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Mutations in parkin, an E3 ubiquitin ligase, are the most common cause of autosomal-recessive Parkinson’s disease (PD). Here, we show
that the stress-signaling non-receptor tyrosine kinase c-Abl links parkin to sporadic forms of PD via tyrosine phosphorylation. Under
oxidative and dopaminergic stress, c-Abl was activated in cultured neuronal cells and in striatum of adult C57BL/6 mice. Activated c-Abl
was found in the striatum of PD patients. Concomitantly, parkin was tyrosine-phosphorylated, causing loss of its ubiquitin ligase and
cytoprotective activities, and the accumulation of parkin substrates, AIMP2 (aminoacyl tRNA synthetase complex-interacting multifunc-
tional protein 2) (p38/JTV-1) and FBP-1.STI-571, a selective c-Abl inhibitor, prevented tyrosine phosphorylation of parkin and restored
its E3 ligase activity and cytoprotective function both in vitro and in vivo. Our results suggest that tyrosine phosphorylation of parkin by
c-Abl is a major post-translational modification that leads to loss of parkin function and disease progression in sporadic PD. Moreover,
inhibition of c-Abl offers new therapeutic opportunities for blocking PD progression.

Introduction
Parkinson’s disease (PD), is a neurodegenerative movement dis-
order characterized pathologically by progressive loss of mid-
brain dopaminergic neurons (Olanow and Tatton, 1999) and
protein inclusions designated Lewy bodies and Lewy neurites
(Braak et al., 2003). Although �90% of PD cases occur sporadi-
cally and are thought to be caused, in part, by oxidative stress and
mitochondrial dysfunction (Zhang et al., 2000a), study of genetic
mutations has provided great insight into molecular mechanisms
of PD (Dawson and Dawson, 2003; Moore et al., 2005). Muta-
tions in parkin, which encodes E3 ubiquitin ligase (Shimura et al.,

2000; Zhang et al., 2000b), are among the most common causes
of hereditary PD (Kitada et al., 1998). These mutations are
thought to impair parkin activity through direct loss of function,
diminished parkin solubility, or impaired degradation of sub-
strates (Sriram et al., 2005; Matsuda et al., 2006). Numerous pu-
tative parkin substrates have been described, and failure of parkin
to ubiquitinate some of these substrates may play important role
in dopaminergic neurodegeneration (von Coelln et al., 2004).
Particularly, aminoacyl-tRNA synthetase complex-interacting
multifunctional protein type 2 (AIMP2) (p38/JTV-1) (Corti et
al., 2003) and far upstream element-binding protein-1 (FBP-1)
seem to be authentic parkin substrates, as they accumulate in
parkin-deficient mice and in brain tissue of patients with hered-
itary PD (Ko et al., 2005, 2006). Furthermore, AIMP2 is selec-
tively toxic to dopaminergic neurons (Ko et al., 2006). Other
substrates may also play a role in PD (von Coelln, 2004; Moore et
al., 2005). Oxidative, nitrative, nitrosative, and dopaminergic
stress are thought to impair function of parkin through direct
post-translational modification and/or alteration of parkin solu-
bility (Chung et al., 2004; Yao et al., 2004; LaVoie et al., 2005,
Wang et al., 2005). The molecular mechanisms underlying im-
pairment of parkin function by these stressors are unknown. Nor
is it clear whether these modifications play a role in common,
sporadic forms of PD.

c-Abl is a tightly regulated non-receptor protein tyrosine ki-
nase involved in a wide range of cellular processes, including
growth, survival and stress response (Hantschel and Superti-
Furga, 2004). c-Abl is structurally homologous to the Src family
of kinases in its N-terminal region, with three distinct domains—
SH3, SH2, and a tyrosine kinase catalytic domain (Smith and
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Mayer, 2002). c-Abl and its close relative, Abl-related gene (Arg)
tyrosine kinase, have long unique C-terminal extensions that dis-
play numerous functionalities (Smith and Mayer, 2002). c-Abl
shuttles between cytoplasm and nucleus and its subcellular local-
ization determines its function in response to diverse types of
stress (Van Etten, 1999). The cytoplasmic form of c-Abl is acti-
vated in cellular response to oxidative stress (Sun et al., 2000).
Since oxidative stress is a prominent feature of sporadic PD (Jenner
and Olanow, 1998), we investigated whether c-Abl could play patho-
genic role in PD.

Materials and Methods
Plasmids. Parkin, ubiquitin, AIMP-2, FBP-1, and c-Abl constructs have
been previously described (Sun et al., 2000; Zhang et al., 2000b; Chung et
al., 2001; Yamamoto et al., 2005).

Cell culture. K562 human leukemic cells were cultured in RPMI 1640
containing 10% FBS. Human embryonic kidney (HEK) cells were cul-
tured in MEM containing 10% FBS, SH-SY5Y human neuroblastoma
cells were cultured in DMEM containing 10% FBS. SH-SY5Y cells were
treated with 100 �M 1-methyl-4-phenylpyridine (MPP �) or dopamine
(DA) for 24 h, or with 250 �M H2O2 for 1 h in serum-free medium. The
c-Abl inhibitor STI-571 (Gleevec, imatinib mesylate; Novartis Pharma
AG) was added to cells at 10 �M for 6 h before toxin-treatment. Cells were
treated with 100 �M MnTBAP (Manganese (III) Tetrakis (4-Benzoic
Acid) Porphyrin Chloride) (Sigma) or 1 mM N-acetylcysteine (NAC)
24 h before MPP � treatment. Cells were also transfected with c-Abl
siRNA or green florescent protein (GFP) siRNA 48 h before MPP � treat-
ment. All transfections were done with Lipofectamine PLUS or Lipo-
fectamine 2000 reagent according to the manufacturer’s instructions
(Invitrogen). Enriched mouse primary striatal neurons were grown and
differentiated as directed by the supplier (Cambrex).

Glutathione S-transferase pull-down assay. Glutathione S-transferase
(GST) pull-down assays were performed according to the manufacturer
using glutathione-Sepharose beads (GE Healthcare).

Coimmunoprecipitation. SH-SY5Y cells were transfected with 2 �g of
various plasmids and coimmunoprecipitations were performed as previ-
ously described (Zhang et al., 2000b; Chung et al., 2001).

In vitro phosphorylation. GST-parkin (200 ng) was incubated with 100
ng kinase-active c-Abl, in standard in vitro kinase assays with or without
STI-571 (Sun et al., 2000).

In vitro ubiquitination. GST-parkin was preincubated with kinase-
active c-Abl for 30 min before initiating in vitro ubiquitination. Reactions
were performed at 30°C in 20 �l of mixture containing 50 mM Tris HCl,
pH7.5, 2.5 mM MgCl2, 2 mM ATP, 5 �g of ubiquitin (Sigma), 100 ng of E1
(Sigma), 400 ng of UbcH7 (Sigma), and 200 ng of GST-parkin. For
ubiquitination of FBP-1, HEK cells were transfected with hemagglutinin
(HA)-FBP-1 plasmid (4 �g). Cells were collected after 48 h and radioim-
munoprecipitation assay (RIPA) lysates were subjected to immunopre-
cipitation with anti-HA-agarose (Sigma) and washed. GST-parkin was
preincubated with kinase-active (KA) c-Abl or kinase-dead (KD) c-Abl
or with kinase-active c-Abl in the presence of STI-571 (2.5 �M) for 30
min before initiating in vitro ubiquitination. Reactions were performed
at 30°C by adding a 20 �l of mixture of the above in vitro ubiquitination
mixture. After 2 h, the reactions were terminated with an equal volume of
1 � SDS sample buffer and the products analyzed by immunoblot with
anti-FLAG and anti-HA antibodies (Sigma).

Parkin knockdown. SH-SY5Y cells were infected with lenti-shRNA-
parkin or lenti-shRNA-GFP 48 h before MPP � treatment. Cells were
harvested and lysed in RIPA buffer for biochemical analysis or stained for
cell viability 24 h after MPP � treatment. At 48 h, knockdown efficiency
of parkin shRNA was �65%. STI-571 was added at 10 �M for 6 h before
MPP � treatment. To determine the toxic effects of this treatment, SH-
SY5Y cells cultured in 6-well plates at 0.5 � 10 6 cells/well were infected as
before, then 24 h later, treated with 100 �M MPP � for 24 h. In some cases,
10 �M STI-571 was added to 6 h before MPP � treatment. Cells were
stained with Hoechst (Invitrogen) and propidium iodide (PI) (Sigma).
Infection efficiencies were determined by counting number of GFP-
positive cells among Hoechst-stained cells 48 h postinfection. Cell death

was assayed by counting PI-positive (red) cells among GFP-positive
(green) cells in four randomly chosen fields in each well. These experi-
ments were repeated three times. Average � SE was plotted as percentage
cell death.

Human tissue. Human brain tissue was obtained through the brain
donation program of the Morris K. Udall Parkinson’s Disease Research
Center at Johns Hopkins Medical Institutions in keeping with HIPAA
(Health Insurance Portability and Accountability Act) regulations. This
research proposal involves anonymous autopsy material and follows
Federal Register 46.101 exemption number 4. Triton X-100 (TX-100)-
soluble and TX-100-insoluble fractions were collected, analyzed by im-
munoblot and densitometric analyses of protein bands using an Alpha
Imager 2000 (Alpha Innotech). Relative levels of phospho-parkin (ratio
of phospho-parkin to IP parkin), AIMP2 (ratio of AIMP2 to actin), and
phospho-c-Abl (ratio of phospho-c-Abl to c-Abl, after each was normal-
ized to actin) were expressed as mean � SE. The degree of association
between phospho-parkin and AIMP2 or phospho-c-Abl was calculated
by comparing the normalized values using the correlation (CORREL)
function in Excel.

OxyBlot analysis. Cell lysates (50 �g) from postmortem samples of
striatum or cortex of PD patients or age-matched controls were derivat-
ized with 2,4-dinitrophenylhydrazine as per the manufacturer’s protocol
(OxyBlot, Millipore).

Neurotoxin injections in mice. All animal procedures were approved by
and conformed to guidelines of Institutional Animal Care Committee
(National Center for Toxicological Research, Jefferson, AR). Adult male
C57BL/6 mice (n � 5 per group) were pretreated for 1 week with daily 10
mg/kg STI-571 or vehicle alone (25% DMSO/PBS) via intraperitoneal
injection. On day 7 animals received four intraperitoneal injections of the
neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP-HCl;
20 mg/kg free base; Research Biochemicals) in saline or saline alone at 2 h
intervals. Daily STI-571 injections continued up to one more week after the
last injection of MPTP. Animals were processed and prepared for biochem-
ical and neurochemical assessment as previously described (Przedborski et
al., 1996; Thomas et al., 2007).

Results
Parkin is tyrosine-phosphorylated by c-Abl, blocking its E3
ubiquitin ligase activity
GST-pull down of K562 cell lysates with GST-tagged full-length
or truncated (N or C terminal) forms of parkin (supplemental
Fig. 1a, available at www.jneurosci.org as supplemental material)
revealed that N-terminal domain of parkin interacts with c-Abl
(Fig. 1a). Pull-down with GST-tagged proteins of full-length
c-Abl, and SH3, SH2, SH2-TK (tyrosine kinase), TK-DNA bind-
ing (DBD), DBD, and F-actin domains of c-Abl (supplemental
Fig. 1b, available at www.jneurosci.org as supplemental material)
and lysates expressing FLAG-parkin showed a strong interaction
of parkin with full-length c-Abl, and modest interaction with its
truncated SH3 and SH2 domains (Fig. 1b). Parkin-Abl interac-
tion is specific, since FLAG-parkin failed to interact with c-Abl-
related gene (Arg) tyrosine kinase (Fig. 1c).

In vitro c-Abl kinase assay with myc-tagged constructs (sup-
plemental Fig. 1c, available at www.jneurosci.org as supplemental
material) of parkin indicated that c-Abl tyrosine phosphorylates
only full-length parkin and a construct lacking the ubiquitin-like
domain (�UBL) (Fig. 1d), suggesting that Y143 is substrate for
c-Abl. In vitro kinase reactions of GST-fusion proteins of wild-
type parkin, Y143F mutant parkin, ParN and ParC with a 32 kDa
active tyrosine kinase domain of c-Abl (TK-c-Abl) (supplemental
Fig. 1d, available at www.jneurosci.org as supplemental material)
revealed increased tyrosine phosphorylation of wild-type parkin
and ParN, but not of Y143F mutant parkin or ParC (Fig. 1e).
STI-571, a selective c-Abl inhibitor, substantially reduced c-Abl-
mediated tyrosine phosphorylation of GST-parkin (Fig. 1f).
Moreover, parkin phosphorylation was not observed in the ab-
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sence of c-Abl (Fig. 1f). These results indicate that parkin specif-
ically interacts with c-Abl and that parkin is phosphorylated by
c-Abl at its N-terminal domain on Y143.

In vitro ubiquitination assays using recombinant GST-parkin
(wild-type or Y143F) and SH2-TK-c-Abl revealed that c-Abl-
mediated parkin phosphorylation substantially inhibited its E3
ubiquitin ligase activity, as demonstrated by reduced parkin auto-
ubiquitination (Fig. 1g). The phosphorylation-resistant Y143F
mutant of parkin showed little effect on auto-ubiquitination (Fig.
1g). Parkin-mediated ubiquitination of AIMP2 was reduced in
the presence of c-Abl, an effect that was blocked by STI-571 (Fig.
1h). Parallel results were obtained using an alternative parkin
substrate FBP-1 (Fig. 1i). Thus, parkin-mediated E3 ubiquitin
ligase activity is inhibited by c-Abl-mediated phosphorylation of
parkin on Y143.

Loss of parkin function after oxidative stress-induced
activation of c-Abl
Cellular stress induced by 100 �M MPP�, 250 �M H2O2, or 100
�M DA activated c-Abl in SH-SY5Y cells, as measured by
phospho-c-Abl levels (autophosphorylation of Y245) (Fig. 2a).
Substantial parkin phosphorylation and AIMP2 accumulation
was also observed (Fig. 2a). STI-571 prevented parkin phosphor-
ylation and AIMP2 accumulation (Fig. 2a). Pretreatment of cells
with superoxide dismutase mimetic MnTBAP (100 �M) or anti-
oxidant NAC (1 mM) for 24 h before MPP� exposure prevented
parkin phosphorylation and AIMP2 accumulation (Fig. 2b).
MPP� treatment also led to STI-571-inhibitable activation of
c-Abl, parkin phosphorylation, and AIMP2 accumulation in pri-
mary striatal neurons (Fig. 2c). We also performed tyrosine
hydroxylase immunostaining of primary mid-brain neurons

Figure 1. a, GST pull-down assay using GST-Parkin and parkin-fragments, GST-ParN and GST-ParC (�1 �g each) with K562 whole-cell extracts (WCE) (5 mg). b, GST pull-down assay using
GST-c-Abl and c-Abl fragments (�1 �g) as shown in c and WCE (5 mg) of SH-SY5Y cells transfected with FLAG-parkin. *Degradation products of GST-c-Abl. c, GST pull-down assay using GST-Arg
and GST-c-Abl (�1 �g) and WCE (5 mg) of SH-SY5Y cells transfected with FLAG-parkin. d, Immunoblots with anti-p-tyrosine (P-Tyr) and myc after an in vitro kinase assay using GST-SH2-TK (c-Abl)
and myc immunoprecipitates from SH-SY5Y cells transfected with myc-tagged full-length and deletion mutants of parkin (2 �g). e, Immunoblots with antibodies to P-Tyr, GST, c-Abl after an in vitro
kinase assay using TK-c-Abl and GST-ParN, GST-ParC or GST-Parkin, wild-type or Y143F parkin. *Degradation products of GST-constructs. f, Immunoblots with antibodies to P-Tyr, GST, c-Abl after an
in vitro kinase assay using GST-Parkin with full-length human recombinant His-c-Abl (100 ng) with or without STI-571 (2.5 �M). g, Immunoblots of in vitro auto-ubiquitination assays using
SH2-TK-Abl (�200 ng) and GST-Parkin (wild-type or Y143F). *Nonspecific ubiquitination. h, Immunoblot analysis of immunoprecipitates with FLAG and myc antibodies of SH-SY5Y cell lysates
transfected with FLAG-tagged AIMP2 (2 �g), myc-tagged WT parkin (1 �g), HA-tagged ubiquitin (1 �g) and GFP-tagged c-Abl-KA (1 �g), incubated with 10 �M STI-571 for 12 h. i, Immunoblots
of an in vitro GST-parkin ubiquitination assay of immunoprecipitated HA-FBP-1 with c-Abl or c-Abl KD (�200 ng) with or without STI-571 (2.5 �M). All experiments were repeated at least three
times. Representative examples are presented.
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treated with MPP� with or without STI-571. Loss of TH�-
immunostaining and damage to neuronal morphology was
observed in MPP� groups which was significantly reversed by
STI-571 (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). MPP� (100 nM, 24 h) failed to activate
c-Abl in pure astrocytes (data not shown), suggesting that this
pathway is specific to neurons. Also, we could not detect an active
c-Abl signal in astrocytes (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). Knockdown of c-Abl by
siRNA prevented MPP�-induced c-Abl activation, parkin phos-
phorylation and AIMP2 accumulation, whereas control vector or
GFP siRNA had no effect (Fig. 2d). MPP� and DA substantially
reduced parkin’s E3-ligase activity, an effect that was blocked by
STI-571 pretreatment (Fig. 2e).

To ascertain whether the protective effect of STI-571 requires
parkin, its ability to protect against MPP� was monitored in cells
with parkin-knockdown. Parkin knockdown disrupted c-Abl/
parkin interaction and reduced STI-571 ability to prevent AIMP2
accumulation after MPP� treatment (Fig. 2f). STI-571 rescue of
MPP�-induced cell death was prevented by parkin knockdown
(Fig. 2g). Thus, parkin is indeed required for the protective effects
of STI-571.

Parkin is tyrosine-phosphorylated in the striatum of PD
patients
To determine potential relevance of c-Abl-mediated parkin
phosphorylation to PD pathology, we investigated presence of

tyrosine-phosphorylated parkin in postmortem brain tissue pre-
pared from striatum, cingulate cortex, and cerebellum from PD
patients and age-matched controls (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material). There was a
threefold increase in tyrosine-phosphorylated parkin in soluble
fraction of striatal tissue of PD patients compared with controls
(Fig. 3a,b). Binding of parkin to c-Abl was increased in PD pa-
tients compared with controls (Fig. 3a,b). In addition, a fourfold
increase in AIMP2, 3-fold increase in FBP-1, and 2.5-fold in-
crease in phospho-c-Abl were observed in PD striatal lysates, with
no change in the levels of c-Abl itself (Fig. 3a,b). A significant
positive correlation was observed between phospho-parkin and
phospho-c-Abl (r � 0.8, p � 0.05), FBP-1 (r � 0.7, p � 0.05), and
AIMP2 (r � 0.514, p � 0.05) in soluble fraction of striatum.
Similarly, a twofold increase in tyrosine-phosphorylated parkin,
as well as high levels of parkin, a twofold increase in AIMP2, and
a threefold increase in FBP-1 were observed in the insoluble frac-
tion of striatum from PD patients compared with controls (Fig.
3c,d). Consistent with the notion that tyrosine-phosphorylation
leads to parkin inactivation, levels of ubiquitinated parkin, mea-
sured by ubiquitin reactivity in immunoprecipitated parkin, were
significantly lower in both soluble and insoluble fractions of PD
striatum samples (Fig. 3a,c).

Tyrosine phosphorylation of parkin was specific to nigrostria-
tum, as the levels of phospho-parkin, phospho-c-Abl, and
AIMP2 in cortex were unaffected (Fig. 3e,f), even in cases with
cortical and limbic dementia with Lewy Bodies, and in cerebel-

Figure 2. a, Immunoblots of parkin immunoprecipitates of SH-SY5Y TX-100-soluble (top) and TX-100-insoluble (bottom) fractions of cell lysates transiently transfected with myc-parkin treated
with MPP � (100 �M), DA (100 �M) for 24 h or with H2O2 (250 �M in serum free medium) for 1 h. In lanes 5, 6, and 7, cells were pretreated with STI-571 (STI) at 10 �M for 6 h before exposure to
toxins. b, Immunoblots of parkin immunoprecipitates of SH-SY5Y cell lysates transiently transfected with myc-parkin treated with MPP � (100 �M) for 24 h. In lanes 3 and 4, cells were pretreated
with the superoxide dismutase mimetic MnTBAP (100 �M) and antioxidant NAC (1 mM) for 24 h before exposure to MPP �. c, Immunoblots of parkin immunoprecipitates of mouse primary striatal
neurons (95% glia-free) treated with 100 nM MPP � for 24 h with or without STI-571 (2.5 �M for 6 h before MPP � treatment). d, Immunoblots of parkin immunoprecipitates of SH-SY5Y cells
transiently transfected with c-Abl siRNA or GFP siRNA 48 h before MPP � (100 �M) treatment. e, Immunoblots of myc immunoprecipitates of SH-SY5Y cell lysates transiently transfected with
myc-parkin and HA-ubiquitin and treated with MPP � or DA (100 �M) for 24 h. In lanes 5 and 6, cells were pretreated with STI-571 at 10 �M for 6 h before exposure to MPP � or DA. f, Immunoblots
of parkin immunoprecipitates of SH-SY5Y cells, infected with either lenti-shRNA to parkin or lenti-shRNA to GFP, treated with 100 �M MPP �. Some samples were incubated with 10 �M STI-571 for
6 h before MPP � treatment. g, Cell death plotted as percentage of PI-positive cells among GFP-positive cells of SH-SY5Y cells infected with lenti-shRNA-parkin or lenti-shRNA-GFP alone 48 h before
treatment with MPP � (100 �M). Some samples were incubated with 10 �M STI-571 for 6 h before MPP � treatment. *p � 0.05. Differences among means were analyzed using one-way ANOVA
with the different treatments as the independent factor followed by Newman–Keuls post hoc analysis. All experiments were repeated at least three times. Representative examples are presented.
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Figure 4. a, Immunoblots of c-Abl and parkin IP samples (2 mg) from striatum tissue lysates of saline- or MPTP-treated mice (4 doses of 20 mg/kg MPTP, i.p., at 2 h intervals at indicated time
points). b, Immunoblots of parkin immunoprecipitates of striatum lysates (100 �g) 7 d after MPTP treatment with or without STI-571(STI) (10 mg/kg, i.p.), (daily injection for 7 d before and 7 d after
MPTP injection) compared with saline- and STI-injected control mice. c, STI-571 prevents MPTP-induced depletion of striatal dopamine in mice, as assessed by HPLC/electrochemical detection. Each value
ismean�SEMderivedfrom10animals/group.Statisticalsignificancewasassessedusingone-wayANOVAandStudent–Newman–Keulsmultiple-comparisonstest.*p�0.05fordifferencefromMPTPgroup.
d, Schematic representation of the pathway by which parkin tyrosine phosphorylation can lead to cell death and PD. Oxidative or dopamine stress from an external source or generated during sporadic PD
activates c-Abl. Activated c-Abl tyrosine phosphorylates parkin resulting in loss of ubiquitin ligase activity, leading to accumulation of toxic parkin substrates and neuronal death.

Figure 3. a, c, e, Immunoblots of parkin immunoprecipitates (2 mg) prepared from lysates of TX-100-soluble striatum (a), TX-100-insoluble striatum (c), and TX-100-soluble cortex
lysates (e). Brain tissue lysates (100 �g) were immunoblotted with antibodies to parkin, AIMP2, FBP-1, ubiquitin (Ub), P-tyr, P-c-Abl (p-Y245), c-Abl, and actin. b, d, f, Ratios of
phospho-parkin/IP parkin and AIMP2/actin from lysates of TX-100-soluble striatum (b), TX-100-insoluble striatum (d), and TX-100-soluble cortex for control versus PD (f ) (*p � 0.05,
Student’s t test). g, h, OxyBlot analysis of proteins from postmortem striatum (g), and cortex of PD patients and age-matched controls (h). All experiments were repeated at least three
times. Representative examples are presented.
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lum (data not shown), which is largely unaffected in PD. We were
unable to detect FBP-1 in cortex reliably. OxyBlot analysis of
striata of PD patients showed a prominent pattern of oxidized
proteins compared with controls (Fig. 3g,h). In addition, the
oxidation profile was severalfold higher in striatum than in
cortex of PD patients, perhaps accounting for the preferential
parkin phosphorylation and accumulation of its substrates in
the nigrostriatum.

Inhibition of c-Abl protects against MPTP-induced
nigrostriatal toxicity
Treatment of mice with the potent parkinsonian neurotoxin,
MPTP (Dauer and Przedborski, 2003) (4 doses of 20 mg/kg, i.p.,
every 2 h) led to substantial c-Abl activation 24 h after the last
dose of MPTP, as indicated by increased striatal levels of
phospho-c-Abl, tyrosine phospho-parkin, AIMP2, and FBP-1,
sustained for up to 7 d (Fig. 4a). STI-571 (10 mg/kg, i.p., daily for
1 week before and 1 week after MPTP) treatment resulted in
protection against MPTP-induced injury, as reflected by signifi-
cant decreases in levels of phospho-c-Abl, phospho-parkin, and
AIMP2 (Fig. 4b). Moreover, the MPTP-induced loss of striatal
dopamine was partially mitigated by STI-571 treatment (Fig. 4c).
These results suggest that activation of c-Abl contributes to neu-
rotoxic effects of MPTP through inhibitory tyrosine phosphory-
lation of parkin.

Discussion
Here we report our novel observation that parkin interacts with
and is phosphorylated at tyrosine-143 by c-Abl. Activation of
c-Abl and parkin tyrosine phosphorylation occur after oxidative
and dopamine stress both in vitro and in vivo, causing significant
loss of parkin’s ubiquitin E3-ligase activity and leading to accu-
mulation of neurotoxic AIMP2 and FBP-1, ultimately compromis-
ing parkin’s protective function (see scheme, Fig. 4d). STI-571, a
selective c-Abl inhibitor, prevented parkin tyrosine phosphoryla-
tion, preserved its E3-ligase activity and cytoprotective function. The
protective effect of STI-571 was parkin-dependent, since shRNA
knockdown of parkin specifically attenuated STI-571 protection.
Moreover, we observed tyrosine phosphorylation of c-Abl and par-
kin, along with accumulation of toxic parkin substrates, AIMP2
(p38/JTV-1) and FBP-1, in nigrostriatum of PD patients. There was
significant correlation among tyrosine-phosphorylated parkin, acti-
vated c-Abl, and AIMP2 and FBP-1 levels in striatum of PD patients.
These data provide convincing evidence for a novel oxidative stress-
induced cell signaling pathway that negatively regulates parkin func-
tion through c-Abl-mediated tyrosine phosphorylation and may
contribute to nigrostriatal neuronal injury and disease progression
in sporadic PD.

Recently, it has been reported that oxidative (Wang et al.,
2005), nitrosative (Chung et al., 2004; Yao et al., 2004), and do-
paminergic (LaVoie et al., 2005) stress impair parkin function by
direct modification and/or through alteration in parkin solubil-
ity, thus linking parkin to sporadic PD. However, the mecha-
nisms underlying parkin inactivation have remained unclear.
Our data provide a molecular mechanism for parkin inactivation,
and support a role of parkin in pathogenesis of more common
sporadic form of PD. Thus, oxidative and dopamine-stress lead
to c-Abl activation, parkin tyrosine phosphorylation and the con-
sequent loss of parkin ubiquitination-dependent cytoprotective
function. c-Abl-mediated parkin inactivation in response to ox-
idative and dopaminergic stress seems to be the dominant path-
way induced by these stressors, since the c-Abl inhibitor, STI-571,
blocked inactivation of parkin.

Attempts to characterize tyrosine phosphorylation of parkin
by capillary HPLC electrospray tandem mass spectrometry
(HPLC-ESI-MS/MS) both in vitro and in vivo were unsuccessful,
despite the ability to detect the nonphosphorylated peptide in
both the precursor and targeted product scans (data not shown).
We suspect that detection of Y143 phospho-peptide via MS/MS is
not technically feasible because of poor solubility, since parkin
peptides containing phosphorylated Y143 failed to dissolve in
solvents used in the MS/MS analysis (data not shown). Since we
were unable to prove definitively via mass-spectrometry that par-
kin is tyrosine-phosphorylated at Y143, we cannot exclude the
possibility that there are additional c-Abl targets that may con-
tribute to the pathogenesis of PD.

Our finding that this pathway is seen predominantly in the
striatum suggests that dopamine-containing cells of the nigros-
triatum are particularly predisposed. c-Abl activation and parkin
tyrosine phosphorylation appear to reflect processes that are
unique to nigrostriatum and not necessarily associated with in-
clusion bodies, since we did not observe c-Abl activation and
tyrosine phosphorylation of parkin in the cortex, even in the four
PD patients with neocortical Lewy bodies. Furthermore, parkin
tyrosine phosphorylation and AIMP2 accumulation in striatum
compared with cortex appears to be associated with increased
oxidative stress in the striatum of PD patients, as indicated by
OxyBlot analysis. Since oxidative stress is intimately involved in
sporadic PD, we propose a novel stress-induced cell signaling mech-
anism featuring activated c-Abl, which inhibits parkin function and
consequently increases cell death as a result of accumulation of cy-
totoxic parkin substrates, such as AIMP2 (Fig. 4d).

The c-Abl inhibitor STI-571 is widely used chemotherapeutic
agent for chronic myelogenous leukemia. The finding that STI-
571 inhibits c-Abl’s deleterious effects on parkin by preventing its
phosphorylation and preserving its protective function, holds
promise for further testing of this agent as a neuroprotective
therapeutic for PD. Since STI-571 has limited brain bioavailabil-
ity (Breedveld et al., 2005), the amount of protection afforded by
inhibition of c-Abl in vivo may be greatly improved by using
related compounds with enhanced brain penetration. The iden-
tification of c-Abl tyrosine phosphorylation-mediated inhibition
of parkin activity and its pathological relevance as demonstrated
in PD will pave the way for better understanding of the patho-
physiology of this disease.
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