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Parkin is an E3 ubiquitin ligase that mediates the ubiquitina-
tion of protein substrates. Themutations in the parkin gene can
lead to a loss of functionof parkin and cause autosomal recessive
juvenile onset parkinsonism. Recently, parkin was reported to
be involved in the regulation ofmitophagy.Here, we identify the
Bcl-2, an anti-apoptotic and autophagy inhibitory protein, as a
substrate for parkin. Parkin directly binds to Bcl-2 via its C ter-
minus and mediates the mono-ubiquitination of Bcl-2, which
increases the steady-state levels of Bcl-2. Overexpression of
parkin, but not its ligase-deficient forms, decreases autophagy
marker LC3 conversion, whereas knockdown of parkin in-
creases LC3 II levels. In HeLa cells, a parkin-deficient cell line,
knockdown of parkin does not change LC3 conversion. More-
over, overexpression of parkin enhances the interactions
between Bcl-2 and Beclin 1. Our results provide evidence that
parkin mono-ubiquitinates Bcl-2 and regulates autophagy via
Bcl-2.

Parkinson disease (PD)2 is the second most common neuro-
degenerative disorder after Alzheimer disease (1) and is char-
acterized by a distinct set ofmotor symptoms including tremor,
muscle rigidity, postural instability, and bradykinesia (2).
Although the cause of PD is poorly understood, there is evi-
dence that both environmental factors and genetic factors con-
tribute to its development. Recently, several genes have been
reported to be associated with the pathogenesis of familial
forms of PD. Mutations in the parkin gene (PARK2;
OMIM600116) cause autosomal recessive juvenile onset par-
kinsonism (3). It has been shown that mutations in parkin
account for nearly 50% of patients with the early onset familial
PD cases (3–6) and more than 15% of sporadic PD cases with
early onset (7).
Parkin is a 465-amino acid protein that contains an ubiq-

uitin-like domain at its N terminus and two RING finger do-

mains separated by an in-between-ring domain at its C termi-
nus. Similar to other RING finger-containing proteins, parkin is
an E3 ubiquitin ligase. Parkin ubiquitinates several target pro-
teins and enhances their degradation via the ubiquitin-protea-
some system (8, 9). Ubiquitination of a substrate is usually
processed by amulti-step involving the sequential activity of an
E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating
enzyme, and an E3 ubiquitin-protein ligase (10). It was reported
that parkin can selectively interactwith the E2 enzymes,UbcH7
and UbcH8 (9, 11, 12). A number of protein substrates for par-
kin have been identified, including synphilin-1 (13, 14),
CDCrel-1 and 2a (12, 15), Pael-R (16), synaptotagmin XI (17),
�- and �-tubulin (18), RanBP2 (19), cyclin E (20), the amino-
acyl-tRNA synthetase cofactor p38/AIMP2 (21, 22), Eps15 (23),
and far upstream sequence element-binding protein 1 (24).
Within these substrates, p38/AIMP2 and far upstream se-
quence element-binding protein 1were reported to be accumu-
lated in brains of parkin null mice, MPTP (1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) treated mice, and sporadic PD
cases (22, 24).
Parkin is dominantly located in cytosol (25), whereas it is also

located in mitochondria (26). It regulates mitochondrial mor-
phology by the PINK/Parkin pathway (27) and is involved in
mitochondria biogenesis in proliferating cells (28). It was
recently reported that parkin promotes mitophagy by its recruit-
ment to impairedmitochondria (29).However, themechanismby
which parkin functions in mitochondria or its substrates that are
associated withmitochondria is still not clear.
Here, we identity the anti-apoptotic protein, Bcl-2, as a novel

substrate for parkin. Parkin increases the amount of Bcl-2 by
mediating its mono-ubiquitination to enhance its stability.
Overexpression of parkin decreases, whereas knockdown of
parkin increases, LC3 conversion under normal conditions or
starvation treatment. Moreover, overexpression of parkin
increases the binding of Bcl-2 and Beclin 1. This study reveals
that parkin is involved in the regulation of autophagy viamono-
ubiquitinating Bcl-2.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—For creating constructs expressing
FLAG-parkin and EGFP-parkin, we cut out the full-length par-
kin cDNA at BamHI/SalI sites from pGEX-5x-1-parkin and
subcloned this fragment into p3�FLAG-myc-CMV-24 vector
(Sigma) or pEGFP-C2 vector (BD Biosciences Clontech). The
deletion mutants of parkin were generated by PCR with differ-
ent primers using pGEX-5X-1-parkin as the template. pGEX-
5X-1-parkin (N terminus, amino acids 1–219) was created by
subcloning the PCR product, amplified with primers 5�-CGG-
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GATCCATATGATAGTGTTTGTCAGG-3� and 5�-ACGCG-
TCGACTCAGTCAGAGGTGGGGTGTGC-3�, into pGEX-
5X-1 (Amersham Biosciences); pGEX-5X-1-parkin (C
terminus, amino acids 220–465), with primers 5�-CGGGAT-
CCATAAGGAAACACCAGTAGTC-3� and 5�-ACGCGTCG-
ACCTACACGTCGAACCAGTG-3�; pGEX-5X-1-parkin (R1,
amino acids 220–318), with primers 5�-CGGGATCCATAAG-
GAAACACCAGTAGCT-3� and 5�-ACGCGTCGACTCAAT-
ACTGCTGGTACCGGTTGTA-3�; and pGEX-5X-1-parkin
(R2, amino acids 385–465), with primers 5�-CGGGATCCAT-
GGAACAACTACTCAGGCCTA-3� and 5�-ACGCGTCGAC-
CTACACGTCGAACCAGTG-3�, respectively. For creating
constructs expressing EGFP-parkin-N terminus, EGFP-par-
kin-C terminus, EGFP-parkin-R1, and EGFP-parkin-R2, we cut
out these deletion mutant parkin cDNAs at BamHI/SalI sites
from pGEX-5X-1-parkin-N terminus, pGEX-5X-1-parkin-C
terminus, pGEX-5X-1-parkin-R1, and pGEX-5X-1-par-
kin-R2 and then subcloned these fragments into pEGFP-C2
vector (BD Biosciences Clontech). Mutants of parkin
(K161N, T240R, C431F, and P437L) were generated by site-
directed mutagenesis using a MutantBEST kit (Takara), with
primers 5�-TCTCAGGGTACAGTGCAG-3� and 5�-TTTCC-
CGGCTGCACTCTTT-3� for K161N; 5�-GGTGCACAGAC-
GTCAGG-3� and 5�-TAATGCAAGTGATGTTCCGAC-3�
for T240R; 5�-TCATGCACATGAAGTGTCCGCAG-3� and
5�-AGCCTCCATTTTTTTCCACTGG-3� for C431F; and 5�-
TGCAGCCCCAGTGCAGGCTCGAGTGG-3� and 5�-GAC-
ACTTCATGTGCATGCAGCCTCC-3� for P437L, respectively.
Full-length Bcl-2 cDNA was first amplified by PCR using

primers 5�-CGGAATTCATGECTCAGAGCAAC-3� and 5�-
GTCGACTCATTTCCGACTGAAG-3� from a human fetal
brain cDNA library (Clontech). The PCR product was then
inserted into pET-21a (Novagen) or pEGFP-C2 (BD Bio-
sciences Clontech) vectors via EcoRI/SalI sites.
In Vitro Binding Assays—For GST pulldown assays, an ali-

quot containing 20�l of glutathione-agarose beads (GEHealth-
care Life Sciences)was incubatedwith 20�g of protein from the
soluble fraction of Escherichia coli cell lysates containing GST
or GST-parkin or GST-Bcl-xl for 30 min on ice. After washing
with 1� PBS for three times to remove unbound materials, the
beads were incubated with 50 �g of protein from the superna-
tants of E. coli crude extract containing Bcl-2 or Bcl-xl or Bax,
which was expressed by pET-21a-Bcl-2, pET-21a-Bcl-xl, or
pET-21a-Bax in 0.25 ml of HNTG buffer (20 mM Hepes-KOH,
pH 7.5, 100mMNaCl, 0.1% Triton X-100, and 10% glycerol) for
2 h at 4 °C. After incubation, the beadswerewashed seven times
with 1ml of 1�HNTGbuffer. The proteinswere elutedwith 20
�l of SDS sample buffer and subjected to immunoblot analysis.
Cell Culture and Transfection—293 cells, SH-SY5Y cells, or

HeLa cells were cultured in DMEM (GIBCO) containing 10%
fetal bovine serum (Hyclone). The Lipofectamine 2000 reagent
(Invitrogen)was used to transfect the cells with expressing plas-
mids according to the manufacturer’s instructions. Forty-eight
hours after transfection, the transfected cells were observed
using an inverted system microscope IX71 (Olympus) or har-
vested for immunoblot or immunoprecipitation analyses. Dis-
sociated HF cultures were prepared from postnatal 1-day-old
Sprague-Dawley rats. The cells were gently dissociated with a

plastic pipette after digestion with 0.5% trypsin (Invitrogen) at
37 °C. The dissociated cells were plated at a final density of 5 �
105/cm2 onpolyethyleneimine-coated six-well plates (Corning)
and cultured in Neurobasal medium (Invitrogen) containing
1�B27 supplement (Invitrogen) and 3 �g/ml glutamine
(Sigma). Three days after culture, 5-fluoro-2�-deoxyuridine and
uridine were added to a final concentration of 10 �M (Sigma) to
repress the growth of glial cells.
Antibody Preparation—Polyclonal antisera against parkin

were raised by immunizing New Zealand White rabbits with
purified GST-parkin protein as an antigen.
RNA Interference—Double-stranded oligonucleotides tar-

geting human parkin as described elsewhere (30). Double-
stranded oligonucleotides targeting 5�-AACATCGCCCTG-
TGGATGACT-3� of human Bcl-2 mRNA, or targeting
5�-TGCAAGGAAGCATACCAT-3� of rat parkin mRNA were
synthesized by Shanghai GenePharma (Shanghai, China), and
an irrelevant oligonucleotide served as a negative control. The
transfection was performed with Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.
Briefly, siRNA and Lipofectamine 2000 reagent (Invitrogen)
were mixed in Opti-MEMmedium (Invitrogen) and incubated
for 30 min at room temperature to allow the complex forma-
tion. Then the cells were washed with Opti-MEM medium
(Invitrogen), and the mixtures were added. Twelve hours after
transfection, the culture medium was replaced by fresh com-
plete medium. The cells were harvested 72 h after transfection,
followed by further analysis.
Immunoblot Analysis—The proteins were separated by 12%

SDS-PAGE and then transferred to polyvinylidene difluoride
membrane (Millipore). The following primary antibodies were
used. Monoclonal anti-Bcl-2 antibody was from Santa Cruz
Biotechnology orAbcam.Monoclonal anti-FLAGantibodywas
from Sigma. Monoclonal anti-GAPDH antibody was from
Chemicon. Monoclonal anti-GFP antibody was from Santa
Cruz Biotechnology or Roche Applied Science. Monoclonal
anti-HA, anti-P62, and anti-parkin antibodies were from Santa
Cruz Biotechnology. Monoclonal anti-LC3 antibody was from
Novus. Polyclonal anti-Beclin 1 antibodies were from Santa
Cruz Biotechnology. The secondary antibodies, sheep anti-
mouse IgG-HRP antibody or anti-rabbit IgG-HRP antibody,
were from Amersham Biosciences. The proteins were visual-
ized using an ECL detection kit (Amersham Biosciences).
To reprobe themembrane for another primary antibody, the

membrane was first incubated with stripping buffer (50 mM

Tris-HCl, pH 6.8, 0.1 mM �-mercaptoethanol, 20 mM SDS) for
30 min at 50 °C. Then the membrane was subjected to immu-
noblot analysis following the standard protocol.
Immunoprecipitation—293 cells co-expressing FLAG-par-

kin along with EGFP or EGFP-Bcl-2 were collected 48 h after
transfection and sonicated in TSPI buffer containing 50 mM

Tris-HCl, pH 7.5, 150 mM sodium chloride, 1 mM EDTA, 1%
Nonidet P-40 supplemented with complete mini protease
inhibitor mixture (Roche Applied Science). Cellular debris was
removed by centrifugation at 12,000� g for 30min at 4 °C. The
supernatants were incubated with monoclonal anti-GFP anti-
body (Roche Applied Science) for 1 h at 4 °C. After incubation,
protein G-Sepharose was used for precipitation. The beads
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were washed with TSPI buffer six times and then eluted with
SDS sample buffer for immunoblot analysis.
Degradation Assay—Eighteen hours after transfection, 293

cells co-expressing FLAG-parkin along with EGFP or EGFP-
Bcl-2 were treated with 100 �M cycloheximide (CHX) (Sigma)
to inhibit protein synthesis. The cells were harvested at 0, 4, 8,
12, and 16 h after CHX treatment. The same volume of lysates
was analyzed by immunoblot using anti-FLAG antibody
(Sigma) and anti-GFP antibody (Santa Cruz).
Long-lived Protein Degradation Assay—HeLa cells express-

ing EGFP or EGFP-parkin were cultured in 6-well plates and
labeled for 24 h at 37 °Cwith 65�Mconcentrations of unlabeled
leucine and 3H-labeled leucine (1 �Ci/ml) (PerkinElmer Life
Sciences) in DMEM containing 10% fetal bovine serum. The

cells were then washed and incu-
bated in medium containing excess
cold leucine (2mM) for 24 h to allow
for degradation of short-lived pro-
teins. These labeled cells were then
incubated at 37 °C with either
Essential Medium with Earle’s Bal-
anced Salts (Hyclone) or DMEM
containing 10% fetal bovine serum.
At 2, 4, and 6 h after starvation, 0.5
ml of the medium were taken out
from each sample and mixed with
56 �l of 100% TCA. The samples
were then vortexed and centrifuged
at 12,000 � g for 5 min. The acid
soluble radioactivity was deter-
mined by liquid scintillation count-
ing. The cells were washed with
PBS, and 1 ml of cold 10% TCA was
added to fix the cellular proteins.
The fixed cell monolayers were
washed with 10% TCA and dis-
solved in 0.5 ml of 1 N NaOH at
37 °C. The radioactivity in each ali-
quot of 1 N NaOH was counted by
liquid scintillation counting. The
percentage of long-lived protein
degradation at each time point was
determined by the formula: % deg-
radation � (3H counts at time
point/sumof 3H counts at each time
point � total cell-associated radio-
activity) � 100.

RESULTS

Interactions of Parkin and Bcl-2—
Because parkin is partially localized
to mitochondria and is functionally
associated with mitochondria (26,
28, 29), we questioned whether par-
kin interacts with Bcl-2 or its related
proteins. To test this possibility, we
performed GST pulldown assays to
evaluate the binding of parkin with

Bcl-2, Bcl-xl, or Bax using GST-parkin, which was coupled to
glutathione-agarose beads to pull down Bcl-2 or Bcl-xl or Bax
expressed by E. coli transformed with pET-21a-Bcl-2 or pET-
21a-Bcl-xl or pET-21a-Bax. GST-parkin, but not GST alone,
pulled down Bcl-2 (Fig. 1A) and Bcl-xl (Fig. 1B). However, it
failed to pull down Bax (supplemental Fig. S1). To further con-
firm the interactions between parkin and Bcl-2, we performed
co-immunoprecipitation assays using 293 cells expressing a
combination of FLAG-parkin andEGFP-Bcl-2 or EGFP. FLAG-
parkin was co-immunoprecipitated with EGFP-Bcl-2 using
anti-GFP antibody but was not with EGFP (Fig. 1C). In similar
co-immunoprecipitation experiments, Bcl-xl failed to be co-
immunoprecipitated with EGFP-parkin (data not shown).
These data suggest that parkinmay interact onlywith Bcl-2, but

FIGURE 1. Interactions of parkin and Bcl-2. A, GST-parkin interacts with Bcl-2 in vitro. The supernatant of E. coli
crude extract containing recombinant Bcl-2 expressed by pET-21a-Bcl-2 was incubated with glutathione-aga-
rose beads bound with GST or GST-parkin. After incubation, the beads were washed with HNTG buffer, and the
bound proteins were probed with anti-Bcl-2 antibody. The lower panels show the inputs of GST, GST-parkin.
B, GST-parkin interacts with Bcl-xl in vitro. Similar experiments as in A were performed using GST-parkin to pull
down Bcl-xl, which is expressed by pET-21a-Bcl-xl. The lower panels show the inputs of GST, GST-parkin.
C, FLAG-parkin is co-immunoprecipitated with EGFP-Bcl-2. 293 cells expressing a combination of EGFP-Bcl-2
and FLAG-parkin or FLAG were subjected to immunoprecipitation with anti-GFP antibody. Immunoprecipi-
tants and inputs were detected with antibodies as indicated. GAPDH served as a loading control. D, endoge-
nous parkin is co-immunoprecipitated with Bcl-2. Mouse brain lysates were subjected to immunoprecipitation
with polyclonal antisera against parkin or empty rabbit sera. Immunoprecipitants and inputs were detected
with antibodies to parkin and Bcl-2. The parkin and heavy chain bands are overlapped. Œ indicates the non-
specific bands. E, similar experiments as in A were performed using GST-tagged parkin or its deletion mutants
to pull down Bcl-2. Meanwhile, 293 cells expressing a combination of FLAG-Bcl-2 and EGFP-parkin or its dele-
tion mutants were subjected to immunoprecipitation with anti-GFP antibody to further identify the binding
domain of parkin with Bcl-2. IP, immunoprecipitation; IB, immunoblot.
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not Bcl-xl, in mammalian cells, although parkin interacts with
both Bcl-2 and Bcl-xl using recombinant proteins expressed by
E. coli. To further examine the interactions between parkin and
Bcl-2, we performed co-immunoprecipitation assays using
mouse brain lysates with anti-parkin polyclonal antisera.
Endogenous Bcl-2 was co-immunoprecipitated with endoge-
nous parkin (Fig. 1D).
To further determine which domain(s) of parkin are respon-

sible for its interaction with Bcl-2, we generated different dele-
tionmutants of parkin (Fig. 1E) and examined their interactions
with Bcl-2 using GST pulldown assays. Our results showed that
the full-length parkin, both the RING1 (R1) and RING2 (R2)
domains and the C terminus containing two RINGs and an
in-between-ring domain, pulled downBcl-2, whereas theN ter-
minus did not (Fig. 1E). Then we performed co-immunopre-
cipitation assays using 293 cells expressing a combination of
FLAG-Bcl-2 and EGFP-parkin or its deletionmutants or EGFP.
Our results showed that only full-length parkin and its RING1
domain interacted with Bcl-2, whereas the RING2 domain only
had a very weak binding with Bcl-2 in cells (Fig. 1E), suggesting
that RING domains, at least RING1, is important for their
interactions.
Mono-ubiquitination of Bcl-2 and Increase of Its Stability by

Parkin—Because parkin is a well known E3 ligase (9) and we
have shown that parkin interacts with Bcl-2, we questioned
whether Bcl-2 is a substrate of parkin. First, we transfected 293
cells with EGFP or EGFP-parkin and examined the endogenous
Bcl-2 levels using immunoblot analysis. In the presence of par-
kin, the endogenous Bcl-2 level was increased (Fig. 2A). Next,
we co-transfected 293 cells with a combination of FLAG-par-
kin, EGFP-Bcl-2, andHA-ubiquitin and then performed immu-
noprecipitation and immunoblot assays to examine ubiquitina-
tion of Bcl-2. In the immunoprecipitants, a molecular mass
corresponding to EGFP-Bcl-2 with one ubiquitin was detected
much more strongly in the presence of parkin than in the
absence of it using anti-GFP and anti-HA antibodies (Fig. 2B,
right two panels), suggesting that parkin mono-ubiquitinates
Bcl-2. Becausemono-ubiquitination is a nondegradation signal
for the substrates, we performed CHX chase assays to test
whether parkin-mediated mono-ubiquitination of Bcl-2 could
change its turnover. 293 cells co-expressing EGFP-Bcl-2 and
FLAG or FLAG-parkin were treated with CHX at 48 h post-
transfection to inhibit new protein syntheses. The total cell
lysateswere collected at different time points over the following
16 h and subjected to immunoblot analysis with anti-GFP, anti-
FLAG, or anti-GAPDHantibodies. Bcl-2 wasmuchmore stable
in the presence of parkin than in the absence of it (Fig. 2C).
However, the K161N mutant failed to stabilize Bcl-2 (supple-
mental Fig. S2).
Inhibition of Autophagy under Normal Conditions or Starva-

tion, but Enhancement of Autophagy uponCCCPTreatment, by
Parkin—We have shown that parkin stabilizes Bcl-2, which is
reported to be an inhibitory factor of autophagy (31). We ques-
tioned whether parkin regulates autophagy and whether its
effects on autophagy are related with Bcl-2 levels. 293 cells
expressing EGFP or EGFP-parkin were untreated (control) or
treated with HBSS for 1 h (starvation). The autophagy protein
LC3 is a widely usedmarker ofmammalian autophagy (32), and

the abundance of LC3-II or LC3-II/LC3-I ratio corresponds
with the level of autophagosome formation (32, 33). In the pres-
ence of parkin, the endogenous Bcl-2 level was increased, and
the LC3 conversion was decreased under normal conditions or
starvation treatment (Fig. 3A), suggesting that parkin induces
parallel changes with an increase of Bcl-2 and a decrease of
autophagy activation. Beclin 1, an ATG gene product essential
for autophagy (34), however, was not changed upon multiple
treatments (Fig. 3A). Furthermore, the proteolysis rate of long-

FIGURE 2. Increase of Bcl-2 steady-state levels by parkin mono-ubiq-
uitinating Bcl-2. A, increase of endogenous Bcl-2 by parkin. 293 cells were
transfected with EGFP or EGFP-parkin. Cell lysates were subjected to
immunoblot analysis using antibodies as indicated. The right panel shows
the band intensity of Bcl-2 relative to that of GAPDH. The values are the
means � S.E. from three independent experiments. **, p � 0.01, one-way
ANOVA. B, mono-ubiquitination of Bcl-2 by parkin. 293 cells expressing a
combination of EGFP-Bcl-2, HA-ubiquitin, FLAG, or FLAG-parkin were sub-
jected to immunoprecipitation using anti-GFP antibody. Immunoprecipi-
tants and inputs were detected with antibodies as indicated. C, parkin
increases the stability of Bcl-2. Forty-eight hours after transfection, 293
cells expressing EGFP-Bcl-2 with or without FLAG-parkin were treated
with CHX (100 �g/ml). The cells were then harvested at 0, 4, 8, 12, and 16 h
and subjected to immunoblot analysis with antibodies to GFP or FLAG.
The band density of EGFP-Bcl-2 relative to that of GAPDH was shown. The
values are the means � S.E. from three independent experiments. IP,
immunoprecipitation.
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lived proteins in HeLa cells expressing EGFP-parkin was
significantly decreased during normal conditions and starva-
tion (Fig. 3B).
It was reported that parkin could mediate the engulfment

of damaged mitochondria by autophagosomes after CCCP
treatment (29). We therefore compared the effects of parkin
on autophagy under normal conditions, starvation, and CCCP
treatment. In 293 cells expressing EGFP-parkin, LC3-II level
was decreased under normal conditions and starvation
treatment; however, it was increased upon CCCP treatment
(Fig. 4A).
Parkin is recruited to mitochondria to induce autophagy

under CCCP treatment (29). Because autophagy is decreased
under normal conditions or starvation but increased under
CCCP treatment, we examined the subcellular localization of
EGFP-parkin in HeLa cells under normal conditions, starva-
tion, and CCCP treatment. EGFP-parkin was predominately
located in the cytosol under normal conditions and starvation

treatment but apparently translocated to the mitochondria
after CCCP treatment (Fig. 4B).
E3 Ligase Activity-dependent Autophagy Activation by

Parkin—Parkin is a protein-ubiquitin E3 ligase (9), and the defi-
ciency of its E3 ligase activity is associated with PD (3); we
questioned whether the effects of parkin on autophagy and
Bcl-2 are mediated by its E3 ligase function. To address this
question, we created a FLAG-tagged disease-associatedmutant
of parkin (K161N), which selectively impaired its E3 ligase
activity (35, 36), and transfected this mutant into 293 cells. The
cells transfected with FLAG, FLAG-parkin (WT), or FLAG-
parkin (K161N)were divided into two groups, inwhich onewas
without any treatment and another was treated with HBSS for
1 h (starvation). In both groups, parkin decreased LC3 conver-
sion and increased Bcl-2 levels; however, the K161N mutant
had no effects (Fig. 5A), suggesting that the E3 ligase activity is
essential for parkin to regulate autophagy and Bcl-2.

FIGURE 3. Inhibition of autophagy by parkin under normal conditions or
starvation. A, 293 cells transfected with EGFP or EGFP-parkin were incubated
under normal conditions (control) or starvation (HBSS for 1 h). The cell lysates
were subjected to immunoblot analysis with antibodies as indicated. The
band densities of LC3-II, Bcl-2, and Beclin 1 relative to that of GAPDH are
shown. The values are the means � S.E. from three independent experiments.
**, p � 0.01; �, p � 0.05, one-way ANOVA. B, Parkin inhibits autophagic deg-
radation of long-lived proteins. HeLa cells expressing EGFP or EGFP-parkin
were incubated for 24 h with 3H-labeled leucine (1 �Ci/ml). The degradation
of long-lived proteins was measured at the indicated time points in complete
medium or Essential Medium with Earle’s Balanced Salts. The values are the
means � S.E. from three independent experiments. con, control.

FIGURE 4. Enhancement of autophagy by parkin upon its mitochondrial
localization. A, 293 cells transfected with EGFP or EGFP-parkin were incu-
bated under various conditions, including complete medium (Control), HBSS
for 1 h (Starvation), or 10 �M CCCP for 24 h (CCCP). The cell lysates were
subjected to immunoblot analysis with antibodies as indicated. B, HeLa cells
expressing EGFP-Parkin (green) were treated with Me2SO or HBSS for 1 h, or 10
�M CCCP for 24 h. The cells were then stained with 20 nM MitoTracker Red for
15 min and observed using an invert fluorescent microscope.
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We next co-transfected 293 cells with EGFP-Bcl-2 and HA-
ubiquitin, together with FLAG-parkin or the K161N mutant.
The cells were collected and subjected to immunoprecipitation
assays using anti-GFP antibody. In the presence of parkin, a
molecular mass corresponding to EGFP-Bcl-2 with one ubiq-
uitin was detected, whereas it was not detected or only very
weakly detected in the absence of parkin or in the presence of
K161Nmutant (Fig. 5B). Although bothWTandmutant parkin
had no effects on the protein level of endogenous Beclin 1,more
Beclin 1 was co-immunoprecipitated in the presence of WT
parkin than the K161N mutant (Fig. 5B), suggesting that WT
parkin may increase the interactions of Bcl-2 and Beclin 1.
These data suggest that parkin increased the amount of Bcl-2 by
mediating the ubiquitination of Bcl-2 and changed its turnover.
The increased Bcl-2 could bind more Beclin 1 to inhibit auto-
phagy under normal conditions or starvation treatment.
Failure to Regulate Autophagy by Disease-linked RING Do-

main Mutations—We have shown that the RING1 and RING2
domains of parkin interacted with Bcl-2 (Fig. 1E). The disease-
linkedmutations located in RING1 andRING2 domains of par-
kin impair its E3 ligase activity (35–38). We questioned
whether these mutations could impair parkin-mediated auto-
phagy activation and Bcl-2 ubiquitination. HeLa cells were
transfected with FLAG, FLAG-parkin (WT), or its mutants
(K161N, T240R, C431F, and P437L), and the cells were har-
vested 72 h after transfection. WT parkin decreased LC3 con-
version and increased Bcl-2 level; however, all of the RING
domainmutants had no effects (Fig. 6,A andB). p62, a substrate

of autophagy, was also increased inWTparkin transfected cells
but not in its mutant transfected cells (Fig. 6, A and B), further
suggesting that the down-regulation of autophagy by parkin is
associated with its E3 activity. We next co-transfected 293 cells
with EGFP-Bcl-2 and HA-ubiquitin, together with FLAG-par-
kin or its mutant (K161N, T240R, C431F, or P437L). The cells
were collected and subjected to immunoprecipitation assays

FIGURE 5. E3 ligase activity-dependent autophagy activation by parkin.
A, E3 ligase activity deficient K161N mutant fails to regulate autophagy under
normal conditions and starvation treatment (HBSS for 1 h). 293 cells express-
ing FLAG, FLAG-parkin, or FLAG-parkin (K161N) were subjected to immuno-
blot analysis with antibodies as indicated. B, Parkin, but not K161N mutant,
mono-ubiquitinates Bcl-2 and increases its interactions with Beclin 1. 293
cells expressing a combination of EGFP-Bcl-2, HA-ubiquitin, and FLAG or
FLAG-parkin (WT or K161N mutant) were subjected to immunoprecipitation
using anti-GFP antibody. Immunoprecipitants and inputs were detected with
antibodies as indicated. IP, immunoprecipitation.

FIGURE 6. Failure to mono-ubiquitinating Bcl-2 and regulating autoph-
agy by disease-linked RING1 and RING2 domain mutants. A and B, dis-
ease-linked RING1 and RING2 domain mutants (K161N, T240R, C431F, and
P437L) fail to repress autophagy. HeLa cells expressing FLAG, FLAG-parkin, or
disease-linked parkin mutants were subjected to immunoblot analysis with
antibodies as indicated. The band densities of LC3-II, Bcl-2, p62, or Beclin 1
relative to that of GAPDH were shown. The values are the means � S.E.
from three independent experiments. **, p � 0.01; *, p � 0.05; �, p � 0.05,
one-way ANOVA. C, disease-linked parkin mutants fail to mono-ubiquiti-
nate Bcl-2. 293 cells expressing a combination of EGFP-Bcl-2 and HA-ubiq-
uitin together with FLAG-parkin or its RING mutants (K161N, T240R,
C431F, and P437L) were subjected to immunoprecipitation using anti-GFP
antibody. Immunoprecipitants and inputs were detected with antibodies
as indicated. IP, immunoprecipitation.
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using anti-GFP antibody. In the presence of parkin, amolecular
mass corresponding to EGFP-Bcl-2 with one ubiquitin was
detected, whereas it was not detected in the absence of parkin
or in the presence of its RING domain mutants (Fig. 6C). We
also found no or fewer interactions between these mutants and
Bcl-2 (Fig. 6C, right, lower panel), suggesting that the impair-
ment of parkin-mediated Bcl-2 ubiquitination conferred by dis-

ease-linked mutations located in RING1 and RING2 domains
could be due to alterations of their interactions.Meanwhile, the
N terminus of parkin failed to ubiquitinate Bcl-2 (supplemental
Fig. S3), further suggesting that the RING domains at its C
terminus are important for ubiquitinating Bcl-2.
Knockdown of Parkin Enhances Autophagy Level—We fur-

ther employed siRNA to knock parkin down to examine the
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effects of parkin. Transfection of the RNA oligonucleotides
against parkin (parkin siRNA) in 293 cells successfully sup-
pressed the protein level of EGFP-parkin as compared with the
cells transfected with control siRNA (Fig. 7A), showing that
parkin siRNA is effective.
In 293 cells or SH-SY5Y cells that were transfected with par-

kin siRNA, the level of Bcl-2 was decreased, and the LC3-II
conversion was increased; however, overexpression of EGFP-
Bcl-2 greatly decreased LC3-II conversion that was induced by
parkin siRNA (Fig. 7,B andC), suggesting that parkin functions
in the upstream of Bcl-2. Similar results were obtained in pri-
mary cultured neuronal cells from rat HF that were transfected
with parkin siRNA (Fig. 7D).

We next knocked parkin down inHeLa cells, in which parkin
is not expressed because of deletions of parkin exons (39, 40).
Knockdown of parkin failed to change the amounts of LC3-II
and Bcl-2 in HeLa cells (Fig. 7E).
To further investigate the role of Bcl-2 in parkin-mediated

autophagy regulation, we employed siRNA to knock Bcl-2
down in 293 cells. The cells expressing FLAG or FLAG-parkin
were transfected with the RNA oligonucleotides against Bcl-2
(Bcl-2 siRNA) or control siRNA.Knockdown of Bcl-2 increased
LC3-II conversion (Fig. 7F), suggesting that Bcl-2 cells nega-
tively regulates autophagy. Overexpression of parkin signifi-
cantly decreased LC3-II conversion, but it had a much lesser
effect in Bcl-2 knockdown cells (Fig. 7F), further suggesting that
Bcl-2 is involved in parkin-mediated autophagy regulation.

DISCUSSION

In our present study, we identified that Bcl-2 is a novel sub-
strate for the E3 ubiquitin ligase parkin. Parkin directly inter-
acts with Bcl-2 specifically through its C terminus andmediates
the mono-ubiquitination of Bcl-2. Our results show that the
mono-ubiquitination of Bcl-2 by parkin alters Bcl-2 turnover to
increase its protein level. The PD-linked mutant forms of par-
kin (K161N, T240R, C431F, and P437F) (35–38), whose E3
ligase activities are selectively impaired, fail to regulate the
mono-ubiquitination of Bcl-2. Recently studies have indi-
cated that the parkin-mediated ubiquitination of particular
protein substrates can change to degradation-independent
roles (14, 15, 41). These proteasomal-independent sub-
strates of parkin and their ubiquitination-mediated regula-
tion may be important for the molecular pathogenesis of
parkin-linked PD (14, 41).

It has been demonstrated that the selective ablation of auto-
phagy genes in the central nervous system leads to neurodegen-
eration and premature death (42, 43). An early report shows
that autophagosome accumulates in the brains of patients with
PD (44). These results suggest that autophagy is associatedwith
PD and neurodegeneration. A recent study indicates that in the
neuronal cultures of midbrain from parkin null mice, markers
of autophagy, such as LC3 II/I, are increased (45), suggesting
that knock-out of parkin may induce autophagy. In our study,
we show that overexpression of parkin represses autophagy,
whereas knockdown of parkin induces autophagy. Taken
together, these data suggest that parkinmay negatively regulate
autophagy.
Beclin 1 is a component of complex with class III PI3K and

other proteins, including UVRAG, Ambra-1, Bif-1 and anti-
apoptotic Bcl-2 family members (46). Bcl-2 functions as an
autophagy inhibitory protein via its interaction with Beclin 1,
and the autophagy level maintained by Bcl-2 is compatible with
cell survival, rather than cell death (31). In our present study, we
demonstrate that parkin, but not its E3 ligase-deficient
mutants, mono-ubiquitinates Bcl-2 and alters the Bcl-2 steady-
state levels and turnover, thereby increasing the amount of
Bcl-2 (Figs. 2, 5, and 6). The increased Bcl-2 by parkin can bind
more Beclin 1. Knockdown of parkin decreases Bcl-2 levels and
increases LC3-II conversion in different cell lines as well as in
primary cultured neuronal cells (Fig. 7). Overexpression of
Bcl-2 blocks LC3 conversion induced by knockdown of parkin,
whereas knockdown of Bcl-2 attenuates parkin-mediated auto-
phagy repression (Fig. 7). Taken together, these data suggest
that parkin is involved in autophagy inhibition via Bcl-2/Beclin
1 pathway under normal conditions or starvation treatment.
It was reported that parkin is recruited to impaired mito-

chondria to induce mitophagy upon CCCP treatment (29).
Consistent with this finding, our data show that parkin
increases autophagy upon CCCP treatment. However, under
normal conditions and starvation, parkin inhibits autophagy
(Figs. 3 and 4). Parkin is diffusively distributed in the cytoplasm
in normal conditions and starvation but apparently translo-
cated to mitochondria under CCCP treatment. It is therefore
possible that parkin regulates autophagy differentially by differ-
ent pathways in cytosol and mitochondria. Cytosolic parkin
may mono-ubiquitinate Bcl-2 to stabilize Bcl-2. Increases of
Bcl-2 may regulate autophagy in an adequate level for cellular

FIGURE 7. Increase of autophagy level by knockdown of parkin. A, RNA oligonucleotides against parkin (parkin siRNA) repress parkin expression effectively.
The band density of EGFP-Bcl-2 relative to that of GAPDH was shown. The values are the means � S.E. from three independent experiments. **, p � 0.01,
one-way ANOVA. B and C, knockdown of parkin enhances autophagy. 293 or SH-SY5Y cells were transfected with siRNAs against parkin or a combination of
siRNAs against parkin and EGFP-Bcl-2. Negative control was also set by transfection of control siRNAs. Seventy-two hours after transfection, the total cell lysates
were subjected to immunoblot analysis with antibodies as indicated. The band densities of LC3-II, Bcl-2, and Beclin 1 relative to that of GAPDH were shown. The
values are the means � S.E. from three independent experiments. **, p � 0.01; *, p � 0.05; �, p � 0.05, one-way ANOVA. D, knockdown of parkin enhances
autophagy in primary cultured neuronal cells from rat HF. Cultured neuronal cells were transfected with siRNAs against parkin or negative control. Seventy-two
hours after transfection, the total cell lysates were subjected to immunoblot analysis with antibodies as indicated. The band densities of LC3-II, Bcl-2, and Beclin
1 relative to that of GAPDH were shown. The values are the means � S.E. from three independent experiments. **, p � 0.01; *, p � 0.05; �, p � 0.05, one-way
ANOVA. E, HeLa cells were transfected with siRNAs against parkin or control siRNAs. The total cell lysates were collected 72 h after transfection and then
subjected to immunoblot analysis with antibodies as indicated. The band densities of LC3-II or Beclin 1 relative to that of GAPDH were shown. The values are
the means � S.E. from three independent experiments. �, p � 0.05, one-way ANOVA. F, knockdown of Bcl-2 attenuates parkin-induced down-regulation of
autophagy. 293 cells were transfected with the RNA oligonucleotides against Bcl-2 (Bcl-2 siRNA) or control siRNA. The cells were then transfected with FLAG or
FLAG-parkin. The total cell lysates were collected 72 h after transfection and then subjected to immunoblot analysis with antibodies as indicated. The band
densities of LC3-II, Bcl-2, and Beclin 1 relative to that of GAPDH were shown. The values are the means � S.E. from three independent experiments. **, p � 0.01;
*, p � 0.05; �, p � 0.05, one-way ANOVA. con, control.
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homeostasis or protect cells against the long term, cumulative
damage resulting from the environment. Under certain condi-
tions, such as mitochondria damage, parkin could be recruited
to the damaged mitochondria and promote its degradation by
autophagy to clear the damaged mitochondria.
Parkin has protective effects against various stimuli either in

vivo or in cultured cells. For example, it protects cells against
apoptosis induced by 6-hydroxydopamine or dopamine, which
could produce reactive oxygen species to activate the caspase
cascade (47). Parkin was also reported to inhibit the release
of cytochrome c, thereby decreasing the downstream activation
of caspases (26, 48). These data suggest that parkin may func-
tion in mitochondria to protect cells against oxidative stresses
and to inhibit cytochrome c release. Bcl-2 is well known to
function in mitochondria to inhibit cytochrome c release and
the subsequent caspase activation (49). Interestingly, it was
reported that Bcl-2, similar to parkin, has the same protective
effects on 6-OHDA and dopamine-induced apoptosis that is
mediatedbyreactiveoxygenspecies (50, 51). Inour study,weshow
that parkin, but not its E3-deficient mutants, increases the Bcl-2
protein level. It is therefore possible that the protective effects of
parkin against various stimuli may bemediated by Bcl-2.
In summary, we have identified that parkin is involved in

autophagy regulation, differentially in cytosol and mitochon-
dria. Parkin, but not its E3 ligase-deficient mutants, mono-
ubiquitinates Bcl-2 to stabilize it, resulting in an increase of its
binding to Beclin 1, thereby repressing autophagy in normal
conditions or starvation.
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