
Brief Communications

Rab11a and HSP90 Regulate Recycling of Extracellular
�-Synuclein

Jun Liu,1,2 Jian-Peng Zhang,2 Min Shi,2 Thomas Quinn,2 Joshua Bradner,2 Richard Beyer,3 Shengdi Chen,1 and
Jing Zhang2

1Department of Neurology and Institute of Neurology, Ruijin Hospital affiliated to Shanghai Jiaotong University School of Medicine, Shanghai, 200025
China, 2Department of Pathology, University of Washington School of Medicine, Seattle, Washington 98104, and 3Department of Environmental and
Occupational Health Sciences, University of Washington, Seattle, Washington 98105

Growing evidence suggests that extracellular �-synuclein (eSNCA) may play an important role in the pathogenesis of Parkinson’s disease
(PD) and related synucleinopathies by producing neurotoxicity directly or via activation of glia. However, the mechanisms involved in the
trafficking of eSNCA in neurons and/or glia remain unclear. Here, we demonstrated that eSNCA could be resecreted out of neurons via a
process modulated by a recycling endosome regulator rab11a in addition to being degraded by an endosome–lysosome system. A
quantitative proteomic analysis also revealed numerous proteins through which rab11a might execute its function. One of the candidate
proteins, heat shock protein 90 (HSP90), was validated to be interacting with rab11a. Furthermore, geldanamycin, an HSP90 inhibitor,
not only prevented resecretion of eSNCA but also attenuated neurotoxicity induced by eSNCA.
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Introduction
Extracellular �-synuclein (eSNCA), both monomeric and oligo-
meric forms, have been proposed as biomarkers of Parkinson’s
disease (PD) (Borghi et al., 2000; El-Agnaf et al., 2003). eSNCA is
also clearly neurotoxic, at least at high concentrations (Sung et al.,
2001). Furthermore, eSNCA has been shown to activate micro-
glia (Croisier et al., 2005; Zhang et al., 2005; Su et al., 2008) and
astroglia (Klegeris et al., 2006), with subsequent release of proin-
flammatory factors and cytotoxic reactive oxygen species (ROS)
that further facilitate the neurotoxicity of dopaminergic (DAer-
gic) neurons. More recently, in PD patients who received fetal
tissue transplantation years ago, Lewy bodies, a pathological hall-
mark of PD, were found in the transplanted grafts, leading to a
provocative hypothesis that host eSNCA may have been trans-
ported to the grafts, facilitating the formation of Lewy bodies
(Kordower et al., 2008).

Given the essential roles of eSNCA in PD-related mechanisms,
there is an urgent need to define the mechanisms by which eS-
NCA is able to traverse through different cellular compartments.
SNCA, originally believed to be only located in the synapses of
neurons, has been recently found in both the nucleus and mito-
chondria (Sangchot et al., 2002). Nonetheless, Lee et al. (2005)
have suggested that the majority of eSNCA is derived from cyto-
plasmic SNCA. After being released, eSNCA can reenter neurons
and glia to elicit various biological effects (El-Agnaf et al., 1998;

Forloni et al., 2000; Zhang et al., 2005), although the mechanisms
by which SNCA is released to the extracellular space remain to be
characterized.

Materials and Methods
Reagents. Tissue culture media and supplements were obtained from
Invitrogen. All chemical reagents were obtained from Sigma-Aldrich un-
less otherwise specified. Purified human wild-type recombinant SNCA
(MW: 14 kDa) was obtained from r-Peptide. Anti-lysosome-associated
membrane protein (Lamp-1), anti-HSP90, and anti-�-actin antibodies
were obtained from Novus Biologicals. Anti-rab11a and anti-human
SNCA were provided by Invitrogen. The polyclonal anti-microtubule-
associated protein 2 (MAP2) antibody was provided by Millipore and
anti-early endosomal antigen 1 (EEA1) antibody was supplied from
Abcam.

Cell cultures. MES23.5 (MES) cells were cultured in DMEM F-12 con-
taining 1% N-2 supplement, 2% fetal bovine serum, and 50 U/ml peni-
cillin and streptomycin at 37°C in a 5% CO2 humidified incubator.

Condition medium preparation. MES cells were treated with eSNCA at
250 nM for 3 h, washed extensively with ice-cold PBS to remove bovine
serum proteins from culture media, and then incubated in a serum-free
medium, before starting chase for different times. The conditioned me-
dium was collected and centrifuged at 1000 � g for 10 min at 4°C,
followed by using 0.45 �m HPLC syringe filters (Fisher Scientific) to
remove cells. Proteins were then precipitated out by 10% trichloroacetic
acid for Western blotting analysis.

Preparation of aggregated eSNCA. Aggregated eSNCA, mainly oli-
gomers, was produced as described by us previously (Liu et al., 2007). A
more detailed description and characteristics of the aggregated eSNCA,
including size exclusion chromatography and electron microscopic anal-
ysis, can be found in the supplemental material (available at
www.jneurosci.org).

Immunocytochemistry and immunohistochemistry. Fluorescent label-
ing of eSNCA was performed with the EZ-Label fluorescein protein la-
beling kit (Pierce Endogen), and immunostaining was performed as de-
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scribed previously (Zhang et al., 1999; Liu et al., 2007). Images were
recorded with a laser-scanning confocal microscope (Bio-Rad LS2000).
The procedure for quantifying neurite outgrowth is provided in the sup-
plemental material (available at www.jneurosci.org).

Proteomics and bioinformatics. Details are provided in the supplemen-
tal material (available at www.jneurosci.org).

Immunoprecipitation and Western blotting. Tosylated Dynabeads (1 �
10 8 Dynabeads; Dynal Biotech, Invitrogen) were covalently conjugated
to corresponding antibodies according to the manufacturer’s instruc-
tions. Immunoprecipitation and Western blotting were performed as
described previously (Liu et al., 2007).

Rab11a siRNA transfection in MES cells. MES cells were transfected
with 10 nM rat rab11a-specific siRNA [Rn_rab11a_1 HP siRNA (Qia-
gen); target sequence CGGAATGAGTTTAATCTGGAA located at the 5�
terminal of the gene (GenBank accession number NM_031152)]. Con-
structs or nonspecific control siRNA constructs (Qiagen) were intro-
duced using HiPerFect transfection reagent (Qiagen).

Results
Secretion of eSNCA by exocytosis
eSNCA can enter both glia and neurons by endocytosis (Sung et
al., 2001; Liu et al., 2007), although the specific mechanisms un-
derlying intracellular trafficking of eSNCA remain to be charac-
terized. In our ongoing investigations, we observed that the
amount of internalized eSNCA in MES cells decreased time de-
pendently. Furthermore, in MES cells exposed to preaggregated
eSNCA, clearance of the internalized eSNCA followed, at least in
part, an endosome–lysosome pathway (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material), largely
consistent with the report that came out while our manuscript
was under preparation, noting that most internalized macromol-
ecules are degraded by lysosomes after trafficking through a series
of vesicular compartments (Lee et al., 2008). However, another
possibility, which has never been reported previously, is that
some of the internalized eSNCA may enter an exocytosis path-
way, being secreted out of the cells.

To explore the role of a recycling process in the observed
decrease of internalized eSNCA, MES cells were incubated with
preaggregated eSNCA for 3 h and washed extensively with PBS
before the amount of eSNCA was determined after different chas-
ing time periods. The results demonstrated that eSNCA (TCA-
precipitable) in the medium steadily increased after 6 h of chasing
(Fig. 1A). In contrast, when the chasing began at a lower temper-
ature (18°C), a condition known to block vesicular exocytosis,
the secretion of eSNCA was inhibited substantially (supplemen-
tal Fig. 2, available at www.jneurosci.org as supplemental mate-
rial). These results clearly suggest that at least a portion of inter-
nalized eSNCA was released from the cells through a recycling
pathway (exocytosis) in addition to its degradation by an endo-
some–lysosome pathway (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Notably, the antibody
(Syn211) used here is specific for human SNCA, and is nonreac-
tive with endogenous rodent SNCA in MES cells that are a hybrid
of rat mesencephalon and mouse neuroblastoma.

Interaction between rab11a and internalized eSNCA
Having confirmed that recycling endosomes were involved in the
trafficking of eSNCA, we subsequently investigated whether
rab11a, an important member of the Rab GTPase protein family
that regulates the function of recycling endosomes, participated
in endosome-mediated eSNCA exocytosis. To explore whether
rab11a interacts with eSNCA, we first investigated whether
rab11a colocalizes with internalized eSNCA in neurons. As seen
in Figure 1B, spatial colocalization of rab11a and eSNCA was

apparent by confocal analysis after MES cells were treated with
eSNCA. This observation was further confirmed with coimmu-
noprecipitation, using affinity purification with magnetic beads
conjugated with either SNCA or rab11a antibodies, followed by
immunoblotting with anti-rab11a or anti-SNCA, respectively.
The results, shown in Figure 1C, demonstrated that rab11a and
SNCA were indeed associated with each other, whether SNCA or
rab11a was used as the bait initially.

A physical association of two proteins is not necessarily bio-
logically significant. Consequently, we next determined the ex-
tent of eSNCA after modulating rab11a levels. Western blotting
data, shown in Figure 1D, demonstrated that rab11a siRNA not
only inhibited the expression of rab11a of MES cells, but also
blocked the secretion of eSNCA at 3– 6 h of chase (Fig. 1E),
arguing that rab11a plays an important role in the resecretion or
recycling of eSNCA in MES cells. On the other hand, uptake of
eSNCA into the MES cells was not affected when rab11a expres-
sion was suppressed with siRNA (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material).

Proteomic discovery and validation of the proteins
interacting with rab11a
The data shown in Figure 1E suggest that rab11a is a critical
protein regulating the recycling of eSNCA in MES cells. To ex-
plore the potential mechanisms by which rab11a mediates this
process, the quantitative proteomic profiles in the rab11a com-
plex were compared between cells treated with vs without eS-
NCA. A total of 245 proteins were identified that potentially in-
teract with rab11a (supplemental Appendix I, available at
www.jneurosci.org as supplemental material); of those, 6 and 12
proteins in three separate experiments increased and decreased,
respectively, between MES cells treated with and without eSNCA.
More details on the proteomics results and methods used to re-
duce the dataset and to choose candidate proteins for further
validation can be found in supplemental material (available at
www.jneurosci.org). A list of proteins that might be important in
PD pathogenesis based on current knowledge is provided in sup-
plemental Table 1 (available at www.jneurosci.org as supplemen-
tal material). Validation of proteomic results by an alternative
means is critical because proteins identified might be incorrect
due to the current incomplete protein database. To select candi-
date proteins for confirmation/validation, the following criteria
were used: (1) the identification and quantification of each can-
didate is based on multiple peptides; (2) BLAST confirms the
identification of proteins by unique peptides; (3) there is an an-
tibody commercially available; and (4) its relationship to SNCA
has been studied or the proteins belong to a process important in
PD but no interaction has been reported with rab11a. With these
criteria in mind, HSP90 and HSP70 were selected to confirm their
association with rab11a (Zhou et al., 2004; Uryu et al., 2006).

To validate potential protein–protein interactions between
rab11a and HSP90 and/or HSP70, coimmunoprecipitation was
performed with HSP90, HSP70, or rab11a antibodies individu-
ally, and then immunoblotted with anti-rab11a, HSP90, and
HSP70, respectively. For HSP70, we were unable to demonstrate
its association with rab11a using reciprocal IP (data not shown).
In contrast, the results shown in Figure 2A demonstrate that
HSP90 and rab11a were indeed associated with each other, sug-
gesting a potential protein–protein interaction. One important
caveat with the data shown thus far is that the observed interac-
tion may just be a phenomenon occurring in immortalized cell
lines, which are significantly different from terminally differenti-
ated neurons in human brains. Thus, the potential interaction
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between rab11a and HSP90 was further investigated in the sub-
stantia nigra pars compacta (SNpc) of PD patients with confocal
microscopy. The results, shown in Figure 2B, revealed that
rab11a and HSP90 were indeed colocalized in human tissue,
lending further support to a protein–protein interaction between
rab11a and HSP90.

Next, we studied the biological role of HSP90 in the recycling
of eSNCA by testing the effect of an HSP90 inhibitor geldanamy-
cin (GA) on the resecretion of eSNCA. Figure 2C showed that the
resecretion was completely blocked at 3– 6 h of chase following
addition of GA. Correspondingly, as predicted, the loss of intra-
cellular eSNCA was attenuated significantly during the pulse-
chase experiment (Fig. 2D). Together, these results indicate that
HSP90 is involved in the cellular routing of internalized eSNCA.

Neurotoxicity induced by eSNCA was rescued by
HSP90 inhibitor
As the first step to define the biological roles of HSP90 in the
resecretory process of eSNCA, we asked whether an HSP90 in-

hibitor could have any effect on the internalized eSNCA in MES
cells. In this part of the investigation, MES cells were pretreated
with a low level of rotenone (5 nM) or 1-methyl-4-
phenylpyridinium ion (MPP�; 3 mM), the active metabolite of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), briefly
(3 h) to stress the system, followed by treatment with eSNCA for
6 h. The results, shown in Figure 3, revealed that rotenone,
MPP�, or eSNCA alone did not cause significant loss of neurites,
an early indication of neurotoxicity, in MES cells. However, the
average length of the neurites was decreased significantly when
cells were treated with eSNCA in addition to rotenone or MPP�,
an effect totally reversed by the HSP90 inhibitor GA. Both rote-
none and MPP� are relatively selective mitochondrial complex I
inhibitors that increase oxidative stress as well as produce rela-
tively selective DAergic cell death (Przedborski et al., 1996). Thus,
the exacerbation of eSNCA-mediated neurite loss by rotenone
and MPP� (Fig 3) argues that mitochondrial inhibition, or re-
lated processes, predisposes MES cells to neurite loss when
treated with 250 nM SNCA. To this end, it should be emphasized

Figure 1. Rab11a and recycling of internalized eSNCA. A, Cells were pulsed with human preaggregated eSNCA for 3 h, washed extensively with PBS followed by adding fresh serum-free medium,
and then chased for various time points. At the end of the experiment, the medium was collected and eSNCA was detected at basal (CTL), 3 and 6 h after the chase, along with standard (STD) SNCA.
B, MES cells, seeded at 0.05 � 10 6/well, were treated with fluorescent labeled eSNCA (green) at 250 nM for 3 h before chasing. At an appropriate time, cells were stained with anti-rab11a (red)
antibody, followed by examination with confocal microscopy. Note: SNCA was colocalized with rab11a after chase for 3 h (yellow color seen in the insert of the merged image). C, The protein complex
of interest was isolated from MES cells homogenate after chasing for 3 h. Coimmunoprecipitation analysis using magnetic beads conjugated with either SNCA (top) or rab11a (bottom) with
subsequent pull-down revealed a noticeable protein–protein association between SNCA and rab11a. Input represents original materials. D, MES cells were transfected with rab11a siRNA before
treatment with eSNCA. Expression levels of rab11a were analyzed by Western blotting with an anti-rab11a antibody 72 h after gene manipulation, demonstrating that rab11a siRNA effectively
inhibited rab11a expression [**p � 0.01, compared with control/nonsense (NS) siRNA groups; �-actin used as loading control]. E, MES cells were transfected with rab11a siRNA before treatment
with eSNCA. The amount of eSNCA in condition media was measured by Western blotting analysis with or without rab11a siRNA transfection. A significant blocking in TCA-precipitable eSNCA was
found in the condition medium of MES cells transfected with rab11a at 3– 6 h chasing. Scale bar, 20 �m.
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that the concentration of rotenone used (5 nM) has been shown in
our laboratory to produce mitochondrial inhibition consistently
in MES cells when assessed 2–3 d after exposure starts (Zhou et
al., 2004). Similarly, the fact that treating MES cells with MPP� at
3 mM alone did not produce appreciable neurotoxicity is also
likely a consequence of timing of assessment, because exposure of

MES cells to 3 mM MPP� for 1–2 d clearly demonstrated signif-
icant neurotoxicity (data not shown).

Discussion
The current study was centered on eSNCA, whose significant
impact on the microenvironment of the brain has been empha-
sized recently. Several novel findings have emerged from this
investigation, i.e., (1) internalized eSNCA was recycled out to the
extracellular space in addition to its degradation by an endo-
some–lysosome system; (2) both rab11a and HSP90 appeared to
be involved in the process of exocytosis of internalized eSNCA;
and (3) inhibition of HSP90 protected against eSNCA-mediated
neurotoxicity while attenuating the exocytosis of internalized
eSNCA.

The current investigation represents the first report that inter-
nalized eSNCA can be resecreted by a temperature-sensitive and
time-dependent exocytosis mechanism. The fact that the treat-
ment of cells with eSNCA alone did not result in any neurotox-
icity (Fig. 3) has essentially excluded an experimental artifact, i.e.,
presence of eSNCA (after eSNCA used to treat the cells was
washed away) could be secondary to membrane leakage from
dying cells. This observation is significant in that it reveals a novel
mechanism by which eSNCA can be derived from [besides being
released from dying cells and/or being actively released by neu-
rons (Lee et al., 2005)]. it should also be emphasized that, al-
though the roles of eSNCA remain to be defined further, they are

Figure 2. HSP90, rab11a, and the exocytosis of internalized eSNCA. A, The protein complex of interest was isolated from MES cells homogenate after eSNCA treatment for 3 h, and detected by
anti-HSP90 (top) and anti-rab11a (bottom), respectively. Coimmunoprecipitation analysis using magnetic beads conjugated with either HSP90 or rab11a revealed a clear association between HSP90
and rab11a (Input represents original materials). B, The midbrain slides of PD patients were incubated with anti-HSP90 (1:200) or anti-rab11a (1:180), followed by detection with fluorescent labeled
anti-mouse (Alexa Fluor 488) and anti-rabbit (Alexa Fluor 568) secondary antibodies, respectively. Colocalization of two proteins is demonstrated as a yellow color shown in the merged confocal
image. C, D, MES cells were pretreated with 1 �M GA before the addition of eSNCA for 3 h before pulse. At the end of the experiment, media and cells were collected, respectively. The amount of
extracellular (C) and internalized (D) SNCA was measured. Results were obtained from at least three separate experiments. Scale bar, 10 �m. *p � 0.05.

Figure 3. HSP90 inhibitor rescued the loss of neurites induced by eSNCA. MES cells, seeded in
four-well chamber slides, and grown to confluency overnight, were incubated with rotenone at
5 nM, MPP � at 3 mM, or eSNCA at 250 nM or with a combination (i.e., rotenone plus eSNCA or
MPP � plus eSNCA), and with or without pretreatment of GA at 1 �M for 3 h. Data are means �
SD of at least three independent determinations. *p � 0.05; **p � 0.01.
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readily detectable in human CSF and plasma (Borghi et al., 2000;
El-Agnaf et al., 2003), and potently activate microglia and astro-
glia in addition to inducing neurodegeneration directly (Zhang et
al., 2005; Klegeris et al., 2006).

It has been suspected for a while that, because SNCA lacks a
signal sequence, it must translocate across membranes via an
unconventional pathway before it can be secreted, possibly
through vesicular exocytosis (Lee et al., 2005). Hence, a potential
role of rab11a in the intracellular trafficking of SNCA is worth
noting, as it provides yet another piece of evidence that rab family
proteins and SNCA are intimately related. For example, aggre-
gated SNCA can disrupt cellular rab homeostasis at multiple steps
(Gitler et al., 2008). Furthermore, overexpression of rab1 has
been shown to protect against SNCA accumulation and subse-
quent DAergic neurodegeneration in animal models of PD (Coo-
per et al., 2006). Of particular interest, however, is that all re-
ported results related to the rab family proteins and SNCA have
been targeted at endogenous SNCA to date. Our present data are
the first to show that a part of internalized eSNCA was resecreted
to cell medium by recycling endosomes via a process regulated by
rab11a. It should be stressed that, although the recycling endo-
some regulators, e.g., rab11a, are largely docked outside of vesi-
cles, it appears that the rab family proteins may interact with
endocytosed cargo proteins directly or indirectly. For example,
van IJzendoorn et al. (2002) were the first to show that the poly-
meric IgA receptor (pIgR), a cargo protein, interacts directly with
rab3b, controlling IgA-stimulated transcytosis. Interactions be-
tween rab11 and the Ca 2� selective channels TRPV5/6 as well as
the TP� receptor have also been recently reported (Thériault et
al., 2004). Finally, our confocal investigation (Fig. 1B) indicated
that rab11a and eSNCA did colocalize in intact cells. That said,
neither coimmunoprecipitation nor confocal colocalization of
two proteins necessarily means a direct interaction between two
proteins because they could interact indirectly via a docking
protein(s).

The proteins involved in exocytosis and functions, e.g., cell
toxicity and potential contribution to Lewy body formation as
mentioned in the introduction, of internalized eSNCA on neu-
rons likely reach beyond just rab11a, as proteomic analysis has
revealed many candidates potentially associated or having an in-
teraction with rab11a (supplemental Appendix I, available at
www.jneurosci.org as supplemental material). As proteins dis-
playing quantitative changes are less likely to be nonspecific bind-
ing proteins, we have deliberately focused on those with signifi-
cant alterations in their relative abundance (supplemental Table
1, available at www.jneurosci.org as supplemental material) after
eSNCA treatment in addition to the selection-criteria discussed
above. From this list, HSP70 and HSP90 were chosen as the first
set of proteins for further validation of their association with
rab11a. However, despite previous investigations about HSP70
and SNCA, we failed to confirm the proteomic interaction be-
tween HSP70 and rab11a, using immunoprecipitation tech-
niques. This could mean one of two possibilities: (1) HSP70 was
identified incorrectly (due to a database issue as discussed ear-
lier), or (2) technical problems associated with immunoprecipi-
tation studies.

On the other hand, HSP90 was confirmed unequivocally to
interact with rab11a (Fig. 2A). HSP90 is the core component of
an abundant and ubiquitous cytosolic chaperone machine that
uses a variety of cochaperones to regulate the activity of different
cellular proteins. An earlier investigation has reported that
HSP90 could regulate the release of macromolecules (Hegmans
et al., 2004) because an HSP90-containing chaperone system

modulates the function of guanine nucleotide dissociation inhib-
itor � (�GDI) to retrieve prenylated rab3a (Sakisaka et al., 2002).
In fact, �GDI serves as a generic regulator for the recycling of each
rab family member, thus, it is possible that HSP90 regulates the
function of rab11a. Support for the participation of HSP90 in
protein trafficking and PD-related pathogenesis can also be noted
in experiments demonstrating that exogenously loaded HSP90
could translocate to early endosomes via receptor-mediated en-
docytosis (Kurotaki et al., 2007), and that HSP90 chaperones are
most prominently and consistently colocalized with SNCA in
Lewy bodies or SNCA filaments ultrastructurally (Uryu et al.,
2006).

The biological consequence of the regulation of the exocytosis
of eSNCA by HSP90 is currently unknown. The fact that the
inhibition of HSP90 by GA, a specific HSP90 inhibitor, decreased
eSNCA-mediated neurotoxicity (along with decreased exocytosis
of eSNCA) could suggest that exocytosis of eSNCA might be
detrimental to cell viability. However, these two events may be
true but unrelated phenomena, as HSP90 has also been reported
to play other roles in cell biology. For example, as a highly con-
served protein with chaperone activity, HSP90 interacts with
many other proteins and substrates involved in signal transduc-
tion and cell cycle control (Picard, 2002).

In summary, this Brief Communication has discovered that
internalized eSNCA can be managed by exocytosis in addition to
endosome–lysosome-dependent degradation. Additionally,
rab11a, a protein known to be important in the exocytosis of
macromolecules, appeared to regulate eSNCA exocytosis.
Among the candidate proteins interacting with rab11a, HSP90’s
interaction was validated. Finally, we have provided evidence to
suggest that HSP90 is not only critical to neurotoxicity induced
by eSNCA but also is involved in the recycling pathway of eSNCA.
Further elucidation of the detailed mechanisms by which HSP90
mediates the trafficking of eSNCA will likely provide novel in-
sight into neurodegenerative diseases with synucleinopathies, in-
cluding PD.
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