. 5A, lane 5). This indicates
that monoubiquitinated α-synuclein species are preferentially
targeted to the proteasome for degradation. Likewise, the protea-
some inhibitor MG132, but not inhibitors of other proteolytic
pathways, prevented the degradation of α-synuclein when its
monoubiquitination is maximal by means of USP9X knockdown
(Fig. 5B), strengthening the notion that monoubiquitinated α-
synuclein is preferentially targeted to the proteasome. Overex-
pression of USP9X promoted a large increase in α-synuclein
steady-state levels (Fig. 5C; compare lanes 1 and 2). However,
a different pattern of sensitivity to proteolytic inhibitors was
observed when USP9X was overexpressed to deubiquitinate α-
synuclein (Fig. 5C). Under this condition, the autophagy inhibitor
3-MA promoted a marked increase in the steady-state levels of
α-synuclein (Fig. 5C, lane 5), while proteasome inhibition had
much less effect (Fig. 5C, lane 3). This indicates that deubiqui-
tinated α-synuclein is preferentially degraded by the autophagy
pathway.

Monoubiquitinated α-Synuclein Is Degraded by the 26S Proteasome.
In order to confirm the role of monoubiquitination in the protea-
somal degradation of α-synuclein, we employed direct in vitro
experiments. We incubated α-synuclein monoubiquitinated in
vitro by SIAH with purified 26S proteasomes and found that
monoubiquitinated α-synuclein was significantly degraded by the
26S proteasome (Fig. 6A). In contrast, no degradation by 26S of
α-synuclein was observed in the absence of SIAH (Fig. 6A). We
did not observe any polyubiquitination of α-synuclein by SIAH,
even after very long exposures. In addition, 26S proteasome was

Fig. 4. USP9X regulates the degradation rate of α-synuclein. (A and B) SH-
SY5Y cells were transfected and HA-α-Synuclein was detected from total cell
lysates using anti-HA antibody. USP9X was revealed with anti-myc antibody.
In B, endogenous synphilin-1 and p62 were determined using specific anti-
bodies. (C) SH-SY5Y cells were transfected only with siRNA control or siRNA
to USP9X. Endogenous α-synuclein and USP9X from total cell lysates were
detected using anti-α-synuclein and anti-USP9X antibodies. (D) SH-SY5Y cells
were transfected, labeled, chased, and α-synuclein was immunoprecipitated
with anti-HA. Graph shows the quantification of remaining [35S]HA-α-synu-
clein, in the presence of siRNA to USP9X (●) or control (○) at indicated time
points. Mean � SEM of three experiments.

Fig. 5. Monoubiquitination partitions α-synuclein between different pro-
teolytic pathways. (A) SH-SY5Y cells were transfected and treated for 16 h
with DMSO, 10 μM Lacatacystin, 25 mM NH4Cl, or 10 mM 3-MA. HA-α-Synu-
clein and USP9X from total cell lysates were detected using anti-HA antibody
and anti-USP9X antibody. (B) SH-SY5Y cells were transfected with HA-α-synu-
clein, myc-SIAH-2 and siRNA to USP9X. Cells were treated for 16 h with
DMSO, 10 μM lactacystin, 30 μM MG132, 25 mM NH4Cl, 50 μM chloroquine,
10 mM 3-MA or 100 nM wortmannin. HA-α-synuclein from total cell lysates
was detected using anti-HA antibody. (C) Transfected SH-SY5Y cells were
treated and analyzed as in A.
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still able to significantly degrade monoubiquitinated α-synuclein
even if the reaction was carried out with methylated ubiquitin
instead of ubiquitin (Fig. 6B). Because methylated ubiquitin
prevents the formation of polyubiquitin chains (17), it further
supports the finding that monoubiquitination is sufficient for
α-synuclein degradation.

We monitored the rate of α-synuclein degradation using CHIP,
an E3 ubiquitin-ligase that also ubiquitinates α-synuclein (18).
Under our conditions, we found that ubiquitination by CHIP
was much less efficient than SIAH in promoting the degradation
of α-synuclein by the 26S proteasome (Fig. S2).

Cells expressing lysineless ubiquitin, which reduces polyubiqui-
tination levels, display increased degradation of α-synuclein upon
USP9X knockdown (Fig. 6C). Thus, data obtained both in vitro
and in cell systems indicate that monoubiquitination is sufficient
for the proteasomal degradation of α-synuclein.

Discussion
We found that α-synuclein interacts with the deubiquitinase
USP9X in vivo and in vitro. Knockdown of USP9X leads to less
deubiquitinase activity toward α-synuclein both in in vitro assays
and SH-SY5Y cells, supporting the idea that USP9X is the
endogenous deubiquitinase of α-synuclein. USP9X regulates the
partition of α-synuclein between the proteasomal and autophagy
compartments, favoring the latter. By suppressing endogenous
USP9X expression, we found that monoubiquitination leads
to α-synuclein degradation, which was prevented mainly by pro-
teasomal inhibition, indicating that monoubiquitination targets
α-synuclein for degradation by the proteasome. In agreement,
in vitro monoubiquitinated α-synuclein was significantly degraded
by purified 26S proteasome. Conversely, its deubiquitination shifts
the preferred degradation pathway of α-synuclein and targets it to
the autophagic pathway. Our data indicate that USP9X dynami-
cally regulates α-synuclein monoubiquitination and specifies its
degradation pathway.

We observed a drastic decrease in the levels of USP9X in
cytosolic extracts of DLBD cortex and PD substantia nigra. The
deubiquitinase activity toward previously monoubiquitinated
α-synuclein is about 70% lower in DLBD cortex, which is com-
patible with lower levels of USP9X in the disease. USP9X is pre-
sent in Lewy bodies and Lewy neurites in both PD and DLBD
brains, indicating that USP9X aggregates along with α-synuclein,
which may contribute to its inactivation. These findings provide a
mechanistic rationale for accumulation and aggregation of mono-
ubiquitinated α-synuclein in PD and DLBD. It is noteworthy
that inhibition of USP9X by the small-molecule WP1130 leads
to the accumulation of ubiquitinated proteins and the formation
of aggresomes in cells (19). Thus, it is possible that decreased
USP9X activity may be important to the pathogenesis of α-synu-
cleinopathies and may contribute to the accumulation of mono-
ubiquitinated α-synuclein and its aggregation.

The mechanisms that trigger the formation of α-synuclein
inclusions and whether they are toxic to cells are still unclear.
We found that under proteolytic inhibition, monoubiquitination
by SIAH promotes the formation of α-synuclein inclusions that
are toxic to cells (10, 11). We now found that the formation of
α-synuclein inclusions is regulated by deubiquitination because
altering USP9X expression levels further modulates this process.
USP9X knockdown increases α-synuclein monoubiquitination
levels and promotes the formation of α-synuclein inclusions.
This indicates that USP9X is the endogenous deubiquitinase of
α-synuclein, and also supports the notion that monoubiquitina-
tion facilitates α-synuclein aggregation when its degradation is
impaired by proteasomal inhibition.

Higher levels of α-synuclein monoubiquitination observed
upon USP9X knockdown were correlated with increased cell
toxicity in conditions where proteolysis was prevented. This is in
agreement with recent data using cultured cells and in vivo mod-
els where α-synuclein inclusions were shown to be toxic to cells
(20, 21). Nevertheless, the data do not exclude the possibility that
the apparent inclusion toxicity may be caused by formation of
toxic α-synuclein oligomers as well.

Although different proteolytic pathways are known to process
α-synuclein (10, 16), it has been unclear how α-synuclein degra-
dation is regulated. We found that, in the absence of proteolytic
impairment, knockdown of USP9X expression increases α-synu-
clein monoubiquitination and leads to a decrease in its steady-
state levels and half-life. This supports the idea that monoubi-
quitination promotes the degradation of α-synuclein and that
deubiquitination by USP9X counteracts this process. Moreover,
in conditions of USP9X knockdown, the degradation of monou-
biquitinated α-synuclein was prevented by proteasome inhibitors,
indicating that monoubiquitination targets α-synuclein for pro-
teasomal degradation. This finding is in line with several reports
showing the accumulation of ubiquitinated inclusions positive
for α-synuclein in the brain and the appearance of PD phenotype
in mice mutated for proteasome subunits or injected with pro-
teasome inhibitors (22, 23).

Monoubiquitinated proteins are generally degraded by the
lysosomal pathway (24). However, we found that monoubiquiti-
nated α-synuclein is preferentially targeted for degradation by the
proteasome. This finding seems to be an exception to the rule,
because proteasomal degradation is thought to require polyubi-
quitination composed of at least four ubiquitin chains (25). We
have previously shown that the ubiquitination pattern of α-synu-
clein is identical with wild-type or lysineless ubiquitin, supporting
the occurrence of monoubiquitin modifications rather than poly-
ubiquitination. Accordingly, mass spectrometry analysis demon-
strated at least seven monoubiquitination sites at α-synuclein
(10). The data are consistent with the existence of multiple mono-
ubiquitin modifications of α-synuclein. In this framework, it is
conceivable that the attachment of multiple monoubiquitin
chains to α-synuclein is sufficient for its proteasomal degradation.

Fig. 6. Monoubiquitinated α-synuclein is required for proteasomal degrada-
tion. (A) His-α-synuclein was incubated with E1, UbcH5b, ubiquitin, in the
absence or in the presence of recombinant SIAH-2. Subsequently, 26S protea-
some was added to the reaction mixtures for the indicated times. Levels of
remaining α-synuclein were determined using anti-α-synuclein antibody and
quantified by the chemiluminescent signal. (B) His-α-synuclein was in vitro
monoubiquitinated in the presence of SIAH-2 and methylated ubiquitin. Sub-
sequently, 26S proteasome was added to the reaction mixtures and levels of
remaining α-synuclein were determined as in A. (C) SH-SY5Y cells were trans-
fected and HA-α-synuclein from total cell lysates was detected using anti-HA
antibody. The presence of USP9X was monitored with anti-USP9X antibody.
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Monoubiquitination-driven proteasomal degradation has been
also reported for phospholipase D1 and Pax3 (26, 27). The find-
ing that monoubiquitination can target α-synuclein to the protea-
some constitutes a previously undescribed mechanism and has
implications for the accumulation of α-synuclein in PD.

A previous report has shown that purified proteasomal parti-
cles support the degradation of nonubiquitinated α-synuclein
(28). In contrast, we found that α-synuclein can only be degraded
by the 26S proteasome when it is monoubiquitinated by SIAH.
The reason for this discrepancy is not clear.

α-Synuclein is also degraded by macroautophagy, referred
in this work as autophagy. While autophagy inhibitors, such as
3-MA, promote the accumulation of α-synuclein (10, 16), activa-
tors of this pathway, such as rapamycin, decrease α-synuclein
levels (16). We now demonstrated that the degradation of
α-synuclein by autophagy is negatively modulated by its monou-
biquitination levels. Deubiquitination of α-synuclein by USP9X
leads to a marked increase in the sensitivity to 3-MA, indicating
that deubiquitinated α-synuclein is targeted preferentially for
degradation by autophagy.

We also observed that deubiquitination by USP9X leads to
accumulation of α-synuclein in the absence of proteolytic inhibi-
tion, suggesting that the degradation of α-synuclein by autophagy
may be less efficient than the degradation of monoubiquitinated
α-synuclein species by the proteasome. However, when the pro-
teasomal activity is impaired, USP9X diminishes α-synuclein
aggregation and toxicity by decreasing the accumulation of mono-
ubiquitinated α-synuclein that has enhanced aggregatory activity.
In addition, because proteasomal activity may be compromised
in the substantia nigra of PD patients (29), activators of autop-

hagy are promising candidates to prevent α-synuclein accumula-
tion. Compounds that activate USP9X deubiquitinase activity or
inhibit α-synuclein monoubiquitination will facilitate its autopha-
gic degradation and might be useful to reduce α-synuclein levels
along with general autophagy activators.

Materials and Methods
Further experimental details are provided in SI Text.

In Vitro Deubiquitination Assays. In vitro monoubiquitination assays for
α-synuclein were done as described in SI Text but in the absence of ubiquitin
aldehyde. Reactions were incubated at 37 °C for 1 h, and cell lysates (5 μg)
or USP9X-immunoprecipitates were added to the reactions and further incu-
bated at 37 °C for 30 min to allow deubiquitination. Levels of ubiquitinated
α-synuclein were determined by Western blot.

In Vitro Degradation Assays. In vitro ubiquitination assays were carried out by
incubating recombinant α-synuclein in reaction medium containing 40 mM
Tris-HCl (pH 7.6), 5 mMMgCl2, 2 mMDTT, 1mMATP, 10mMphosphocreatine,
0.1 mg∕mL phosphocreatine kinase, 7.5 μg ubiquitin or methylated ubiqui-
tin, 1 μM ubiquitin aldehyde, 100 ng E1 and 200 ng UbcH5b, in the presence
or absence of 500 ng SIAH-2 or CHIP. After incubation at 37 °C for 1 h, 20 nM
26S proteasome (Boston Biochem) were added and further incubated for
indicated times. Remaining ubiquitinated and nonubiquitinated α-synuclein
wa detected using α-synuclein antibody.
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