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Mutations in PARK2 (parkin), which encodes Parkin protein, an E3 ubiquitin ligase, are associated with autosomal recessive early-onset
Parkinson’s disease (PD). While several studies implicated Parkin in the regulation of mitophagy and proteasomal degradation, the
precise mechanism leading to neurodegeneration upon Parkin loss of function remains incompletely understood. In this study, we found
that Parkin modulates the endocytic pathway through the regulation of endosomal structure and function. We showed that loss of Parkin
function led to decreased endosomal tubulation and membrane association of vesicle protein sorting 35 (VPS35) and sorting nexin 1
(SNX1), as well as decreased mannose 6 phosphate receptor (M6PR), suggesting the impairment of retromer pathway in Parkin-deficient
cells. We also found increased formation of intraluminal vesicles coupled with enhanced release of exosomes in the presence of mutant
Parkin. To elucidate the molecular mechanism of these alterations in the endocytic pathway in Parkin-deficient cells, we found
that Parkin regulates the levels and activity of Rab7 by promoting its ubiquitination on lysine 38 residue. Both endogenous Rab7 in
Parkin-deficient cells and overexpressed K38 R-Rab7 mutant displayed decreased effector binding and membrane association. Further-
more, overexpression of K38R-Rab7 in HEK293 cells phenocopied the increased secretion of exosomes observed in Parkin-deficient cells,
suggesting that Rab7 deregulation may be at least partially responsible for the endocytic phenotype observed in Parkin-deficient cells.
These findings establish a role for Parkin in regulating the endo-lysosomal pathway and retromer function and raise the possibility that
alterations in these pathways contribute to the development of pathology in Parkin-linked Parkinson’s disease.
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Introduction
Parkinson’s disease (PD) affects 1%–2% of the population and is
the second most common neurodegenerative disease character-
ized by resting tremor, rigidity, and bradykinesia. The motor
defects of PD are largely due to the progressive loss of dopami-
nergic (DA) neurons in the substantia nigra pars compacta
(SNc), and to a lesser extent the ventral tegmental area (VTA) and
other midbrain regions. (Spillantini et al., 1997; Klein and Krainc,
2012; Hunn et al., 2015; Pickrell and Youle, 2015). Although most

PD patients develop a late-onset disease with no obvious genetic
cause, a subset of affected individuals develop early-onset or fa-
milial forms associated with various genetic mutations. Studies of
the effects of these mutations have provided valuable insights into
the pathways and mechanisms ultimately leading to degeneration
of dopaminergic neurons (Cookson, 2009; Yasuda et al., 2013).
Mutations in parkin lead to autosomal recessive early-onset PD
(Hunn et al., 2015). Parkin is a multifunctional E3 ubiquitin
(UB) ligase implicated in several cellular processes through ubiq-
uitination of its substrates. For instance, Parkin-mediated ubiq-
uitination of mitochondrial proteins (Gegg et al., 2010; Geisler et
al., 2010; Poole et al., 2010; Sarraf et al., 2013) triggers degrada-
tion of dysfunctional mitochondria through the autophagy-
lysosome pathway (Narendra et al., 2008), although it remains
controversial whether endogenous Parkin can induce mitophagy
(Imaizumi et al., 2012; Rakovic et al., 2013). Recently, genetic
studies showed that overexpression of VPS35, a subunit of the
retromer complex, was able to rescue parkin mutant phenotypes
in Drosophila, suggesting that Parkin functions in the same path-
way as VPS35 (Malik et al., 2015). Interestingly, one study dem-
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Significance Statement

Our work highlights the importance of Parkin in controlling the endocytic pathway by regulation of retromer function, endosomal
tubulation, and inward vesiculation, and the secretion of exosomes.
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onstrated that Parkin mediates the ubiquitination of Epidermal
Growth Factor Receptor (EGFR) Pathway Substrate 15 (Eps15),
an adaptor protein involved in early endocytosis (Fallon et al.,
2006), suggesting a possible role of Parkin in the endo-lysosomal
pathway.

The endo-lysosomal pathway has multiple roles in cell main-
tenance. It enables internalization of extracellular fluids along
with the portions of the plasma membrane, as well as sorting of
the internalized membrane and its protein constituents. The
main sorting stations along the pathway are early and late endo-
somes, dynamic, pleiomorphic organelles with tubulo-cisternal
and multivesicular domains, the latter filled with intraluminal
vesicles (ILVs) (Gruenberg, 2001). Endosomal cargo can be de-
livered to lysosomes where degradation occurs, recycled back to
the plasma membrane via recycling endosomes, or transported to
the Golgi apparatus via the retromer pathway (Scott et al., 2014).
Some endosomes fuse with the plasma membrane, thereby dis-
charging into the extracellular environment their ILVs, which
then become exosomes (Kowal et al., 2014). The dynamics of
sorting, transport, and membrane remodeling in the endocytic
pathway is controlled by a complex regulatory machinery, which
includes Rab GTPases, the major regulators of vesicular traffick-
ing (Numrich and Ungermann, 2014).

In this study, we found that Parkin regulates the endo-
lysosomal pathway, in particular the organization of the tubular
and multivesicular regions, which further affect the retromer
pathway and exosome secretion. Furthermore, Parkin ubiquiti-
nates late-endosomal GTPase Rab7, thereby regulating its activity
and stability. Together, our data reveal a novel function of Parkin
in modulating the endo-lysosomal pathway through the regul-
ation of retromer function and endosomal organization, and
raise the possibility that the disruption of this pathway contrib-
utes to the pathogenesis of Parkin-linked PD.

Materials and Methods
Cell culture and transfections. HEK293 cells were cultured in 10 cm dishes
and grown at 37°C in 5% CO2 in full medium: DMEM (Invitrogen)
containing 10% FBS (Invitrogen). For transfections, we used Lipo-
fectamine 2000 (Invitrogen) transfection system. Primary dermal fibro-
blasts from PD patients carrying a homozygous mutation in parkin gene,
MUT1 (B125: c.1072Tdel, male, age at onset 43) and MUT2 (B300:
delEx7, female, age at onset 34), and healthy controls CON1 (male) and
CON2 (male) were cultured in fibroblast medium: DMEM supple-
mented with 15% FBS (Invitrogen), and L-glutamine (Invitrogen), and
the media was changed every 2 d. Cells were subcultured at a ratio of 1:2
or 1:3. For transfections, we used Neon Transfection System (Invitrogen)
according to the manufacturer’s specifications.

Human-induced pluripotent stem (iPS) cells derived from parkin mu-
tant (B125 and B300) and two healthy control [CON1 (male) and CON2
(male)] fibroblasts were maintained on irradiated MEF (Global Stem)
feeder layers in iPS cell media: DMEM/F12 (Stem Cell Technologies)
with 20% knock-out serum replacement (Invitrogen), L-glutamine,
nonessential amino acids, 2-mercaptoethanol (Invitrogen), 10 ng/ml
FGF-Basic (AA1-155) recombinant human protein (Invitrogen), and
penicillin/streptomycin at 37°C in 5% CO2. iPS cell colonies were pas-
saged by chunking manually. Directed differentiation toward DA neu-
rons was conducted as described previously (Chambers et al., 2009; Kriks
et al., 2011; Mazzulli et al., 2011) with minor modifications. Briefly,
undifferentiated iPS cell colonies were dissociated into single cells using
Accutase (Sigma) and replated onto Matrigel-coated (BD Bioscience)
dishes in iPS cell media precultured with MEF cells for 24 h. Differenti-
ation was started at a confluence of 100% by adding knock-out serum
replacement medium (Invitrogen) containing Noggin (R&D Systems)
and SB431542 (Tocris Bioscience). On day 13, cells were passaged and
plated onto 10 cm dishes precoated with poly-D-lysine (Sigma) and

laminin (Roche). Differentiation into DA neurons was conducted by
adding brain-derived neurotrophic factor (R&D Systems), ascorbic acid
(Sigma), recombinant human sonic hedgehog (R&D Systems), and re-
combinant human FGF-8a (R&D Systems).

Western blot analysis. Cells were scrapped from 12 or 6 well plates in
cold PBS and centrifuged at 300 � g for 5 min. Pellets were resuspended
in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% SDS) with protease inhibitors (Roche) and incubated
on ice for 30 min with extensively pipetting every 10 min followed by
centrifuging at 13,500 rpm for 10 min at 4°C. Protein concentration of
supernatants was measured using bicinchoninic acid assay (Sigma).
Samples were analyzed by SDS-PAGE and Western blot. Antibodies used
for immunoblotting included anti-HA antibody (Cell Signaling Tech-
nology), anti-Rab7 antibody (Sigma), anti-GFP antibody (Clontech),
anti-Rab5 antibody (Abcom), anti-Parkin antibody (Santa Cruz Bio-
technology), anti-actin antibody (Sigma), anti-GST antibody (Sigma),
and anti-UB antibody (ENZO).

Recombinant protein purification. For purification of recombinant
GST, GST-Rab7, or GST-K38R, Escherichia coli BL21 (NEB) bacterial
cells transformed with plasmids pGEX-vector or pGEX-Rab7 were pre-
cultured overnight at 37°C in 2 ml of terrific broth (TB) medium (Invit-
rogen) supplemented with 50 �g/ml carbenicillin (Sigma), and then
transferred to 500 ml of fresh medium. After incubation for 4 h at 37°C
(optical density at 600 nm reached 0.6), isopropyl-b-D-thiogalactoside
(IPTG) was added into the culture medium at a final concentration of 0.5
mM, and bacteria were further cultured for protein production for 4 h at
30°C. The cells were collected, suspended in B-PER reagent (Thermo
Scientific) with protease inhibitors, and incubated 15 min at room temper-
ature. After centrifugation at 15,000 � g for 5 min, the supernatant was
purified by adding 1 ml of preequilibrated 50% slurry of GST beads (GE
Healthcare), and incubated for 2 h at 4°C. Beads were washed with PBS, and
GST-Rab7 protein was eluted with elution buffer (20 mM glutathione-
reduced, Sigma; 100 mM Tris-HCl, pH 8.0 and 120 mM NaCl).

For purification of GST-Parkin, HEK293 cells were transfected with
pEBG-Parkin plasmid. After 48 h, the cells were washed with PBS and
harvested in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

EDTA, 1% Triton X-100, 0.1% SDS) with protease inhibitors, and then
incubated for 30 min on a shaker at 4°C. After centrifugation at 13,500
rpm for 10 min at 4°C, the supernatant was incubated with 500 �l of
preequilibrated 50% slurry of GST beads for 2 h at 4°C. Beads were
washed with PBS, and GST-Parkin protein was eluted with elution buf-
fer. Fractions containing purified protein were concentrated using 10
kDa concentrators (Millipore).

For in vitro protein synthesis of UB S65D, we used TNT quick-coupled
transcription/translation system (Promega) according to the manufac-
turer’s instructions. Briefly, pCMV-TNT-UB S65D plasmid was incu-
bated with TNT Quick Master Mix at 30°C for 90 min. Then, the reaction
was stopped by freeze-thawing twice. Translated UB S65D protein was
analyzed by Western blot.

In vitro ubiquitination assay. Ubiquitination reactions were performed
at 25°C in 50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 2 mM DTT, 2 mM ATP,
100 ng E1 and 200 ng E2 (UbcH7) buffer system; 2 �g GST or GST-
Parkin protein was incubated with 2 �g GST-Rab7a protein in the pres-
ence or absence of UB S65D protein in 50 �l final reaction volume for 2 h.

Immunoprecipitation. Cells were harvested from 6 cm dishes in ice-
cold PBS and centrifuged at 300 � g for 5 min. Pellets were resuspended
in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
NP40, 10% glycerol) with protease inhibitors and incubated on ice for 30
min followed by centrifugation at 13,500 rpm for 10 min at 4°C; 500 �g
of protein lysate was incubated with 1 �l anti-HA (Sigma) or anti-Rab7
(Proteintech) antibody overnight at 4°C with rotation, followed by incu-
bation with 30 �l protein G beads for another 2 h. Beads were collected by
centrifugation at 200 � g for 2 min and washed three times with lysis
buffer. Proteins were eluted by boiling in 2 � Laemmli buffer.

GST-RILP pull-down assay. GST-RILP pull-down assay was per-
formed as described previously (Romero Rosales et al., 2009), with minor
modifications as follows: bacterial cells transformed with GST-RILP
were pelleted, washed with cold PBS, resuspended in B-PER with pro-
tease inhibitors, and incubated 10 –15 min at room temperature. Cell
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lysates were cleared by centrifugation at 15,000 � g for 5 min. GST-RILP
was purified by incubation with 300 �l of preequilibrated 50% slurry of
GST beads for 1 h at 4°C. Beads were washed with B-PER, resuspended to
a 50% slurry, and kept at 4°C.

EGFR degradation assay. Parkin-deficient and control fibroblasts were
serum-starved for 16 h and treated with 10 �g/ml of cycloheximide
(EMD Millipore; Calbiochem) for 1 h to block new protein synthesis.
Cells were incubated with 100 ng/ml epidermal growth factor (Pepro-
tech) for the indicated time points.

Immunofluorescence. Parkin-deficient and control fibroblasts were
washed with PBS, fixed with fresh 3% formaldehyde in PBS for 20 min at
room temperature, and preincubated in blocking buffer (0.1% saponin
and 10% FBS in PBS) for 1 h at room temperature. The specimens
were incubated with the primary antibodies against CD63 (DSHB),
lysosomal-associated membrane protein 1 (LAMP1) (Santa Cruz Bio-
technology), or early endosomal entigen1 (EEA1) (BD Transduction
Laboratories) in blocking buffer for 1 h at room temperature, then
washed with PBS and incubated with Alexa-488-conjugated goat anti-
mouse antibody (Invitrogen) or Alexa-568-conjugated goat anti-rabbit
antibody (Invitrogen) for 1 h at room temperature. After washing with
PBS, the specimens were mounted in the mounting medium with 4�,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories).

Live cell imaging. Parkin-deficient and control fibroblasts were cul-
tured in glass bottom 35 cm dishes and transfected with Venus-SNX16
plasmid. Twelve hours later, images of Venus-sorting nexin 16 (SNX16)
motility were acquired on Andor Spinning Disk Confocal Microscope
with a 63� oil-immersion objective in a temperature-controlled cham-
ber (37°C). Digital images were acquired at 1 frame every 7 s for 60 frames
and played back at 49�.

Electron microscopy. Transmission electron microscopy was used to
examine the ultrastructure of multivesicular bodies (Tsunemi et al.,
2014). Briefly, fibroblasts were fixed with 2.5% glutaraldehyde in PBS,
followed by 1% osmium tetroxide for 1 h. After dehydrated and stained
with 1% uranyl acetate, the specimens were embedded in LX112 resin
(Ladd). The resin blocks were sectioned with a thickness of 70 nm. At
least 50 vesicles from 10 different cells in each cell lines were observed
under FEI Tecnai Spirit G2 transmission electron microscope.

Cell fractionation assay. Cell fractionation was performed as described
previously (Seaman et al., 2009). Briefly, cells grown in 10 cm dishes were
washed with PBS, snap frozen using liquid nitrogen, and then thawed on
the bench. Cells were scraped in 0.5 ml of buffer (0.1 M Mes-NaOH, pH
6.5, 1 mM magnesium acetate, 0.5 mM EGTA, 200 �M sodium orthovana-
date and 0.2 M sucrose), and the lysate was centrifuged for 10 min at
10,000 � g. Cytosol-containing supernatants were aspirated and pre-
served, and the pellets were solubilized in 0.5 ml of lysis buffer (50 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
SDS) and recentrifuged for 10 min at 10,000 � g. The supernatant from
the second spin now contained membrane and membrane-associated
proteins. Equal volumes of the first (cytosol) and the second (membrane)
supernatants were subjected to SDS-PAGE and Western blot.

In vitro invagination assay. In vitro invagination assay was performed
as described previously (Falguières et al., 2008). Briefly, cells were grown
in 10 cm dishes, washed with cold PBS, and scraped with a rubber po-
liceman in PBS, followed by centrifugation at 150 � g for 5 min at 4°C.
Pellets were washed with 8.5% sucrose, centrifuged at 750 � g for 10 min
at 4°C, resuspended in 8.5% sucrose with protease inhibitors, and ho-
mogenized by passing 4 times through a G22 needle, followed by centrif-
ugation at 750 � g for 10 min at 4°C. Postnuclear supernatants (PNSs)
were collected, and protein concentration was determined using Brad-
ford protein assay. PNSs were incubated with 1 mM HPTS (the nonper-
meant fluorophore 8-hydroxypyrene-1,3,6-trisulfonic acid), salts (12.5
mM HEPES, pH 7.0, 1.5 mM MgOAc2, and 1 mM DTT), 100 mM KCl and
ATP regeneration cassette (2 mM ATP, 0.08 mg/ml creatine kinase, and
16 mM creatine phosphate) at 37°C for 20 min. Finally, uninternalized
HPTS was quenched by 50 mM p-xylene-bis-pyridinium bromide in
HEPES/NaCl, pH 7.4. Light membranes were obtained by flotation in
sucrose step gradients. Fluorescence was measured with Sprectromax i3.

Exosome isolation. Exosome isolation was performed as described pre-
viously (Tsunemi et al., 2014), with minor modifications as follows:

exosomes were purified from cell-conditioned media by differential
centrifugation method (300 � g for 10 min, 16,500 � g for 20 min),
followed by ultracentrifugation at 110,000 � g for 70 min. After
washing in PBS, the exosomes were collected by a centrifugation at
110,000 � g for 60 min.

Nanoparticle tracking analysis. Analyses of vesicles present in the me-
dium were conducted as described previously (Tsunemi et al., 2014).
Briefly, exosomes were measured by nanoparticle tracking system, using
the NanoSight LM10 system, configured with a 405 nm laser and a high-
sensitivity digital camera system (OrcaFlash2.8, Hamamatsu C11440,
NanoSight). Videos were recorded and analyzed using the NTA software
(version 2.3). Samples were administered and recorded under controlled
flow, using the NanoSight syringe pump and script control system.

Statistical analysis. All data were prepared for analysis with software
Microsoft Excel. Statistical analysis was performed by Student’s t test. All
error bars in figures indicate SEM.

Results
Parkin regulates endosomal tubulation and retromer
function
A previous study demonstrated that Parkin mediated ubiq-
uitination of Eps15, an adaptor protein involved in early en-
docytosis (Fallon et al., 2006), suggesting a role for Parkin in
the endocytic pathway. To examine in more detail the endo-
lysosomal pathway in the presence of mutant Parkin, we first
assessed the morphology and distribution of several early and
late endosomal markers in patient-derived Parkin-deficient
fibroblasts. Although we did not observe significant differ-
ences in the pattern of EEA1 and LAPMP1 in Parkin-deficient
cells (Fig. 1 A, B), a more detailed inspection of the specific
endosomal membrane regions revealed a significant loss of
tubular elements labeled by SNX16, a PX domain-containing
sorting nexin specifically enriched on late endosomal tubules
and cisterns (Brankatschk et al., 2011) (Fig. 1C). To further
confirm this observation, we conducted live cell confocal im-
ages and found a dramatic decrease in endosomal tubulation
in Parkin-deficient fibroblasts (Movie 2) compared with con-
trols (Movie 1), suggesting that Parkin is involved in endo-
somal membrane tubulation. We also observed a decrease
in the levels of the late endosomal marker M6PR, which is a
main cargo of retromer (Arighi et al., 2004) (Fig. 1D), indica-
tive of the impairment of the retromer function. To get more
insight in the retromer status, we analyzed membrane associ-
ation of the retromer proteins SNX1 and VPS35 using cell
fractionation assay (Seaman et al., 2009). The results showed a
decreased ratio of membrane-associated and cytosolic SNX1
and VPS35 in Parkin-deficient cells compared with controls
(Fig. 1E), further corroborating altered retromer function in
Parkin-deficient cells.

Parkin regulates ILV formation and secretion of exosomes
Further assessment of endosomal morphology revealed dramatic
accumulation of CD63, a specific marker of late endosomal mul-
tivesicular regions (Kobayashi et al., 2000) in Parkin-deficient
cells compared with controls (Fig. 2A). To confirm this observa-
tion, we performed ultrastructural analysis of multivesicular
bodies (MVBs) by transmission electron microscopy. We found
an increased number of ILVs within MVBs in Parkin-deficient
fibroblasts (Fig. 2B), corroborating the immunofluorescence re-
sults. As ILVs are formed through inward vesiculation of the
endosomal limiting membrane and degraded upon endosomal
fusion with lysosomes, increased number of ILVs might result
from impaired degradation in lysosomes, enhanced ILV forma-
tion, or both. To evaluate the degradation efficiency in the endo-
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Figure 1. Decreased endosomal tubulation and impaired retromer function in Parkin-deficient cells. Immunostaining analysis of LAMP1 (green) (A) or EEA1 (red) (B) in Parkin-deficient (MUT1)
or control (CON1) fibroblasts. Blue represents DAPI. Scale bar, 25 �m. C, Left, Confocal images of Venus-SNX16 (green) labeled tubules. Parkin-deficient fibroblasts MUT1 and MUT2 or controls CON1
and CON2 were transfected with Venus-SNX16 for 12 h. Blue represents DAPI. Scale bar, 25 �m. Right, Total length of tubules per cell was quantified from experiments described above (N � 3
independent experiments). **p � 0.01. ***p � 0.005. D, Left, Western blot analysis of M6PR, b-III-Tubulin in Parkin-deficient (MUT1 and MUT2) or control (CON1 and CON2) DA neurons.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Right, Quantification of the protein levels. M6PR levels were normalized to GAPDH (N � 3 independent
experiments). *p�0.05. E, Top, The ratio of membrane-associated/cytosolic proteins. Membrane-associated VPS35 or SNX1 was normalized with Rab5, and cytosolic VPS35 or SNX1 was normalized
with tubulin (N � 3 independent experiments). *p � 0.05. **p � 0.01. Bottom, Western blot analysis of membrane-associated (M) or cytosolic (C) VPS35 and SNX1 in Parkin-deficient fibroblasts
(MUT1 and MUT2) or control (CON1 and CON2) fibroblasts. Tubulin and Rab5 were used as loading controls.
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lysosomal pathway, we performed EGFR degradation assay, a
well-established analysis for degradative trafficking pathway, and
found no significant difference between control and Parkin-
deficient fibroblasts (Fig. 2C). Next, we examined the ILV forma-
tion rate by an in vitro invagination assay, a quantitative
biochemical assay that reconstitutes ILV formation within endo-
somes in vitro (Falguières et al., 2008), and found that ILV for-
mation rate was enhanced in Parkin-deficient fibroblasts
compared with control cells (Fig. 2D). Together, these results

suggested that parkin mutations modulate ILV synthesis by in-
creasing inward vesiculation of endosomes.

As ILVs formed in the multivesicular regions also act as pre-
cursors of exosomes, we hypothesized that the increased ILV for-
mation observed in Parkin-deficient lines will lead to increased
release of exosomes. To test this, we isolated exosomes from the
cell culture media of Parkin-deficient or control fibroblasts by
conventional centrifugation and measured the number of exo-
somes by nanoparticle tracking analysis (Dragovic et al., 2011;
Tsunemi et al., 2014). The results showed that exosomes were
significantly increased in Parkin-deficient fibroblasts (Fig. 3A).
To confirm this finding, we conducted Western blot analysis us-
ing established markers of exosomes, TSG101 and Flotillin-1, and
confirmed increased exosome secretion from Parkin-deficient fi-
broblasts. We next wished to confirm our findings in DA
neurons, which are highly affected in patients carrying parkin
mutations. To that end, we differentiated Parkin-deficient and
control iPS cells into DA neurons, which are considered as the
most relevant neuronal model to DA neurons in human brains.
Both nanoparticle tracking and Western blot analysis with
TSG101 and Flotillin-1 revealed a similar increase in secretion of
exosomes in Parkin-deficient DA neurons (Fig. 3B). To further
establish that this effect was Parkin-specific, we measured exo-
some release from HEK293 cells in which Parkin expression levels
were modulated. The results showed that shRNA-mediated si-
lencing of parkin resulted in increased exosome release (Fig. 3C),
whereas overexpression of wild-type but not mutant Parkin led to
a decrease in secretion of exosomes (Fig. 3D), suggesting that
Parkin is negatively involved in exosome generation. Together,
these results demonstrated the involvement of Parkin in exosome
secretion in multiple cellular models.

Parkin ubiquitinates and activates Rab7
So far, we have demonstrated that Parkin controls the endocytic
pathway through the regulation of retromer function, endosomal
tubulation, ILV formation, and exosome secretion. To further
examine the role of Parkin in the endocytic pathway on the mo-
lecular level, we searched for relevant candidates among putative
Parkin substrates recently identified by unbiased mass spectrom-
etry analysis (Bingol et al., 2014). One of the promising candi-
dates was Rab7, a late endosomal small GTPase implicated in the
late endosome/lysosome fusion (Bucci et al., 2000; Seals et al.,
2000; Wurmser et al., 2000), endosomal maturation (Poteryaev
et al., 2010), retromer function (Rojas et al., 2008; Seaman et al.,
2009), and lysosomal tubulation in macrophages (Mrakovic et
al., 2012). Interestingly, ILV accumulation has been observed
upon rab7 knockdown (Vanlandingham and Ceresa, 2009). As a
first step, we examined whether Parkin can ubiquitinate Rab7 by
transfecting HEK293 cells with wild-type or mutant Parkin to-
gether with GFP-tagged Rab7 and HA-tagged UB. Ubiquitinated
proteins were immunoprecipitated with anti-HA antibody, and
anti-Rab7 antibody was used to detect ubiquitinated Rab7 by
immunoblotting. We found that wild-type Parkin increased
ubiquitination of Rab7, whereas Parkin-C431S, which contains a
mutation in the UB acceptor site, had no effect (Fig. 4A), suggest-
ing that Parkin can ubiquitinate Rab7. We also observed that the
ubiquitination of Rab7 was decreased in Parkin-deficient DA
neurons compared with control cells, suggesting that endoge-
nous Rab7 was targeted by Parkin (Fig. 4B). To further examine
whether Parkin ubiquitinated Rab7 directly, we performed an in
vitro ubiquitination assay that showed GST-Rab7 ubiquitination
in the presence of GST-Parkin and phosphomimetic UB (S65D),
which can activate Parkin (Koyano et al., 2014) (Fig. 4C), sug-

Movie 1. The movement of tubules in control fibroblasts. Control fibroblasts were trans-
fected with Venus-SNX16 for 12 h. Images of Venus-SNX16 motility were acquired on Andor
Spinning Disk Confocal at 1 frame every 7 s for 60 frames and played back at 49�.

Movie 2. The movement of tubules in Parkin-deficient fibroblasts. Parkin-deficient
fibroblasts were transfected with Venus-SNX16 for 12 h. Images of Venus-SNX16 motility
were acquired on Andor Spinning Disk Confocal at 1 frame every 7 s for 60 frames and
played back at 49�.
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Figure 2. IncreasedmembraneinvaginationandILVsinParkin-deficientfibroblasts.A,Left,ImmunostaininganalysisofCD63(green)inParkin-deficient(MUT1andMUT2)andcontrol(CON1andCON2)fibroblasts.Blue
represents DAPI. Scale bar, 25 �m. Right, Quantification of CD63 fluorescence intensities (N � 3 independent experiments). **p � 0.01. B, Left, Electron microscope images of ILVs in MVBs from control (CON1) and
Parkin-deficient (MUT1) fibroblasts. Scale bar, 50 nm. Right, Quantification analysis of the number of ILVs in MVBs (n � 20 cells). *p � 0.05. C, EGFR degradation assay. Left, Parkin-deficient and control fibroblasts were
incubated with 100 ng/ml EGF for indicated time points and analyzed by Western blots. Right, Quantification of EGFR level normalized to actin (N�3 independent experiments). D, Right, In vitro invagination assay. PNSs
obtainedfromParkin-deficient(MUT1andMUT2)orcontrol(CON1andCON2)fibroblastswereincubatedwithHPTSinthepresenceofsaltsandATP-regeneratingsystem.Theexcessivedyepresentinthesolutionisquenched
withp-xylene-bis-pyridiniumbromide,followedbyflotationinsucrosegradienttoisolatelightmembranesandmeasurementoffluorescence(N�3independentexperiments).*p�0.05.**p�0.01.Left,Equalamount
ofproteinsfromPNSandlightmembrane(LM)fractionsweredetectedbyWesternblotanalysisofRab5andTubulintodemonstratethepurificationofLM.
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Figure 3. Parkin regulates exosome secretion. A, Top, Quantification of exosome release in the media from Parkin-deficient (MUT1) or control (CON1 and CON2) fibroblasts (N � 3 independent
experiments). *p � 0.05. Bottom, Western blot analysis of TSG101 and Flotillin-1 in exosome and cell lysates. Actin was used as a loading control. B, Top, Quantification of exosome release in the
media from Parkin-deficient (MUT1 and MUT2) or control (CON1 and CON2) DA neurons (N � 3 independent experiments). *p � 0.05. **p � 0.01. Bottom, Western blot analysis of TSG101 and
Flotillin-1 in exosome and cell lysates. GAPDH was used as a loading control. C, Top, Quantification of exosome release in the media from HEK293 cells transfected with scrambled or Parkin shRNA
(N � 3 independent experiments). *p � 0.05. Bottom, Western blot analysis of TSG101 and Flotillin-1 in exosomes and TSG101, Flotillin-1, and Parkin in cell lysates. Actin was used as a loading
control. D, Top, Quantification of exosome release in the media from HEK293 cells transfected with wild-type Parkin, mutant C431S, or GFP vector (N � 3 independent experiments). *p � 0.05.
Bottom, Western blot analysis of TSG101 and Flotillin-1 in exosome and TSG101, Flotillin-1, and GFP in cell lysates. Actin was used as a loading control.
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gesting that the regulation of Rab7 ubiquitination by Parkin was
direct. To identify the specific lysine residues targeted by Parkin,
we generated several GFP-tagged Rab7 K-to-R mutants accord-
ing to reported Rab7 ubiquitination sites in vivo (Kim et al., 2011;
Wagner et al., 2011; Mertins et al., 2013), including K38R, K191R,

and K194R. HEK293 cells were transfected with these K-to-R
mutants together with FLAG-Parkin and HA-UB. While ubiq-
uitination of each of the three mutants was reduced compared
with wild-type Rab7, the K38R mutation showed the most dra-
matic effect (Fig. 4D). These results suggested that Parkin pro-

Figure 4. Parkin promotes ubiquitination of Rab7 and regulates its stability. A, Left, HEK293 cells were transfected with indicated constructs. Cell lysates were immunoprecipitated with anti-HA
antibody and immunoblotted with anti-Rab7 antibody. HA was used as a loading control. Right, The 10% of input shows the expression levels of each protein. B, Left, Cell lysates from
Parkin-deficient (MUT1 and MUT2) and control (CON1 and CON2) DA neurons were subjected to immunoprecipitation with anti-Rab7 antibody and immunoblotted with anti-UB and anti-Rab7
antibodies. Right, The 10% of input shows each protein level in cell lysates. C, In vitro ubiquitination assay. GST-Rab7 protein was incubated with GST or GST-Parkin in the presence or absence of
phosphomimetic UB (S65D) in the ubiquitination buffer system for 2 h, and samples were subjected to Western blot and detected with anti-Rab7 and anti-Parkin antibodies. D, Left, HEK293 cells
were transfected with indicated constructs, and cell lysates were immunoprecipitated with anti-GFP antibody and immunoblotted with anti-HA antibody. GFP was used as a loading control. Right,
The 10% of input shows the expression levels of each protein. E, Left, Western blot analysis of Rab7, Rab5, and Parkin in fibroblasts from 2 controls (CON1 and CON2) and 2 PD patients with mutant
Parkin (MUT1 and MUT2). Actin was used as a loading control. Right, Quantification of the protein levels. Rab7 and Rab5 levels were normalized to actin (N � 3 independent experiments). *p �
0.05. **p � 0.01. F, Quantification analysis of Rab7 mRNA by real-time PCR from Parkin-deficient (MUT1 and MUT2) and 2 control (CON1 and CON2) fibroblasts.

2432 • J. Neurosci., February 24, 2016 • 36(8):2425–2437 Song et al. • Parkin and the Endo-Lysosomal Pathway



Figure 5. Parkin regulates Rab7 activity. A, Left, Parkin-deficient (MUT1 and MUT2) and control (CON1 and CON2) fibroblast extracts were subjected to GST-RILP pull-down assay and detected
with anti-Rab7 antibody. GST was used as a loading control. Middle, The 10% of input shows the expression levels of Rab7. Actin was used as a loading control. Right, Quantification analysis of active
Rab7. The amount of Rab7 isolated by GST-RILP normalized to GST level versus total (input) Rab7 normalized to actin (N � 3 independent experiments). *p � 0.05. **p � 0.01. B, Top, HEK293 cells
were transfected with indicated constructs, endogenous active Rab7 isolated by GST-RILP, and detected by anti-Rab7 antibody. GST was used as a loading control. Middle, The 10% input shows the
total level of Rab7 and the overexpression level of wild-type and mutant Parkin. Actin was used as a loading control. Bottom, Quantification of the active Rab7. The amount of Rab7 isolated by
GST-RILP normalized to GST versus total (input) Rab7 normalized to actin (N � 3 independent experiments). *p � 0.05. C, Top, HEK293 cells were transfected with indicated constructs, cell lysates
subjected to GST-RILP pull-down, and active Rab7 detected by anti-GFP antibody. GST was used as a loading control. Middle, The 10% input shows the expression level of Rab7. Actin was used as
a loading control. Bottom, Quantification of active Rab7. The amount of Rab7 isolated by GST-RILP normalized to GST versus total (input) Rab7 normalized to actin (N � 3 independent experiments).
*p � 0.05. D, GST-Rab7 or GST-K38R mutant protein was incubated with or without GST-Parkin in the presence of phosphomimetic UB (S65D), followed by incubation with GST-RILP fusion protein.
Samples were immunoprecipitated with anti-Rab7 antibody and immunoblotted with anti-GST antibody. E, Left, HEK 293 cells transfected with indicated constructs. (Figure legend continues.)
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motes the ubiquitination of Rab7 on multiple lysines, with a
preference for Lysine 38.

Ubiquitination as a post-translational modification has mul-
tiple roles, one of which is tagging proteins for proteasomal deg-
radation (Glickman and Ciechanover, 2002). Hence, we initially
hypothesized that decreased ubiquitination of Rab7 might lead to
increased levels of Rab7 in the absence of functional Parkin.
However, contrary to our expectations, a significant decrease in
Rab7 levels was detected in Parkin-deficient fibroblast compared
with controls (Fig. 4E). To examine whether this decrease in Rab7
protein was due to altered gene expression, we analyzed Rab7
mRNA levels and found no differences between controls and
Parkin-deficient fibroblasts (Fig. 4F). These results suggested
that the observed decrease in Rab7 occurred at the protein level
and raised the possibility that Parkin mutations may affect Rab7
stability. It has been shown that Rab9 GTPase requires effector
interaction for its stability (Ganley et al., 2004). We hypothesized
that the same principle might apply to other Rabs where de-
creased levels of Rab7 in Parkin-deficient cells would be due to
diminished effector binding. To test this hypothesis, we mea-
sured the capacity of Rab7 to bind its effector Rab7-Interacting
Lysosomal Protein (RILP) by performing a GST pull-down assay
using Rab7-binding domain of RILP (Romero Rosales et al.,
2009; Peralta et al., 2010). We found that the ratio of RILP-bound
and total Rab7 was decreased in Parkin-deficient fibroblasts com-
pared with controls (Fig. 5A), suggesting decreased binding be-
tween Rab7 and RILP in Parkin-deficient cells. To further
substantiate this conclusion, we performed the same RILP-
binding assay upon overexpression of wild-type Parkin. As
shown in Figure 5B, the ratio of endogenous RILP-bound versus
total Rab7 was increased in cells overexpressing wild-type Parkin
but not in the presence of mutant Parkin C431S. These results
suggested that Parkin regulates RILP-binding capacity of Rab7.

Because our data suggested that Parkin primarily ubiquiti-
nates Rab7 at the specific lysine (K38) (Fig. 4D), we analyzed
whether Parkin affects Rab7-RILP interaction through ubiquiti-
nation of Rab7. Using GST-RILP pull-down assay, we examined
the RILP-binding capacity of Rab7 K-to-R mutants compared
with wild-type Rab7. These results showed that the ratio of RILP-
bound versus total Rab7 was significantly decreased in the pres-
ence of K38R mutant (Fig. 5C), suggesting that ubiquitination of
Rab7 primarily on K38 residue promotes its affinity for RILP. To
further confirm this conclusion, we examined the RILP binding
property of ubiquitinated Rab7. As shown in Figure 5D, levels of
coimmunoprecipitated GST-RILP were increased in the presence
of wild-type but not K38R mutant Rab7, suggesting that ubiqui-
tinated Rab7 exhibited stronger binding to the GST-RILP fusion
protein compared with unmodified Rab7 (Fig. 5D).

Because Rab GTPases must be active to interact with their
effectors, we hypothesized that Parkin-mediated ubiquitination
might increase Rab7 activity. Activation stabilizes membrane
association of Rab GTPases, which normally cycle between
the cytosol and their target membranes (Barr, 2013). To test

whether K38-ubiquitination promotes cytosol-to-membrane
translocation of Rab7, we expressed GFP-tagged wild-type Rab7
or K-to-R mutants in HEK293 cells and performed cell fraction-
ation assay to separate endosome-enriched light membranes
(LMs) from the cytosol by floatation of PNSs on sucrose density
gradients (Gorvel et al., 1991; Aniento et al., 1993). The results
from Western blot analysis showed that the ratio of Rab7 K38R
mutant in LM versus total PNS levels was significantly decreased
(Fig. 5E). To confirm these results, we analyzed the distribution
pattern of wild-type and mutant Rab7 in COS7 cells by immuno-
fluorescence. We observed a reduced number of punctate profiles
for Rab7 K38R mutant compared with wild-type Rab7, consis-
tent with its diminished LM/endosome association (Fig. 5F). To-
gether, these results suggested that Parkin loss of function leads to
a decrease in ubiquitination and membrane association of Rab7.

Next, we asked whether Parkin deficiency-induced endo-
somal phenotype can be explained, at least in part, by diminished
activity or ubiquitination status of Rab7. It has been reported that
Rab7 contributes to the retromer recruitment (Rojas et al., 2008).

4

(Figure legend continued.) PNSs were prepared by flotation in sucrose step gradients to iso-
late LMs. Proteins were detected by anti-GFP antibody. Rab5 and actin were used as the loading
controls for light membrane and cytosolic (Cyto) fraction, respectively. Right, Quantification of
active Rab7. Rab7 in LM fraction was normalized to Rab5 level versus Rab7 in cytosolic fraction
normalized to actin (N � 3 independent experiments). *p � 0.05. F, Left, Confocal images of
GFP-tagged wild-type or K to R mutant Rab7 (green) in Cos 7 cells. Blue represents DAPI. Right,
Quantification of the membrane-associated Rab7 (puncta) in cells (N � 3 independent exper-
iments). *p � 0.05.

Figure 6. Exosome secretion was increased in HEK 293 cell expression Rab7 K38R mutants.
Top, Quantification of exosome release in the media from HEK293 cells transfected with wild-
type, K38R, K191R, or K194R mutant Rab7 (N � 3 independent experiments). *p � 0.05.
Bottom, Western blot analysis of TSG101 and Flotillin-1 in exosomes and TSG101, Flotillin-1,
and GFP in cell lysates. Actin was used as loading control.
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Accumulation of ILVs has been observed upon rab7 knockdown
in HeLa cells (Vanlandingham and Ceresa, 2009), whereas Rab7
dominant-negative mutant prevented lysosomal tubulation in
macrophages (Mrakovic et al., 2012), suggesting the involvement
of Rab7 in the formation of ILVs and tubules. However, the role
of Rab7 in exosome formation remains controversial; one group
found that Rab7 knockdown significantly impaired the release of
syntenin-positive exosomes in MCF-7 cells (Baietti et al., 2012),
whereas another study failed to establish association between
Rab7 and exosome release (Ostrowski et al., 2010). To specifically
test the effect of Rab7 ubiquitination on exosome release, we
overexpressed wild-type Rab7 or its K-to-R mutants in HEK cells
and measured exosome number using nanoparticle tracking
analysis and Western blot approaches. Similar to Parkin defi-
ciency, overexpression of K38R Rab7 mutant led to increased
exosome release (Fig. 6), suggesting that Rab7 ubiquitination de-
ficiency may be at least partially responsible for the increase in
exosome secretion associated with Parkin loss of function.

Discussion
In this study, we found that Parkin modulates endocytic pathway
through the regulation of tubular and multivesicular domain orga-
nization of late endosomes, retromer function, and the formation of
ILVs and exosomes. We also show that Parkin ubiquitinates late-
endosomal GTPase Rab7 and regulates its levels and effector-
binding properties, which might be at least partially responsible for
the observed changes in endosomal morphology and membrane
dynamics in Parkin-deficient cells. These perturbations in endo-
lysosomal system that were detected in Parkin-deficient cellular
models influence important cellular functions and may contribute
to the development of PD pathology in multiple ways. Importantly,
M6PR and its retromer-dependent endosome-to-Golgi retrieval are
essential for the transport of lysosomal enzymes (Arighi et al., 2004).
Hence, the impairment of this pathway can lead to lysosomal dys-
function, a hallmark of several neurodegenerative diseases, includ-
ing PD (Nixon, 2013; Perrett et al., 2015; Small and Petsko, 2015).
On the other hand, exosomes have been receiving increasing atten-
tion as the potential carriers of the toxic forms of a-Syn, the secretion
of which might participate in the propagation of pathology within
PD-affected brains (Emmanouilidou et al., 2010; Alvarez-Erviti et
al., 2011). In this study, we demonstrate accelerated ILV formation
and increased amounts of CD63-positive intraluminal membranes
in patient-derived Parkin-deficient fibroblasts. We also detected an
increase in exosome release in multiple Parkin-deficient models:
patient-derived fibroblasts, iPS-derived DA neurons, and HEK293
cells upon parkin knockdown. Interestingly, it has been reported that
a-Syn overexpression in parkin deletion mouse models resulted in
increased a-Syn secretion from the brain into the blood (Lonskaya et
al., 2013). It is tempting to speculate that the increased exosome
release in Parkin-deficient cells might correlate with a-Syn secretion.

Although Rab7 has been suggested to be involved in mediat-
ing Parkin function as an effector of TBC1D15 and TBC1D17 to
regulate autophagosome morphogenesis (Yamano et al., 2014),
our study reveals another important aspect of Parkin-dependent
modulation of endo-lysosomal pathway: ubiquitination of Rab7
directly on K38 residue and regulation of its levels and RILP-
binding capacity. This lysine is conserved among several Rab
GTPases; it is located within the effector-interacting domain of
Rab7 (Bruckert et al., 2000), and its counterpart in Rab34, K82, is
essential for interaction with RILP (Wang and Hong, 2002).
Hence, one plausible scenario would be that the UB chain added
by Parkin enhances the RILP-Rab7 binding. Diminished interac-
tion with RILP could then affect Rab7 stability/half-life in Parkin-

deficient cells, analogous to the reported effector-regulated half-life
of Rab9 (Ganley et al., 2004). We also show that the K38R mutation
decreases Rab7 association with the light membranes, suggesting
that the activity of Rab7 is impaired. A traditional view is that Rab
GTPases activity is regulated by guanine nucleotide exchange factor
and GTPase activating protein. Our data suggest possible additional
level of activity regulation for Rab7, through Parkin-mediated ubiq-
uitination. Similarly, a recent report showed that �2AR-HACE1
complex regulates Rab11a activity through ubiquitination (La-
chance et al., 2014). Together, these studies imply an interesting
possibility that ubiquitination might represent a rather general
mechanism for modulating Rab function.

We found that parkin mutations influence tubulation and ILV
abundance in endosomes, but not the pattern of LAMP1 staining
and EGFR degradation, suggesting that only a subset of Rab7-
associated processes were affected. This could be explained by
potential ubiquitination by Parkin of additional factors impli-
cated in shaping of the endo-lysosomal system, or by differential
Rab7 dose dependence for each of these processes. However, it is
tempting to speculate that Parkin-mediated ubiquitination of
Rab7 directly modifies its specific effector affinities. This is par-
ticularly interesting in light of opposing functions for some
Rab7 effectors. For instance, Rab7 effector RILP induces vesicular
movement toward the minus-end of microtubule through the
recruitment of dynein/dynactin complex (Jordens et al., 2001),
whereas another effector FYCO1 mediates a plus-end directed
movement through its interaction with kinesin (Pankiv et al.,
2010). Reversible ubiquitination might navigate the competition
between RILP and FYCO1 for the opposing movements to coor-
dinate vesicular transport.

The exact mechanism of Parkin deficiency/Rab7-K38R-med-
iated positive regulation of exosome secretion is still unclear. Con-
troversially, one study shows that the reduced Rab7 levels led to a
decrease in exosome secretion (Baietti et al., 2012). However, if the
lack of specific K38 ubiquitination could modify the effector-
binding pattern of Rab7, the net result might be a change in some of
the exosome biogenesis aspects, such as the ILV formation or endo-
some motility, which ultimately leads to a perceived increase in
exosomes. Further studies are needed to thoroughly explore this
possibility.

Interestingly, Rab7 has already been implicated in other genetic
forms of Parkinson’s disease, such as LRRK2 mutation-induced PD
(Gómez-Suaga et al., 2014). Moreover, a-Syn aggregates present
in PD impair retrograde axonal transport of Rab7 endosomes
(Volpicelli-Daley et al., 2014). Increasing Rab7 activity by enhancing
its ubiquitination might be a potential therapeutic strategy for PD.

In conclusion, our study reveals a novel role for Parkin in
regulating endo-lysosomal pathway through modulating endo-
somal domain organization, retromer pathway, exosome release,
and Rab7 levels and activity. These findings raise a possibility that
alterations in the endo-lysosomal system contribute to the devel-
opment of pathology in Parkin-linked Parkinson’s disease.
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