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Parkinson disease (PD) is characterized by the presence of
ubiquitylated inclusions and the death of dopaminergic neu-
rons. Seven in absentia homolog (SIAH) is a ubiquitin-ligase
that ubiquitylates �-synuclein and synphilin-1 and is present in
Lewy bodies of PD patients. Understanding the mechanisms
that regulate the ubiquitylation of PD-related proteins might
shed light on the events involved in the formation of Lewy bod-
ies and death of neurons.We show in this study that the recently
described synphilin-1 isoform, synphilin-1A, interacts in vitro
and in vivo with the ubiquitin-protein isopeptide ligase SIAH
and regulates its activity toward �-synuclein and synphilin-1.
SIAHpromotes limitedubiquitylationof synphilin-1A that does
not lead to its degradation by the proteasome. SIAH also
increases the formation of synphilin-1A inclusions in the pres-
ence of proteasome inhibitors, supporting the participation of
ubiquitylated synphilin-1A in the formation of Lewy body-like
inclusions. Synphilin-1A/SIAH inclusions recruit PD-related
proteins, such as �-synuclein, synphilin-1, Parkin, PINK1, and
UCH-L1. We found that synphilin-1A robustly increases the
steady-state levels of SIAHbydecreasing its auto-ubiquitylation
and degradation. In addition, synphilin-1A blocks the ubiquity-
lation and degradation of the SIAH substrates synphilin-1 and
deleted in colon cancer protein. Furthermore, synphilin-1A
stronglydecreases themonoubiquitylationof�-synucleinbySIAH
and the formation of �-synuclein inclusions, supporting a role for
monoubiquitylation in �-synuclein inclusion formation. Our
results suggest a novel function for synphilin-1A as a regulator of
SIAH activity and formation of Lewy body-like inclusions.

Parkinson disease (PD)3 is characterized by progressive
degeneration of dopaminergic neurons in the substantia nigra

and the presence of Lewy bodies in surviving neurons (1). The
majority of PD cases are sporadic, but mutations in different
genes have been found responsible for familial PD (1, 2).
�-Synuclein plays a crucial role in the disease. It is mutated in
some familial forms of PDand represents amajor component of
Lewy bodies in sporadic PD as well (3, 4).
Dysfunction of the ubiquitin-proteasome system has been

proposed to play a role in PD as the proteasome activity is
decreased in the substantia nigra of PD patients (5). Highlight-
ing the role of the ubiquitin-proteasome system in PD is the
finding that proteinsmutated in the disease, such as Parkin and
UCH-L1, are also components of this system (6, 7). Further-
more, different PD-related proteins, including �-synuclein,
synphilin isoforms, UCH-L1 and PINK1, were shown to be
ubiquitylated and to accumulate into ubiquitylated inclusions
(8–14).
Synphilin-1 interacts in vivo with �-synuclein, and their co-

expression promotes the formation of Lewy body-like inclu-
sions (15). Synphilin-1 is present in Lewy bodies of PD and
Diffuse Lewy Body disease (16–19). Synphilin-1 was shown to
be ubiquitylated by different E3 ubiquitin-ligases, including
Parkin, Dorfin, and SIAH (8, 20–22). Inability of the protea-
some to degrade polyubiquitylated synphilin-1 leads to robust
formation of inclusions (8).Moreover, ubiquitylation of synphi-
lin-1 is essential for its aggregation, as inactive SIAH mutants
do not elicit formation of synphilin-1 inclusions (8). Thus, we
raised the possibility that ubiquitylation of synphilin-1 and
other PD-related proteins might represent an important step
for Lewy body formation (13, 23, 24).
In addition to ubiquitylated synphilin-1, SIAH interacts with

andmonoubiquitylates �-synuclein at lysines found to be ubiq-
uitylated in �-synuclein purified from Lewy bodies (8, 14).
Monoubiquitylation of �-synuclein leads to its aggregation and
inclusion formation, which are toxic to dopaminergic cells (14).
The presence of SIAH in Lewy bodies of PD patients (8) indi-
cates that it might represent an additional component of the
ubiquitin-proteasome system involved in the disease.
We recently identified a novel synphilin-1 isoform, synphi-

lin-1A, that is expressed in the brain of different �-synucle-
inopathies and is a neurotoxic and aggregation-prone protein
(25). The importance of synphilin-1A in PD is suggested by its
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ability to interact with �-synuclein and synphilin-1, and to
accumulate in insoluble brain fractions of patients with Diffuse
Lewy Body disease (25). In this study, we sought to investigate
the interaction between SIAH and synphilin-1A. We present
evidence that synphilin-1A interacts with SIAH.We found that
SIAH ubiquitylates synphilin-1A and increases the formation
of synphilin-1A inclusions, but it does not promote synphi-
lin-1A degradation. On the other hand, synphilin-1A decreases
SIAH E3 ubiquitin-ligase activity as well as toxicity. Synphi-
lin-1A also decreases the monoubiquitylation of �-synuclein
promoted by SIAH as well as the formation of �-synuclein
inclusions. Our data indicate that synphilin-1A is a regulator of
SIAH activities, with implications for regulation of �-synuclein
monoubiquitylation and aggregation.

EXPERIMENTAL PROCEDURES

Materials—Ubiquitin aldehyde, purified ubiquitin-activat-
ing enzyme, UbcH5b, lactacystin, and 3-MA were purchased
from Sigma.
Cell Culture and Transfections—HEK293 and SH-SY5Y cells

were grown in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum in a 5% CO2 atmosphere. Cells were
transiently transfected with N-terminal tagged pRK5 and
pFLAG-CMV-2 plasmids utilizing Lipofectamine 2000
(Invitrogen) and processed after 36 h.
For experiments using siRNA, HEK293 cells were trans-

fected with 100 nM siRNAs using Lipofectamine 2000. After
48 h, cells were again transfected with 100 nM siRNAs and pro-
cessed after 36 h. siRNAs to synphilin-1A (sense siRNA strand,
5�-GCUGAUUGAAGAGCAUCUG-3�, and antisense siRNA
strand, 5�-CAGAUGCUCUUCAAUCAGC-3�; sense siRNA
strand, 5�-CCUCUAACAUGCUGAUUGA-3�, and antisense
siRNA strand, 5�-UCAAUCAGCAUGUUAGAGG-3�) as well
as control siRNA were obtained from Sigma.
Western Blot Analysis—Samples were homogenized as

described (8). Blots were probed with antibodies mouse
anti-HA (Covance), mouse anti-Myc (Sigma), mouse anti-�-
synuclein (BD Biosciences), rabbit anti-FLAG (Sigma), rabbit
anti-Myc, rabbit anti-HA, goat anti-SIAH-1 (N-15), goat anti-
SIAH-2 (N-14), goat anti-SIAH-1/2 (H-18), and mouse anti-
actin (Santa Cruz Biotechnology). Purified anti-synphilin-1A
and anti-SIAH-1 (990) antibodies were generated as described
before (8, 25).
In Vitro Binding Assays—Extracts of transfected HEK293

cells were incubatedwith 5�g/mlGST fusion proteins for 2 h at
4 °C in buffer containing 50 mM Tris-HCl, pH 7.4, 140 mM

NaCl, 1% Triton X-100, 0.1% SDS, 30 �M MG132 and protease
inhibitors (Complete; Roche Applied Science). Beads were
washed in the same buffer. Bound proteins were detected by
Western blot.
Co-immunoprecipitation Assays—Transfected HEK293 cells

were lysed in buffer containing 50 mM Tris, pH 7.4, 140 mM

NaCl, 1% Triton X-100, 0.1% SDS, 30 �MMG132, and protease
inhibitor mixture (Complete; Roche Applied Science). Cell
extracts were clarified by centrifugation at 13,000� g for 5min,
and the supernatant was incubated with anti-HA for 4 h as
described (8). Immunoprecipitates were washed with lysis

buffer containing 500 mM NaCl and 1% Chaps and detected by
Western blot.
Endogenous Co-immunoprecipitation Assays—Rat brains

were homogenized in buffer containing 50mMTris, pH 7.4, 140
mM NaCl, 1% Chaps, 30 �M MG132, and protease inhibitor
mixture (Complete, Roche Applied Science). Brain homoge-
nates were clarified by centrifugation at 13,000 � g for 5 min.
Antibodies to SIAH-1 or SIAH-2 (N-15 andN-14, respectively)
(Santa Cruz Biotechnology) were coupled to protein G beads
(8) and incubated for 7 h with brain homogenate (2 mg/ml).
Immunoprecipitates were washed with lysis buffer containing
500mMNaCl and 1%Chaps anddetected byWestern blot using
rabbit anti-synphilin-1A (25).
In Vitro Ubiquitylation Assays—For the in vitro ubiquity-

lation assays, synphilin-1A, synphilin-1, and SIAH were
translated using TNT wheat germ in vitro translation kit
(Promega) using [35S]methionine (Amersham Biosciences).
His-�-synuclein was purified from bacteria using TALON
beads according to the manufacturers instructions (BD Bio-
sciences). In vitro translated proteins or recombinant
�-synuclein was incubated in reaction medium containing
40 mM Tris, pH 7.6, 5 mM MgCl2, 2 mM dithiothreitol, 1 mM
ATP�S, 7.5 �g of ubiquitin, 1 �M ubiquitin aldehyde, 100 ng
of E1, and 200 ng of UbcH5b, in the presence or absence of
500 ng of SIAH-2. Reactions were incubated at 37 °C for 1 h,
terminated by the addition of SDS sample buffer, and
resolved on SDS-polyacrylamide gels. Ubiquitylated
[35S]synphilin-1A, [35S]synphilin-1, and [35S]SIAH-1 were
determined by PhosphorImager analysis. Ubiquitylated
�-synuclein was determined by Western blot using
�-synuclein antibody.
In Vivo Ubiquitylation Assays—Transfected HEK293 or

SH-SY5Y cells were incubated in the absence or in the pres-
ence of 10 �M lactacystin for 12 h. Transfected cells were
then resuspended in buffer containing 50 mM Tris, pH 7.4,
140 mM NaCl, 1% SDS and boiled for 5 min. Cell extracts
were sonicated, diluted 10-fold with buffer containing 50mM
Tris, pH 7.4, 140 mM NaCl, 1% Triton X-100, 30 �M MG132,
and protease inhibitor mixture (Complete, Roche Applied
Science), and then incubated for 16 h with anti-HA beads
(Sigma). Immunoprecipitates were washed with lysis buffer
containing 500 mM NaCl and detected by Western blot.
Pulse-Chase Experiments—Transfected HEK293 cells

were washed, incubated with methionine/cysteine-free
medium for 1 h, pulsed with methionine/cysteine-free
medium containing 100 �Ci of [35S]methionine/cysteine
(PerkinElmer Life Sciences) for 3 h, and subsequently chased
in normal medium for the times specified. Cells were har-
vested, and HA-SIAH-1 immunoprecipitation was carried
out as described above for the in vivo ubiquitylation assays.
Immunoprecipitates were resolved on 10% SDS-polyacryl-
amide gels and the amount of 35S-labeled SIAH-1 was quan-
tified by PhosphorImager analysis.
Immunocytochemistry Assays—Transfected HEK293 and

SH-SY5Y cells were incubated with or without 10 �M lactacys-
tin, 10 mM NH4Cl, and 10 mM 3-MA for 12 h, fixed with 4%
paraformaldehyde for 15 min, and blocked in phosphate-buff-
ered saline containing 0.2% Triton X-100 and 5% normal goat
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serum. Cells were labeled with anti-HA (Covance) and anti-
Myc antibodies (Santa Cruz Biotechnology) as described (8).
Immunolabeling was detected using fluorescein isothiocya-
nate- and Cy3-labeled secondary antibodies (The Jackson Lab-
oratories). Statistics of the number of inclusion-containing cells
were analyzed by Student’s t test.
Cell Death Analysis—Transfected HEK293 and SH-SY5Y

cells were transfected and processed for immunocytochemistry
as described above. Before mounting, nuclei were stained with
Hoechst 33342. Cell death was determined by counting the
number of transfected cells that were positive for nuclear con-
densation and fragmentation. Statistics of cell death was done
by Student’s t test.
PrimaryNeuronal Cultures—Embryonic day 18 primary cor-

tical cultures were prepared from Sprague-Dawley rats as
described (26). The animals were killed by decapitation accord-
ing to the protocol approved by the committee for animal
experimentation at the Technion-Israel Institute of Technol-
ogy. Neurons were maintained in neurobasal medium supple-
mented with B27 (Invitrogen) and 0.5 mM L-glutamine (Biolog-
ical Industries, Beit-Haemek, Israel). After 2 weeks of culture,
neurons were fixed for immunocytochemical studies as
described above for cell lines.

RESULTS

Synphilin-1A Interacts in Vitro and in Vivo with SIAH and
Co-localizes in Neurons—Wehave previously identified a novel
synphilin-1 isoform, called synphilin-1A, that is present in
Lewy bodies and is toxic to neurons (25). We now investigated
if synphilin-1A interacts with SIAH, which was shown to ubiq-
uitylate synphilin-1 (8). To determine whether they interact in
vitro, GST pulldown experiments were carried out by incubat-
ing GST-SIAH-1 fusion protein with the extract of HEK293
cells transfected with HA-synphilin-1A (Fig. 1A, left panel).
HA-Synphilin-1A specifically interacted with GST-SIAH-1 but
not with the control protein GST-FKBP12 (Fig. 1A, left panel).
The in vitro interaction of synphilin-1A and SIAH-1was similar
to that observed between synphilin-1 and SIAH-1 (Fig. 1A, right
panel).
To testwhether synphilin-1A interactswith SIAH in cells, we

also carried out co-immunoprecipitation experiments using
HEK293 cells co-transfected with HA-synphilin-1A and myc-
SIAH-1. We found that SIAH-1, but not the control protein
FKBP12, interacts with synphilin-1A (Fig. 1B). In addition,
SIAH-2 also co-immunoprecipitated with synphilin-1A in cells
(data not shown).
To map the SIAH-binding domain of synphilin-1A,

HEK293 cells were co-transfected with different HA-synphi-
lin-1A constructs and myc-SIAH-1. By carrying out co-im-
munoprecipitation experiments, we identified that SIAH co-
immunoprecipitated with the first third as well as the second
third of synphilin-1A (Fig. 1C). The last third of synphi-
lin-1A did not interact with SIAH. Thus, the first two-thirds
of synphilin-1A seem to be responsible for the interaction
with SIAH-1.
In addition, synphilin-1A specifically co-immunoprecipi-

tated with SIAH-1 from rat brain tissue (Fig. 1D) but not with
control beads alone or coupled with IgG, indicating that these

two proteins interact in vivo. Synphilin-1A also co-immuno-
precipitated with SIAH-2 from rat brain (Fig. 1E), indicating
that, similar to SIAH-1, SIAH-2 interacts in vivo with
synphilin-1A.
Using antibodies that we previously characterized as specific

to synphilin-1A (Fig. 1F, panels A andD), SIAH-1 (panel B), and
SIAH-1/2 (panel E) (8, 14, 25), we found in immunocytochem-
istry experiments of rat primary neuronal cultures that
endogenous synphilin-1A co-localizes with endogenous
SIAH proteins in neuronal cytosol, including cell bodies and
processes, as determined by confocal laser microscopy (Fig.
1F, panels C and F).

FIGURE 1. SIAH interacts with synphilin-1A in vitro and in vivo. A, left
panel, extract of HEK293 cells transfected with HA-synphilin-1A was incu-
bated with the indicated GST fusion proteins. Binding was analyzed by
using an anti-HA antibody. Right panel, extract of HEK293 cells transfected
with HA-synphilin-1 was incubated with the indicated GST fusion pro-
teins. Binding was analyzed using anti-HA antibody. The total amount of
GST fusion proteins used in the experiments was determined by staining
the membranes with Ponceau S (lower panels). B, SIAH-1 co-immunopre-
cipitates with synphilin-1A from co-transfected HEK293 cells. HA-synphi-
lin-1A was immunoprecipitated (IP) from extracts of HEK293 cells using an
anti-HA antibody. Co-immunoprecipitation was determined by Western
blot using an anti-Myc antibody. C, mapping the SIAH binding region in
synphilin-1A. HA-synphilin-1A fragments were immunoprecipitated from
extracts of co-transfected HEK293 cells using an anti-HA antibody. The
co-immunoprecipitation of SIAH-1 with synphilin-1A fragments was
determined by using the anti-SIAH antibody 990. The detection of immu-
noprecipitated synphilin-1A fragments was done using an anti-HA anti-
body. aa, amino acids. D, synphilin-1A (Sph-1A) co-immunoprecipitates
with endogenous SIAH-1. SIAH-1 was immunoprecipitated from rat brain
homogenate using the anti-SIAH-1 antibody (N-15), and detection of co-
immunoprecipitation was carried out using anti-synphilin-1A antibody
(25). The detection of immunoprecipitated-SIAH-1 was done using the
anti-SIAH-1 antibody (990) (8). E, synphilin-1A also co-immunoprecipi-
tates with endogenous SIAH-2. SIAH-2 was immunoprecipitated from rat
brain homogenate using the anti-SIAH-2 antibody (N-14), and detection
of co-immunoprecipitation was carried out using anti-synphilin-1A anti-
body. The detection of immunoprecipitated-SIAH-2 was done using the
anti-SIAH-1/2 antibody (H-18). F, rat cortical neurons grown for 14 days in
vitro were immunolabeled against synphilin-1A (panels A and D), SIAH-1
with N-15 antibody (panel B), and SIAH-1/2 with H-18 antibody (panel E).
The co-localization of endogenous synphilin-1A and SIAH in the cyto-
plasm of neurons, including cell bodies and neuronal processes, is
observed in the merge pictures (panels C and F). Scale bar, 20 �m.
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Characterization of Synphilin-1A Ubiquitylation and Inclu-
sion Formation—We next investigated whether SIAH ubiq-
uitylates synphilin-1A. For this, in vivo ubiquitylation exper-
iments were carried out by co-transfecting HEK293 cells
with HA-synphilin-1A, FLAG-ubiquitin, in the absence or in
the presence of myc-SIAH-1. In the presence of lactacystin,
SIAH-1 promoted only a slight increase in synphilin-1A
ubiquitylation (Fig. 2A, 3rd lane of upper panel). By contrast,
SIAH-1 promoted a robust increase in synphilin-1 ubiquity-
lation (Fig. 2A, 6th lane of upper panel) (8). We also carried
out in vitro ubiquitylation experiments where SIAH-1 and -2
promoted only a slight ubiquitylation of synphilin-1A (Fig.
2B, upper panel), although they lead to robust ubiquitylation
of synphilin-1 (Fig. 2B, lower panel) (8).

To determine whether SIAH promotes the degradation of
synphilin-1A, HEK293 cells were co-transfected with
HA-synphilin-1A and increasing amounts of myc-SIAH-1,
and the steady-state levels of synphilin-1A were analyzed.
No major decrease in the steady-state of synphilin-1A was

observed even in the presence of large amounts of SIAH-1
(Fig. 2C, upper panel), suggesting that SIAH-1 does not pro-
mote significant degradation of synphilin-1A. By contrast,
SIAH-1 promoted a sharp decrease in synphilin-1 steady
state levels (Fig. 2C, lower panel) (8). Similar results were
obtained when SIAH-2 was used instead SIAH-1 (data not
shown). Thus, contrasting with synphilin-1, synphilin-1A
seems to be a poor SIAH substrate.
We have shown that overexpression of synphilin-1A into

cultured cells promotes its accumulation into inclusions
(25). To determine whether SIAH can be recruited to syn-
philin-1A inclusions, HEK293 cells were co-transfected
with HA-synphilin-1A and myc-SIAH-1 or myc-SIAH-1
C55A,C59H,C72S mutant devoid of catalytic activity (8). By
carrying out immunocytochemistry experiments, we found
that only catalytically active SIAH-1 is recruited to synphi-
lin-1A inclusions (Fig. 3A, left panels). In addition, SIAH-1
co-localized with synphilin-1A inclusions also in the dopa-
minergic cells SH-SY5Y (Fig. 3A, right panels), indicating

FIGURE 2. SIAH promotes slight ubiquitylation and degradation of synphilin-1A. A, HEK293 cells were co-transfected with HA-synphilin-1A, FLAG-ubiq-
uitin, in the absence or in the presence of myc-SIAH-1. As control, co-transfections were carried out with synphilin-1 instead of synphilin-1A. Cells were
incubated 12 h with 10 �M lactacystin, and HA-synphilin-1A and HA-synphilin-1 were immunoprecipitated (IP) with anti-HA antibody. Ubiquitylation of
synphilin-1A and synphilin-1 was detected by Western blot using anti-FLAG antibody. The middle panel shows the levels of immunoprecipitated synphilin-1A
and synphilin-1 using anti-HA antibody. The lower panel shows the total ubiquitylation levels of co-transfected cells with anti-FLAG antibody. B, in vitro
translated 35S-synphilin-1A was incubated with recombinant SIAH-1 or SIAH-2, UbcH5b, ubiquitin, and the other purified components of the ubiquitin system.
The levels of 35S-synphilin-1A in vitro ubiquitylation were determined by PhosphorImager analysis (upper panel). As control, in vitro translated 35S-synphilin-1
was incubated with recombinant SIAH-1 or SIAH-2 under the same conditions as for 35S-synphilin-1A, and the levels of 35S-synphilin-1 ubiquitylation were
determined by PhosphorImager analysis (lower panel). E1, ubiquitin-activating enzyme. C, effect of SIAH-1 on synphilin-1A (Sph-1A) steady-state levels. HEK293
cells were transfected with HA-synphilin-1A and myc-SIAH-1. HA-synphilin-1A and HA-synphilin-1 from total cell lysates were detected by Western blot using
anti-HA antibody.
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that the recruitment of SIAH to synphilin-1A inclusions is
not specific to a single cell type. Similar to SIAH-1, SIAH-2
was also recruited to synphilin-1A inclusions (data not
shown), further supporting the interaction between SIAH
proteins and synphilin-1A. Finally, the co-localization of
SIAH-1 and SIAH-2 with synphilin-1A inclusions was
observed either in the absence or in the presence of the pro-
teasome inhibitor lactacystin (Fig. 3A and data not shown).
Furthermore, no recruitment of inactive SIAH-1 mutant to
synphilin-1A inclusions was observed (Fig. 3A, left and right
lower panels).
To confirm the recruitment of SIAH to synphilin-1A

inclusions, we investigated the effect of synphilin-1A on the
distribution of SIAH-1 into soluble and insoluble fractions
by Western blot assays. HEK293 cells were co-transfected
with HA-synphilin-1A and myc-SIAH-1 (wild-type or
mutant devoid of catalytic activity), and cell homogenates
were separated into fractions soluble and insoluble to 1%
Triton X-100. In the presence of synphilin-1A, SIAH-1 dis-
tributed between soluble and insoluble fractions, whereas
SIAH-1 devoid of catalytic activity was present only in the
soluble fraction (Fig. 3B). Therefore, we confirmed by bio-
chemical means that insoluble synphilin-1A is able to recruit
only active SIAH-1.
Wehave previously shown that ubiquitylation by SIAH in the

presence of proteasome inhibition promotes about 5-fold

increase in the formation of synphi-
lin-1 inclusions (8). In the presence
of lactacystin, SIAH-1 also in-
creased the formation of synphi-
lin-1A inclusions (Fig. 3C). How-
ever, this increase in synphilin-1A
inclusions promoted by SIAH-1was
smaller than that previously ob-
served for synphilin-1, as SIAH-1
leads to less than a 2-fold increase in
synphilin-1A inclusions (Fig. 3C).
This result is compatible with the
small ubiquitylation extent of syn-
philin-1A promoted by SIAH, if
compared with that observed with
synphilin-1 (Fig. 2A).
We next characterized synphilin-

1A/SIAH inclusions. In immunocy-
tochemistry experiments, synphi-
lin-1A/SIAH inclusions were
thioflavine S- andubiquitin-positive
(Fig. 4A). Also, synphilin-1A/SIAH
inclusions were able to recruit
PD-related proteins, such as �-
synuclein, synphilin-1, Parkin,
PINK1, and UCH-L1 (Fig. 4B), indi-
cating that SIAH does not compete
with the binding of PD-related pro-
teins to synphilin-1A inclusions.
These resultswere observed for syn-
philin-1A/SIAH inclusions either in
the absence (Fig. 4, A and B) or in

the presence of lactacystin (data not shown). No significant
recruitment of the control protein FKBP12 to synphilin-1A/
SIAH inclusions was observed, suggesting that, together with
SIAH, aggregated synphilin-1Amaywork as anchor for PDpro-
teins to form Lewy bodies.
Synphilin-1A Decreases SIAH Auto-ubiquitylation and

Degradation—Because synphilin-1A strongly binds to SIAH
in vivo and in vitro, but is a very poor ubiquitylation sub-
strate, we wondered whether synphilin-1A could in fact
affect SIAH functions. To determine whether synphilin-1A
could change SIAH ubiquitin-ligase activity, the effect of
synphilin-1A on SIAH auto-ubiquitylation was investigated.
For this, HEK293 cells were co-transfected with HA-SIAH-1
and increasing amounts of myc-synphilin-1A; SIAH was
immunoprecipitated with an anti-HA antibody, and the lev-
els of SIAH auto-ubiquitylation were determined using an
anti-ubiquitin antibody. We found that increasing amounts
of synphilin-1A significantly decreased SIAH-1 auto-ubiqui-
tylation (Fig. 5A). In vitro ubiquitylation experiments were
also carried out by incubating in vitro translated SIAH with
purified components of the ubiquitin system in the absence
or in the presence of recombinant synphilin-1A. Similar to
the in vivo ubiquitylation experiments, addition of synphi-
lin-1A decreased the in vitro auto-ubiquitylation of SIAH
(Fig. 5B).

FIGURE 3. SIAH is recruited to synphilin-1A inclusions. A, immunofluorescence of transfected HEK293
(left panels) and SH-SY5Y (right panels) cells reveals the co-localization of myc-SIAH-1 but not myc-SIAH-1
catalytically inactive mutant (C55A,C59H,C72S) with HA-synphilin-1A inclusions. Immunocytochemistry
was carried out with anti-HA (red) and anti-Myc antibody (green). Nuclei were revealed with TOPRO-3.
Scale bar, 25 �m. B, synphilin-1A (Sph-1A) recruits wild-type SIAH-1 but not the catalytically inactive
mutant to the Triton X-100-insoluble fraction. HEK293 cells transfected with HA-synphilin-1A and myc-
SIAH-1 or myc-SIAH-1 inactive mutant were lysed, and cell lysates were divided into Triton-soluble (Sol)
and Triton-insoluble (Ins) fractions. The distribution of SIAH-1 (wild-type and inactive mutant) between
soluble and insoluble fractions was determined using anti-Myc antibody (upper panels). The distribution
of synphilin-1A between the same fractions was determined using anti-HA antibody. C, quantification of
synphilin-1A inclusion formation in SH-SY5Y cells transfected with HA-synphilin-1A, in the absence or in
the presence of myc-SIAH-1. Cells were incubated 12 h with 10 �M lactacystin prior to the immunocyto-
chemistry assay. Error bars represent standard error of five independent experiments. **, significantly
different from control at p � 0.01.
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Because auto-ubiquitylation of SIAH is required for its
degradation (27), we next examined if synphilin-1A leads to
decreased degradation of SIAH. HEK293 cells were co-trans-
fected with HA-SIAH-1 and myc-synphilin-1A, and the
steady-state levels of SIAH-1 were analyzed. We found that
increasing amounts of synphilin-1A significantly increased
the steady-state levels of SIAH-1 (Fig. 6A). In experiments
where only synphilin-1A was transfected, increasing

amounts of synphilin-1A were able to significantly raise the
steady-state levels of endogenous SIAH-1 protein (Fig. 6B).
In addition, pulse-chase experiments revealed that SIAH-1
half-life was significantly prolonged in the presence of syn-
philin-1A (Fig. 6C), indicating that the increase of SIAH-1
steady-state levels promoted by synphilin-1A is because of
decreased degradation and not to changes in transcription.
Taken together, our data indicate that synphilin-1A
decreases the auto-ubiquitylation and degradation of
SIAH-1.
Synphilin-1A Decreases SIAH Ligase Activity and Cell

Toxicity—To determine whether synphilin-1A also changes
SIAH ability to ubiquitylate its substrates, we carried out
ubiquitylation of synphilin-1 and DCC promoted by SIAH in
the absence and in the presence of synphilin-1A. Increasing
amounts of synphilin-1A significantly decreased the ability
of SIAH-1 to ubiquitylate synphilin-1 as well as DCC (Fig. 7,
A and C). Also, increasing amounts of synphilin-1A pre-
vented the degradation of both synphilin-1 and DCC pro-
moted by SIAH (Fig. 7, B and D). Therefore, in addition to
decreasing the auto-catalytic activity of SIAHs, synphilin-1A
decreases the ability of SIAH to ubiquitylate and to degrade
its substrates.
To demonstrate the relevance of synphilin-1A in the

metabolism of endogenous proteins, we analyzed SIAH
activity in the presence of siRNA to synphilin-1A. Because
we found low levels of synphilin-1A expression in HEK293
(data not shown), all the siRNA experiments were carried
out in SH-SY5Y cells. First, we generated a pair of siRNAs
that efficiently reduce synphilin-1A expression (Fig. 8A). We
next investigated the ability of synphilin-1A siRNA to inter-
fere with SIAH activity. As steady-state levels of SIAH were
shown to correlate with its ligase activity (27), we investi-
gated the effect of synphilin-1A on the steady-state levels of
SIAH. We found that siRNA-mediated synphilin-1A knock-
down promoted a significant reduction in SIAH steady-state
levels (Fig. 8B), suggesting that decreased synphilin-1A
expression leads to improvement of SIAH ligase activity with
increased auto-ubiquitylation and degradation. Also, siRNA
to synphilin-1A decreased the steady state of the SIAH sub-
strates synphilin-1 and DCC (Fig. 8, C andD), indicating that
the absence of synphilin-1A increases the activity of SIAH
toward its substrates as well. Taken together, our data sug-
gest that the decrease in synphilin-1A expression increases
the activity of endogenous SIAH as well as its ability to
degrade substrates, confirming that endogenous synphi-
lin-1A negatively modulates the ligase activity of SIAH.
Next, we examined whether the inhibitory activity of syn-

philin-1A is specific for SIAH-1. For this, we investigated the
ability of synphilin-1A to interfere with the ligase activity of
two other E3 ubiquitin-ligases, Parkin and CHIP (carboxyl
terminus of Hsc70-interacting protein). Because the auto-
ubiquitylation of Parkin and CHIP were shown to reflect
their catalytic activity (28–30), we measured the ability of
synphilin-1A to modulate the steady-state levels of Parkin
and CHIP. We found that synphilin-1A did not promote the
accumulation of Parkin or CHIP as it did for SIAH (Fig. 9, A
and B), indicating that synphilin-1A does not interfere with

FIGURE 4. Co-localization of PD-related proteins with synphilin-1A/SIAH
inclusions. A, SH-SY5Y cells were co-transfected with HA-synphilin-1A (Sph-
1A), untagged SIAH-1, and FLAG-ubiquitin (Ubiq). Immunocytochemistry was
carried out with anti-HA (red) and anti-FLAG or thioflavine (Thio) S (14) (green).
Nuclei were stained with TOPRO-3. Scale bar, 25 �m. B, SH-SY5Y cells were
co-transfected with HA-synphilin-1A, untagged SIAH-1, and myc-FKBP12,
myc-�-synuclein (�-Syn), myc-synphilin-1, myc-Parkin, myc-PINK1, or myc-
UCH-L1. Immunocytochemistry was carried out with anti-HA (red) and anti-
Myc (green). Nuclei were stained with TOPRO-3. Scale bar, 25 �m. The figures
are representative of 3– 6 independent experiments.
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the activities of Parkin and CHIP. Also, synphilin-1A did not
promote the accumulation of one of the Parkin bona fide
substrates p38 (31, 32) (Fig. 9C), confirming that synphi-
lin-1A does not inhibit Parkin ligase activity. Therefore,
these findings indicate that synphilin-1A specifically modu-
lates SIAH activity.
SIAH has been shown to cause cell death (33). To investigate

if synphilin-1A can also decrease the toxicity promoted by

SIAH, we transfected HEK293 cells with SIAH, in the absence
or in the presence of synphilin-1A, and measured cell toxicity
by determining the amount of nuclear condensation/fragmen-
tation by Hoechst 33342. We found that synphilin-1A signifi-
cantly decreased the cell death promoted by SIAH (Fig. 10).
Different from wild-type SIAH, the ligase-inactive mutant of
SIAH did not promote cell death when compared with vector
alone (Fig. 10). In addition, cell death promoted by synphilin-

1A, in the absence or in the presence
of ligase-inactive SIAH, was similar
to that observed with vector alone,
indicating that synphilin-1A, alone
or combined with ligase-inactive
SIAH, is not toxic to HEK293 cells
(Fig. 10). Therefore, synphilin-1A
modulates both SIAH ligase activity
(Figs. 5–7) and its toxicity (Fig.
10), suggesting that the ligase and
the toxic activity of SIAH are
interconnected.
Synphilin-1A Decreases the Mono-

ubiquitylation of �-Synuclein by
SIAH and Its Inclusion Forma-
tion—We next investigated the
effect of synphilin-1A on the ability
of SIAH to ubiquitylate substrates
that are not the target for degrada-
tion, such as �-synuclein (8, 14).
Addition of increasing amounts of
synphilin-1A decreased themonou-
biquitylation of �-synuclein (Fig.
11A). In addition, no significant
change in �-synuclein steady-state

FIGURE 5. Synphilin-1A decreases the ubiquitylation of SIAH-1. A, HEK293 cells were transfected with
HA-SIAH-1 and increasing amounts of myc-synphilin-1A. Cells were incubated 12 h with 10 �M lactacystin.
HA-SIAH-1 was immunoprecipitated (IP) with anti-HA antibody, and ubiquitylated SIAH-1 was detected by
Western blot using anti-ubiquitin (Ubiq) antibody. The amount of immunoprecipitated SIAH-1 was determined
using anti-SIAH-1 antibody N-15 (2nd panel). The levels of synphilin-1A (Sph-1A) were determined with anti-
Myc antibody (3rd panel). B, in vitro translated SIAH-1 was incubated with UbcH5b, ubiquitin, and the other
purified components of the ubiquitin system in the absence or in the presence of recombinant synphilin-1A.
The levels of SIAH-1 ubiquitylation were determined by PhosphorImager analysis. The amount of synphilin-1A
added was determined by Western blot using anti-synphilin-1A antibody (lower panel). BSA, bovine serum
albumin.

FIGURE 6. Synphilin-1A inhibits the degradation of SIAH-1. A, HEK293 cells were co-transfected with HA-SIAH-1 and increasing amounts of myc-synphilin-
1A. HA-SIAH-1 steady-state levels from total cell lysates were detected by Western blot with anti-HA antibody. The expression levels of synphilin-1A were
determined using anti-Myc antibody. Loading control was monitored with anti-actin antibody (lower panel). B, HEK293 cells were transfected with increasing
amounts of myc-synphilin-1A. Steady-state levels of endogenous SIAH-1 from total cell lysates were determined using anti-SIAH-1 antibody (N-15). The
expression levels of synphilin-1A were determined using anti-Myc antibody. C, synphilin-1A (Sph-1A) increases the half-life of SIAH-1. Transfected HEK293 cells
were chased for the indicated time points, and HA-SIAH-1 was immunoprecipitated using anti-HA antibody. Immunoprecipitates were analyzed by SDS-PAGE
and autoradiography (upper panel). Graph shows the quantification of remaining SIAH-1 at indicated time points. Error bars represent standard error of three
independent experiments (lower panel).

Synphilin-1A Decreases the Catalytic Activity of SIAH

11712 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 17 • APRIL 24, 2009



levels was observed in the presence
of SIAH alone or combined with
increasing amounts of synphilin-1A
(data not shown).
Because �-synuclein monoubiq-

uitylation may affect inclusion for-
mation in dopaminergic cells (14),
we investigated the effect of syn-
philin-1A in the formation of
�-synuclein inclusions. For this,
SH-SY5Y cells were transfected
with�-synuclein and SIAH-2, in the
absence or in the presence of syn-
philin-1A. To promote the accu-
mulation of monoubiquitylated
�-synuclein, transfected cells were
incubated with proteasome, lyso-
some, and autophagy inhibitors,
and the amounts of monoubiqui-
tylated �-synuclein inclusions
were determined by immunocyto-
chemistry. In accordance with its
ability to inactivate SIAH ligase
activity, synphilin-1A significantly
decreased the formation of
monoubiquitylated �-synuclein
inclusions promoted by SIAH
(Fig. 11B).

DISCUSSION

We have previously identified
an isoform of synphilin-1 we called synphilin-1A that is
prone to aggregation and that accumulates in the brain of
Diffuse Lewy Body disease (25). Also, synphilin-1A interacts
with both �-synuclein and synphilin-1, suggesting a possible
role in PD. In this study, we described the interaction
between synphilin-1A and the E3 ubiquitin-ligase SIAH. We
found that synphilin-1A is ubiquitylated by SIAH but that
this ubiquitylation is not enough to promote synphilin-1A
degradation by the proteasome. As a poorly degraded sub-
strate, synphilin-1A inactivates SIAH, inhibiting SIAH ligase
and toxic activities. Accumulation of ubiquitylated synphi-
lin-1A leads to increased formation of synphilin-1A inclu-
sions, which recruits SIAH. Synphilin-1A decreases the
auto-ubiquitylation of SIAH and its ligase activity toward
other substrates, including synphilin-1, DCC, and �-
synuclein. In parallel to a decrease in synphilin-1 and DCC
ubiquitylation, synphilin-1A reduced their degradation by
the proteasome. The ability of synphilin-1A to interfere with
SIAH activity was also observed for endogenous proteins as
siRNA mediated synphilin-1A knockdown significantly
decreased the steady-state of endogenous SIAH and its sub-
strates, synphilin-1 and DCC. Furthermore, the inhibitory
activity of synphilin-1A is specific for SIAH because synphi-
lin-1A did not promote the accumulation of other E3 ubiq-
uitin ligases, such as Parkin and CHIP. Moreover, synphi-
lin-1A decreased �-synuclein monoubiquitylation and the
formation of �-synuclein inclusions, supporting a role

FIGURE 7. Synphilin-1A decreases the ubiquitylation and degradation of the SIAH-1 substrates synphi-
lin-1 and DCC. A, in vitro translated synphilin-1 was incubated with increasing amounts of synphilin-1A,
UbcH5b, ubiquitin, and the other purified components of the ubiquitin system, in the absence or in the
presence of SIAH-1. The levels of synphilin-1 ubiquitylation were determined by PhosphorImager analysis. E1,
ubiquitin-activating enzyme. B, HEK293 cells were transfected with HA-synphilin-1, untagged SIAH-1, and
increasing amounts of synphilin-1A. HA-synphilin-1 from total cell lysates was detected by Western blot using
anti-HA antibody (upper panel). The expression levels of synphilin-1A (Sph-1A) and SIAH-1 were determined
with anti-Myc and anti-SIAH-1 (N-15) antibodies, respectively. C, HEK293 cells were transfected with HA-DCC
and increasing amounts of myc-synphilin-1A. Cells were incubated 12 h with 10 �M lactacystin. HA-DCC was
immunoprecipitated with anti-HA antibody, and ubiquitylated DCC was detected by Western blot using anti-
FLAG antibody. The amount of immunoprecipitated DCC was determined using anti-HA antibody (2nd panel).
The levels of synphilin-1A were determined with anti-Myc antibody (4th panel). D, HEK293 cells were trans-
fected with HA-DCC, untagged SIAH-1, and increasing amounts of synphilin-1A. HA-DCC from total cell lysates
was detected by Western blot using anti-HA antibody (upper panel). The expression levels of synphilin-1A and
SIAH-1 were determined with anti-Myc and anti-SIAH-1 (N-15) antibodies, respectively.

FIGURE 8. Reduction of synphilin-1A expression decreases the steady-
state levels of SIAH-1 and its substrates synphilin-1 and DCC. A, SH-SY5Y
cells were transfected with HA-synphilin-1A, in the presence of siRNA control
or siRNA to synphilin-1A (Sph-1A). HA-synphilin-1A from total cell lysates was
detected by Western blot using anti-HA antibody (upper panel). B, SH-SY5Y
cells were transfected with siRNA control or siRNA to synphilin-1A. The
endogenous levels of SIAH-1 from total cell lysates were detected by Western
blot using the 990 anti-SIAH-1 antibody (8) (upper panel). Middle panel shows
the levels of endogenous synphilin-1A with anti-synphilin-1A antibody. C, SH-
SY5Y cells were transfected with HA-synphilin-1, in the presence of siRNA
control or siRNA to synphilin-1A. HA-synphilin-1 from total cell lysates was
detected by Western blot using anti-HA antibody (upper panel). Middle panel
shows the levels of endogenous SIAH-1 with 990 anti-SIAH-1 antibody. D, SH-
SY5Y cells were transfected with HA-DCC, in the presence of siRNA control or
siRNA to synphilin-1A. HA-DCC from total cell lysates was detected by West-
ern blot using anti-HA antibody (upper panel). Middle panel shows the levels of
endogenous SIAH-1 with 990 anti-SIAH-1 antibody. Lower panels in A–D show
the loading control of protein extracts determined by incubating the mem-
branes with anti-actin antibody.
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of �-synuclein monoubiquitylation in inclusion body
formation.
SIAH has been shown to interact with its substrates by

binding to the consensus VXP (34). Synphilin-1A is devoid of
VXP consensus, but it interacts with endogenous SIAH, as
observed in co-immunoprecipitation experiments with rat
brains. Supporting an interaction of SIAH and synphilin-1A
in a VXP-independent manner is the finding that some SIAH
substrates, such as synaptophysin, do not contain the VXP
motif (34). Also, mutations in the VXP consensus of some
substrates, such as Kid, do not change the interaction with
SIAH (34), suggesting that some substrates of SIAH may
interact in a VXP-independent manner.

Further supporting a specific interaction of synphilin-1A and
SIAH, we found in immunocytochemistry experiments of pri-
mary neuronal cultures that both endogenous proteins co-lo-
calize in the cytosol of neurons, including cell bodies and pro-
cesses. In agreement, both proteins were previously shown to
bewidely expressed in the brain and to be present at the presyn-
apse (25, 35, 36). In addition, SIAH interacts with and promotes

the degradation of different synap-
tic proteins, including the group 1
metabotropic glutamate receptor
and the synaptic vesicle protein syn-
aptophysin (36, 37). Moreover,
endogenous SIAH was shown to be
present and to co-localize with syn-
aptophysin in neuritic processes of
neuronally differentiated PC12 cells
(37).
The inability of SIAH to pro-

mote the degradation of synphi-
lin-1A is not unique as several sub-
strates of SIAH, such as PHYL and
Vav, are not targeted for degrada-
tion by the proteasome (38).
Nevertheless, the small extent of

synphilin-1A ubiquitylation promoted by SIAH increased
the formation of synphilin-1A inclusions in the presence of
proteasome inhibitors. Therefore, synphilin-1A/SIAH interac-
tion promotes the formation of synphilin-1A inclusions rather
thanthedegradationof synphilin-1A.BecausebothSIAHandsyn-
philin-1A are present in Lewy bodies, ubiquitylation of synphi-
lin-1Amight be important for the formation of these inclusions.
SIAH ligase activity has been shown previously to be

inhibited by the protein Disabled-1, but it was not clear
whether it constitutes SIAH substrate (27). Synphilin-1A
works as a “suicide” substrate as it inhibits both the auto-
ubiquitylation and the ability of SIAH to ubiquitylate the
substrates �-synuclein, synphilin-1, and DCC. The ability of
synphilin-1A to inhibit both auto-ubiquitylation and ubiq-
uitylation of SIAH toward substrates indicates that these
activities of SIAH are interconnected. Further supporting
the correlation between auto-ubiquitylation and ubiquityla-
tion of substrates is the finding that phosphorylation by
Cdk5 inhibits Parkin auto-ubiquitylation as well as ubiqui-
tylation of its substrates p38 and synphilin-1 (29). SIAH is a
pro-apoptotic protein that seems to promote cell death by
activation of glyceraldehyde-3-phosphate dehydrogenase
and JNK pathways (33, 39–41). In an attempt to dissect the
connection between the ligase activity and toxicity of SIAH,
we also investigated the effect of synphilin-1A on the ability
of SIAH to promote cell death. We could not investigate the
effect of synphilin-1A on the toxicity of SIAH in primary
neuronal cultures because synphilin-1A is per se toxic in
neurons (25). To avoid the toxic component of synphilin-1A,
we chose to carry out the cell toxicity experiments in
HEK293 cells, where we found that synphilin-1A exerts no
significant direct toxicity. We found that, in addition to
decreasing the ligase activity of SIAH, synphilin-1A
decreased the ability of SIAH to promote cell death in
HEK293 cells. Therefore, we propose that the toxicity of
SIAH correlates with its ability to ubiquitylate substrates
involved in triggering cell death. This observation is in
accordance with the finding that activation of JNK requires
the E3 ligase activity of SIAH (41).
Although synphilin-1A is toxic to primary cultured neurons

from rat brain (25), we now found that it does not promote

FIGURE 9. Synphilin-1A does not interfere with the steady-state levels of Parkin and its substrate p38 as
well as with CHIP. A, HEK293 cells were transfected with myc-Parkin and increasing amounts of synphilin-1A
(Sph-1A) or HA-FKBP12. myc-Parkin from total cell lysates was detected by Western blot using anti-Myc anti-
body (upper panel). The expression levels of synphilin-1A and FKBP12 were determined with anti-HA. B, HEK293
cells were transfected with myc-CHIP and increasing amounts of synphilin-1A or HA-FKBP12. myc-CHIP from
total cell lysates was detected by Western blot using anti-Myc antibody (upper panel). The expression levels of
synphilin-1A and FKBP12 were determined with anti-HA. C, HEK293 cells were transfected with myc-p38,
HA-Parkin, and HA-FKBP12 in the absence or in the presence of HA-synphilin-1A. myc-p38 from total cell
lysates was detected by Western blot using anti-Myc antibody (upper panel). The expression levels of Parkin,
synphilin-1A, and FKBP12 were determined with anti-HA.

FIGURE 10. Synphilin-1A decreases the toxicity of SIAH. HEK293 cells were
transfected with HA-SIAH-1, HA-SIAH-1 C55A,H59A,C72S (ligase-inactive
mutant (mut)) (8), myc-synphilin-1A, and myc-LacZ. Immunocytochemistry
was carried out using anti-HA and anti-Myc antibodies, and cell death was
determined by quantifying the nuclear fragmentation and condensation of
transfected HEK293 cells with Hoechst 33342. Error bars represent standard
error of 4 –7 independent experiments. ***, significantly different from vehi-
cle control at p � 0.001.
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toxicity inHEK293 (Fig. 10) or SH-SY5Y cells (data not shown).
The lack of toxicity in these cell types allowed us to investigate
the role of synphilin-1A in SIAH toxicity and accumulation of
monoubiquitylated�-synuclein inclusions. By inhibiting SIAH,
synphilin-1A led to a significant decrease in the formation of
monoubiquitylated �-synuclein inclusions in SH-SY5Y cells
(Fig. 11B). On the other hand, our attempts to determine
changes in �-synuclein inclusion formation by synphilin-1A in
primary neuronal cultures were not successful because of syn-
philin-1A neurotoxicity.
Even though SH-SY5Y cells have a neuronal origin, the

ability of synphilin-1A to promote cell death seems to be
restricted to primary neurons. Differences in protein toxicity
depending on the cell type have been previously reported by
several studies. Overexpression of wild-type �-synuclein was
shown to be toxic to neurons (42), but several studies have
found that wild-type �-synuclein is not toxic to different
types of cultured cells (43–46). Therefore, we speculate that
dissimilarities between the cellular machinery of primary
neuronal cultures and cultured cell lines could account for
the difference in synphilin-1A toxicity. Moreover, this indi-
cates that synphilin-1A toxicity in neurons may be mediated
by still unidentified cellular pathways. Alternatively, aggre-
gation of synphilin-1A, as observed in patients with Diffuse
Lewy Body disease (25), could lead to less available synphi-
lin-1A to neutralize SIAH toxicity in vivo. Future studies are
necessary to determine the cellular pathways involved in the
toxicity of synphilin-1A in neurons.
Similar to �-synuclein, synphilin-1 has been shown to play

a synaptic role. Synphilin-1 is a presynaptic protein (47) and
promotes the release of neurotransmitters in a cell model
(22). Because synphilin-1A increases the steady-state levels
of synphilin-1 (Fig. 7B), it is possible that synphilin-1A may
modulate the synaptic function of synphilin-1 by increasing
its concentration in the cell. Furthermore, by changing the
steady-state levels of DCC (Fig. 7D), synphilin-1A may mod-
ulate axonal outgrowth (48). Likewise, synphilin-1A may

affect hypoxic response by chang-
ing the degradation of HIF1�, a
process controlled by SIAH
through PHD proteins (49). Thus,
synphilin-1A may be linked to dif-
ferent physiological events, such
as axonal growth, neuronal activ-
ity, and hypoxic response.
In summary, we report that syn-

philin-1A interacts in vivo and
inhibits the endogenous catalytic
activity of SIAH, promoting accu-
mulation of SIAH itself as well
as substrates that it normally
degrades, such as synphilin-1 and
DCC. Our results also shed light
on the mechanisms regulating
�-synuclein monoubiquitylation,
which has been implicated in
�-synuclein aggregation (14). By
interfering with the activity of

SIAH, synphilin-1A also leads to decreased monoubiquity-
lation of �-synuclein and its aggregation into inclusions.
Because monoubiquitylated �-synuclein inclusions are toxic
to cells (14, 50), the ability of synphilin-1A to decrease the
formation of �-synuclein inclusions indicates that synphi-
lin-1A represents a novel therapeutic target to PD.
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