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Abstract
Mutations in the E3 ubiquitin ligase parkin cause early onset autosomal recessive juvenile
Parkinsonism (ARJP) presumably by having lack of function that alter the level, activity, aggregation
or localization of its substrates. We recently reported that phospholipase Cγ1 (PLCγ1) is a substrate
for parkin. Here, we show that parkin mutants and siRNA parkin knockdown cells have enhanced
levels of PLCγ1 phosphorylation, basal phosphoinositide hydrolysis and intracellular Ca2+

([Ca2+]i). The protein levels of Ca2+ regulated Protein Kinase C α (PKCα) were decreased in ARJP
parkin mutant cells. Neomycin and dantrolene decreased [Ca2+]i levels in parkin mutants to those
seen in wild-type (WT) parkin cells, suggesting that differences were a consequence of altered PLC
activity. The protection of WT parkin against 6-hydroxydopamine (6OHDA) toxicity could also be
established in ARJP mutants when pretreating with dantrolene, implying that balancing Ca2+ release
from ryanodine-sensitive stores is decreasing the toxic effects from 6OHDA. Our findings suggests
parkin as an important factor for maintaining Ca2+ homeostasis and that parkin deficiency leads to
a PLC-dependent increase in [Ca2+]i levels that makes cells more vulnerable to neurotoxins such as
6OHDA.

Introduction
Parkinson's disease (PD) is a neurodegenerative disorder involving cell loss in various brain
regions, especially dopamine neurons in the substantia nigra pars compacta (snpc) [1].

In recent years, mechanism of action studies on gene mutations causing rare familial forms of
disease have given important new insights into PD pathogenesis. Of the familial PD genes,
mutations in parkin are the most common cause of Autosomal Recessive Juvenile Parkinsonism
(ARJP). Parkin is an E3 ubiquitin ligase in which mutations have been shown to alter the level,
activity, aggregation or localization of its substrates.

Some studies have proposed parkin deficiency related consequences for intracellular signaling,
including altered apoptotic stress activated protein kinase signaling [2]. Parkin has also been
suggested to promote Akt signaling by preventing endocytosis and trafficking of the epidermal
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growth factor (EGF) receptor via proteasome independent ubiquitination of the parkin substrate
Eps15 [3]. In the same signaling pathway, we have found that parkin interacts with and
ubiquitylates phospholipase Cγ1 (PLCγ1). Although mutant parkin interacts with PLCγ1, it
shows less potency to ubiquitinate this substrate compared to WT parkin and PLCγ1 levels are
enhanced in brain homogenates from parkin knockout (KO) mice [4].

Parkin has also been shown to protect cells against damage induced by several agents, including
dopamine [5], ceramide [6] and a mutant of α-synuclein [7], the major component of Lewy
body inclusions, a pathological hallmark of PD. In parallel, a number of different ways have
been proposed by which parkin mutations and deficiency can induce cellular toxicity [8].
Several studies have demonstrated that parkin is protective to oxidative stress [5] [9] is
important for maintenance of mitochondrial morphology and function [10] [11] [6] [12] [13]
[14] as well as mitophagy[15]. Whether the protective effects of parkin are due to its E3 ligase
activity or to additional functions of the protein remains at the present unknown. In support of
the first, parkin has been shown to protect against neurotoxicity induced by unfolded protein
stress, suggesting that its function in the ubiquitination pathway may be to target for
degradation of misfolded proteins derived from the endoplasmic reticulum (ER) [16,17]. ER
plays a pivotal role in the processing and folding of proteins and in the regulation of calcium
(Ca2+) homeostasis. The ER stress response interferes with the role of ER as protein factory
and a Ca2+ storage organelle, and excessively high intracellular Ca2+ can initiate apoptosis
[18]. In contrast, low Ca2+ levels induce the ER stress response by promoting the accumulation
of ER chaperones and Ca2+ transporting proteins [19]. One important phenotypic trait that
distinguishes snpc dopaminergic neurons is that they are autonomously active and require a
constant clearance of Ca2+ compared to other neurons that are activated by synaptic input.
Also, dopaminergic neurons rely on L-type Ca2+ channels [20] whereas the activity of other
neuron types mainly depends on Na+ channels. Thus snpc dopaminergic neurons have unique
features that may make them more vulnerable to disrupted calcium homeostasis [21]. Indeed
Ca2+ toxicity has been a subject of interest in neurodegenerative pathogenesis including PD
for many years [22-24] and there is some evidence that use of Ca2+ channel blockers may even
reduce the risk of disease [25]. Two of the parkin identified substrates, Parkin-associated
endothelial-like receptor (Pael-R) [17] and PLCγ1 [4], are known to be involved in regulating
intracellular Ca2+ concentrations [Ca2+]i [26]. It is therefore possible that an impairment of
parkin substrates dependent regulation of [Ca2+]i could be part of the mechanisms by which
parkin mutations lead to ARJP.

In the present study, we show that PLC signaling is altered in parkin deficient human
neuroblastoma cell lines, resulting in a distrupted [Ca2+] homeostasis and increased
vulnerability to 6OHDA. We further show that blocking of PLC activity or Ryanodine
receptors (RyR) could reverse these effects.

Results
Effects of parkin deficiency on PLCγ1 activation, Phosphoinositide hydrolysis, and
intracellular calcium

In order to address the functional role of parkin ubiquitination of PLCγ1, we investigated PLC
activity in human neuroblastoma SH-SY5Y cell lines stably transfected with either WT, or
mutant R42P or G328E parkin. We chose to utilize human neuroblastoma cell lines since parkin
knockout in rodents does not result in the key pathological events seen in humans, such as
dopaminergic cell death in snpc and substantial motor impairment [27]. Moreover, some of
the experiments required stable expression of exogenous parkin. Protein levels of parkin and
PLCγ1 were as published previously [4]. Treatment of cells with EGF is known to give a direct
phosphorylation and activation of PLCγ1 via the EGF receptor [28]. In our hands, treatment
of SH-SY5Y cells with EGF gave a significantly higher phosphorylation of PLCγ1 in R42P
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or G328E Parkin mutants, as compared to both non-transfected (NT) and WT parkin cells (Fig.
1). PLC activation leads to phosphoinositide (PI) hydrolysis resulting in diacylglycerol (DAG)
and inositol 1,4,5 trisphosphate (IP3), the latter being an important intracellular second
messenger for controlling ER calcium levels [29]. We therefore next determined whether the
between cell type differences in PLCγ1 phosphorylation were reflected at the level of PI
hydrolysis. Our results showed that basal PI hydrolysis was also significantly higher in both
R42P and G328E parkin mutants as compared to NT and WT parkin cells (Fig. 2a). Also,
siRNA knockdown of endogenous parkin in NT SH-SY5Y cells gave a similar increase in
basal PI hydrolysis as to that seen in parkin mutant cells (Fig. 2b). In addition, we also tested
for the consequences of knocking down c-Cbl, another known E3 ligases for PLCγ1 [30].
Similar to the effects seen with parkin knockdown, siRNA knockdown of c-Cbl also gave
significantly increased basal PI hydrolysis (Fig. 2b). parkin and c-Cbl siRNA knockdown was
verified by immunoblotting (Fig 2b).

We next investigated the effects of parkin and parkin R42P and G328E mutations on [Ca2+]i.
As seen in figure 3a, both R42P and G328E mutant cells had significantly higher basal
[Ca2+]i as compared to NT and WT Parkin transfected cells. Similarly, knockdown of parkin
or c-Cbl expression by siRNA also resulted in significantly higher basal [Ca2+]i as compared
to control cells (Fig. 3b). These between cell differences were found when measurements were
performed either in Ca2+-free PBS or in MEM buffer (Fig. 3a and 3b).

Increased cytosolic Ca2+ levels in ARJP Parkin mutants are due to altered PLC activity
We next investigated whether the primary cause of increased basal [Ca2+]i levels seen in ARJP
parkin mutant cells resulted from increased PLC activity or by altered Ca2+ influx from
extracellular sources. Treatment with the PLC inhibitor neomycin (500 mM) reduced basal
[Ca2+]i in R42P and G328E cells to estimated levels in WT parkin cells (Fig. 4a). Also, the
RyR antagonist dantrolene (10 mM) gave a similar reversal of the R42P and G328E mutant
Ca2+ levels, indicating that altered levels were due to a subsequent increased Ca2+-induced
Ca2+ release response in these cells (Fig. 4a).

Blocking either L-type or N-type Ca2+ channels with nimodipine (1 mM) and ω-conotoxin (1
mM), did not change [Ca2+]i in any of the cell types (Fig. 4b and c), suggesting that differences
arises from intracellular Ca2+ handling.

Treatment of cells with thapsigargin (TG) (50 nM), an inhibitor of the ER Ca2+ pump (SERCA)
that depletes intracellular Ca2+ stores [31], gave a rapid increase in [Ca2+]i in all cells, followed
by a slow increase that reached a plateau during the time of exposure. The shapes of the TG
induced Ca2+ curves were parallel in all cell types, indicating that the between cell type
differences types were attributable to differences in basal [Ca2+]i (Fig. 4d). We previously
demonstrated that PLCβ levels were not change by overexpression of WT parkin or R42P and
G328E parkin mutants[4]. Here we investigated if changes of PLCβ activity could contribute
to the effects of these parkin mutants on [Ca2+]i. For that we treated cells with carbachol (100
μM), a specific agonist of muscarinic acetylcholine receptors that specifically activates
PLCβ and not PLCγ.

Treatment of cells with carbachol gave rapid increases of [Ca2+]i. Peak increases were found
approximately 30 sec after addition of carbachol and were significantly higher in both R42P
and G328E mutants as compared to NT and WT parkin cells (Fig 4e). However, no significant
differences were found when data were expressed as ratios (Peak / basal), suggesting that peak
differences were due to basal [Ca2+]i differences among the cell types. In both R42P and G328E
cells, the effects of carbachol on [Ca2+]i lasted longer time and a long tail-off effect was seen
that was more pronounced in G328E mutants as compared with R42P cells (Fig 4e).
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Protein kinase Cα protein levels in ARJP parkin mutations are decreased
PLC signaling regulates not only the release of ER calcium, but also leads to the formation of
DAG, which results in activation of Protein kinase C (PKC). We next explored if the increased
PLCγ activity and [Ca2+]i seen in ARJP parkin mutants have consequences for PKC. From the
multiples PKC isoforms [32], we chose to investigate the effects on one Ca2+ dependent,
PKCα and on one Ca2+ independent, PKCε. ARJP parkin mutant cells showed reduced protein
levels of PKCα, while PKCε levels were unchanged (Fig 5a and b). PKC activity was
determined by measurement of the translocation from soluble to particulate fractions as
previously described [33]. There were no significant differences in the translocation of both
PKC isoforms (Fig 5c and d).

Dantrolene reverses the higher sensitivity to 6OHDA neurotoxicity seen in ARJP parkin
mutans to the levels of WT parkin overexpressing cells

Both dopamine and its analogue 6OHDA have been shown to be toxic to SH-SY5Y cells with
such toxicity being attenuated by overexpression of WT but not ARJP mutant forms of parkin
[5]. We first confirmed these findings by measuring the effect of 6OHDA in our NT, WT parkin
and parkin mutant (R42P, G328E) transfected cells. Treatment with 40 μM 6OHDA gave
approximately a 15% decrease of cell viability with no significant differences among cell lines
(Fig. 6a). However, as shown in figure 6a, and in agreement with the data of Jiang et al. [5],
treatment of 120 μM 6OHDA was significantly less toxic in cells overexpressing WT parkin
compared to NT and parkin mutant cells. Since we show that the RyR antagonist dantrolene
reversed the increase of [Ca2+]i seen in R42P and G328E Parkin mutants, we next studied the
effect of dantrolene on toxicity due to 6OHDA (120 μM). Cells were pretreated with dantrolene
(10 μM) for 30 min, prior co-incubation with 6OHDA and dantrolene for 6 h. Blocking of RyR
significantly reduced the amount of cell death in parkin mutant cells when exposed to 6OHDA,
resulting in a equal cell viability level as WT parkin cells with or without Dantrolene (Fig. 6b).
We also explored weather compromised mitochondrial Ca2+ buffering could be a participating
factor in 6OHDA mediated toxicity in ARJP parkin mutant cells, we blocked the mitochondrial
permeability transition pore (mPTP) with cyclosporine A prior to and during the 6OHDA
treatment. However this treatment failed to rescue ARJP parkin mutant cells from 6OHDA
provoked cell death (data not shown) and these results were therefore in accordance with
previous studies [34,35].

Discussion
The identification of parkin as an E3 ligase suggested that a deficient protein ubiquitination
and/or degradation of substrates are behind the pathological mechanisms linking parkin
mutations with ARJP. We previously demonstrated that PLCγ1 is ubiquitinated by parkin and
that R42P and G328E parkin generate significantly lower levels of ubiquitinated PLCγ1
compared to WT in vitro. WT parkin expression significantly reduced the levels of PLCγ1 in
human neuroblastoma. We further showed that PLCγ1 levels were increased in parkin KO
mice brain homogenates [4]. PLCγ1 has been implicated in multiple signaling pathways that
control cell division, differentiation, motility, and apoptosis and is activated upon stimulation
of receptors for growth factors including the EGFR [36]. Activation of EGFR results in
PLCγ1 phosphorylation at several sites, Tyr783 being the most crucial [37]. In addition,
PLCγ1, together with other PLC isoforms and PI3K, hydrolyze phosphoinositides, resulting
in the formation of two major second messengers, IP3 and DAG. IP3 releases Ca2+ from the
ER, through activation of IP3 receptors and subsequently also RyR [36]. In the present study,
we demonstrate that ARJP parkin mutations (R42P and G328E) and partial knockdown of
parkin by siRNA results in increased phosphorylation of PLCγ1 after EGF treatment, as well
as in enhanced basal PI hydrolysis and [Ca2+]i (summarized in Figure 7).
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PLC isoforms are known to control, independently of its lipase activity, the size and the duration
of PLCβ mediated Ca2+ signals by regulating a secondary Ca2+ entry via ionotropic channels
[38,39]. Both WT and ARJP parkin mutants had similar responses to carbachol (that activates
PI hydrolysis via G-protein-coupled acetylcholine muscarinic receptors and PLCβ), suggesting
no differences in PLCβ activity among these cells types. However, compared to WT parkin
cells, ARJP parkin mutants have longer lasting responses to carbachol, seen as long tail-off
effects after Ca2+ peaks. These long tail-off effects were also blocked by neomycin and
dantrolene, which is also consistent with effects being mediated by PLC isoenzymes and by
RyR, respectively. A secondary Ca2+ entry after depletion of Ca2+ stores by TG or the Ca2+

ionophore ionomycin that is independent of PLCγ, has been previously described [39]. We
investigated contribution of this mechanism to the differences seen in [Ca2+]i. Both WT and
ARJP parkin mutants responded similarly to TG and to ionomycin (data not shown), indicating
no differences in secondary Ca2+ entry among these cells.

To better define the mechanism responsible for the enhanced [Ca2+]i, seen in ARJP parkin
mutants, we used specific blockers of PLC, RyR and of different Ca2+ channels. Both the PLC
inhibitor neomycin and the RyR antagonist dantrolene reversed the high basal [Ca2+]i seen in
R42P and G328E parkin cells to those seen in WT parkin cells. In contrast, blocking plasma
membrane L-type and N-type Ca2+ channels with nimodipine and w-conotoxin, respectively,
was without effect.

Together, these results indicate that the increased basal [Ca2+]i seen in R42P and G328E parkin
cells are due to enhanced PLC activity and are mediated via RyR. The fact that siRNA
knockdown of both parkin and c-Cbl also resulted in higher PI hydrolysis and [Ca2+]i levels
confirms that these effects are consequence of a loss of parkin function leading to deregulated
PLCγ1 ubiquitination. Rare mutations in c-Cbl have been associated with myeloid leukemia
[40] [41] however there is to date no correlation between c-Cbl mutations and any neuronal
diseases.

A proper regulation of Ca2+ homeostasis is crucial for maintaining balanced concentrations in
the cell, so during normal conditions changes are transient and do not cause adverse effects.
However, when components that are influencing the Ca2+ homeostasis are altered, transient
increases from normal activity can lead to toxicity, which has been suggested to be part of the
pathogenesis in several neurodegenerative diseases [23,24,42,43]. Moreover, the pathological
cell death in snpc of PD patients has been proposed to be caused by the increased vulnerability
of these cells due to their higher metabolic activity and Ca2+ load [24]. In a recent report,
transfections with mutated PTEN induced Kinase-1 (PINK1), another ARJP causative gene,
was shown to increase cytosolic Ca2+, which was associated with mitochondrial impairement
[44]. Ca2+ is a powerful secondary messenger that when present in excess activates degrading
caspases and calpains which disrupts cytoskeletal proteins, membrane receptors and metabolic
enzymes [45,46]. Furthermore, disrupted Ca2+ homeostasis causes oxidative stress [47,48] and
is inducing apoptosis by mechanisms that perturb the mitochondrial function [49], leading to
energetic deficiency and release of pro apoptotic proteins [18] and reactive oxygen species
[50,51].

In agreement with others[2,5], we showed that overexpression of parkin WT was partially
protective when challenging the cells with the dopamine metabolite 6OHDA and that this
protective effect was attenuated in the ARJP parkin mutants. We also showed that this lack of
protection in parkin mutants was reversed by the RyR antagonist dantrolene, suggesting that
higher sensitivity to 6OHDA seen in ARJP parkin mutants is due to altered IP3 / Ca2+ signaling.

PLC activation has two major outcomes, release of calcium from ER and activation of PKC.
The conventional subclass of PKC isoforms are regulated both by DAG and Ca. Our results
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show that parkin deficiency leads to enhanced [Ca2+]i levels which could have an impact on
PKC activity. Therefore we investigated the protein levels and activity of the [Ca2+]i dependent
and independent PKCα and PKCε respectively. We detected reduced protein levels of PKCα
in the ARJP parkin mutant cells, however the relative activity was similar as in WT parkin and
NT cells. It has been consistently reported that an overactivation of PKC results in a
downregulation of the enzyme levels [52]. Another possibility is that parkin regulates the gene
transcription of PKCα. This has been reported previously for other genes [53-55] but further
experiments have to be performed to determine the link between PKCα and parkin.

In view of the vast number of identified parkin substrates [56], the vulnerability to toxic insults
in parkin ARJP must be a combination of an imbalance in many systems, of which some might
be overlapping. One possible other parkin substrate that may coincide to the same toxic
pathway as we have described here, is the G-protein coupled receptor Pael-R1 that has been
shown to regulate PLC activity [57] and subsequently mobilize [Ca2+]i [26]. Our results would
suggest that the accumulation of Pael-R1 in ARJP parkin mutants and knockdown by parkin
siRNA would also contribute to an unbalanced Ca2+ homeostasis and thus a higher sensitivity
to toxic agents. Therefore we suggest that PLCγ1 may not act alone to change Ca2+ responses
but in concert with additional substrates of parkin.

In summary we demonstrated that ARJP parkin mutants have enhanced PLCγ1 activity and
consequently increased basal levels of PI hydrolysis and disturbances in PLC-mediated Ca2+

homeostasis. We also demonstrated that the increased [Ca2+]i seen in ARJP parkin mutants
conferred a higher sensitivity to the toxicity of 6OHDA that could be reversed by blocking
RyR. Our findings suggest that disruption of PLCγ1 signaling/Ca2+ homeostasis could be one
of the mechanisms by which ARJP parkin mutations mediate neuronal death.

Materials and Methods
Materials

EGF, Dowex 1×8-200 (chloride form), 3-(4,5-dimethyl-thiazol-3-yl)-2,5-
diphenyltetrazoliumbromide (MTT), probenecid, neomycin, dantrolene, and 6OHDA were
purchased from Sigma-Aldrich (Germany). Fluo-3acetoxymethyl (Fluo3-AM) ester and
PluronicF-127 were purchased from Molecular Probes (The Netherlands). Myo-[2-3H]inositol
(10 Ci/mmol) from NEM (USA). Nimodipine and ω–conotoxin were from Alomon labs
(Israel). All other chemicals were standard laboratory reagents.

DNA-constructs, transfections and cell culture
Human dopaminergic SH-SY5Y neuroblastoma cells were stably transfected with WT, R42P
and G328E parkin constructs as described previously [4]. Cells were cultured at 37°C, 5%
CO2, in Eagle's Minimum essential medium with Glutamax containing 10% Foetal Calf Serum
(FCS). Transfected cells were supplemented with 200 μg/ml geneticin. All cell culture supplies
were purchased from Invitrogen (Sweden). Parkin, c-Cbl and control siRNA knockdown were
performed in SH-SY5Y cells by transfecting 30nM siRNA with DarmaFECT (Darmacon,
Sweden) following the manufacturer's instructions. In all cases, transfections were performed
for 72 h. The knockdown of the different proteins were confirmed by western blotting.

Immunoblot analysis
EGF treatment of SHSY5Y cells was performed at a concentration of 100 ng/ml for 2 minutes
and at 37°C. Prior EGF treatment, cells were 2 hours in serum free conditions. Cells were lysed
in lysis buffer (20 mM Tris-HCl, 137 mM Na Cl, 2 mM EDTA, 2% Nonidet P-40, 2% Triton-
×100 and protease and phosphatase inhibitor cocktails) (Sigma-Aldrich, Germany). Cell
extract protein amounts were quantified using the BCA protein assay kit (Pierce, USA).
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Equivalent amounts of protein were separated using 10% acrylamide gels. Proteins were
transferred to a nitrocellulose membrane (Schleicher & Schuell, Germany). Western
immunoblotting was performed using either anti phospho-PLCγ1 (Tyr783) rabbit polyclonal
IgG (Upstate, USA), anti-parkin (Cell signaling, USA), anti-PLCγ1 or anti-c-Cbl, (BD
transduction laboratories, Germany) with overnight incubations at a 1:1000 dilution. The
secondary antibodies were anti-rabbit or anti-mouse horseradish peroxidase-linked
(Amersham, UK), and were used at 1:2000 dilution for 1 h in room temperature. Detection was
made by the ECL method (Amersham, UK) and exposure to Hyper film MP (Amersham, UK).

Phosphoinositides hydrolysis Assay
Cells were cultured to 75-80% confluence in 10 cm Petri dishes. One day prior to the
experiment, cells were changed to serum-free media containing 5 μCi/ml myo-[2-3H]inositol
and incubated for 24 h. Basal PI hydrolysis was measured as described previously [58,59].
Cells were harvested by scraping with a rubber policeman in 4 ml of PBS. Contents were
centrifuged at 500 × g for 15 min. Pellets were washed twice with 37 °C PBS and resuspended
in 3 ml of 37 °C Krebs-Henseleit bicarbonate buffer containing 10 mM LiCl(KHB/Li), gassed
with 5% CO2, 95% O2 and centrifuged again (4300 × g, 15 min). Cell pellets were re-suspended
in 210 μl of KHB/Li, regassed, and 50 μl added to glass centrifuge tubes containing 250 μl of
KHB/Li buffer. The tubes were incubated at 37 °C under an atmosphere of 5% CO2, 95%
O2 with gentle agitation for 25 min. Incubations were stopped by adding 940 μl of
chloroform:methanol (1:2). Tubes were incubated on ice for 30 min and phases separated by
adding 310 μl of chloroform and 310 μl water followed by vortexing and centrifugation. 750
μl of the aqueous phase were removed and labelled IPs separated from myo-[2-3H]inositol by
Dowex chromatography. The chloroform phase was removed, placed into scintillation vials,
and allowed to evaporate before determination of ‘lipid dpm’ by scintillation spectroscopy.
Results were expressed as dpm IPs/(dpm IPs + dpm lipid).

PKC translocation
PKC translocation was determined as described previously [33]. Approximately 5 × 106 cells
were washed with ice cold PBS and harvested by scraping in lysis buffer containing 20 mM
Tris HCl pH 7.4, 0.32 mM sucrose, 2 mM EDTA, 50 mM β-mercaptoethanol (Sigma-Aldrich,
Germany), protease inhibitor cocktail and sonicated (12 s., 22 μ) on ice. A sample from this
fraction was saved for total lysate analysis. The lysates were then ultracentrifuged at 100 000
× g for 30 min at +4 °C. Supernatants were designated as soluble fractions. The samples were
analyzed by western blotting and the ratio of particulate and total fractions is referred to as
translocation between cytosol and membrane compartments.

Intracellular Ca2+ measurements
Intracellular Ca2+ concentrations ([Ca2+]i) were essentially determined as previously described
[58,59]. In brief, the cells cultured in 96-well plates were loaded with minimum essential
medium without phenol red containing 5 μM Fluo-3 AM ester, 0.5% (v/v) Pluronic F-127, and
1 mM probenecid (90 min in the dark at room temperature). After loading, the cells were
incubated for 120 min in minimum essential medium without phenol red with 1 mM probenecid
in the dark at room temperature to allow intracellular esterases to decompose the Fluo-3 AM
ester. Basal [Ca2+]i was measured in both Ca2+-free PBS and phenol red-free MEM (containing
1 mM Ca2+). In the experiments including nimodipine (1 μM) or ω-conotoxin (1 μM),
([Ca2+]i was measured first in PBS. The PBS was removed and MEM added to the cells, with
the respective blocker being present during all the measurements. TG was used at 50 nM and
[Ca2+]i was measured in phenol red-free MEM. Measurements with carbachol was performed
after measuring basal apparent [Ca2+]i, then the PBS was removed, and 100 μM carbachol in
PBS solution at 37 °C was added. Carbachol was present for all subsequent apparent [Ca2+]i
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measures. For the experiments with neomycin or dantrolene, the agents were included in MEM
without phenol red and used during the 120 min of incubation period and also in the PBS for
the 10 min incubation when basal [Ca2+]i were measured

MTT assay
Cell viability was determined by the MTT assay. MTT powder was dissolved in MEM without
phenol red at 0.3 mg/ml and then added to the cells. After 1 h at 37°C, the medium was removed
and the formazan crystals were dissolved in isopropanol. Aliquots were moved to a 96-well
plate and optical densities read at 540 nm in a Molecular Devices Spectra MAX 250 plate
reader. For the experiments with dantrolene, cells were pretreated with 120 μM dantrolene for
30 min, followed by treatment with 120 μM 6OHDA for 6 h. Control cells received the
equivalent amount of vehicle. Results were expressed as a percentage of values obtained for
non-treated cells.

Statistical analyses
Analyses of differences were carried out by ANOVA followed by Fisher's PLSD post-hoc test.
A value of p<0.05 was considered statistically significant.
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Abbreviations

6OHDA 6-hydroxydopamine

ARJP Autosomal recessive juvenile Parkinsonism

[Ca2+]I Intracellular Ca2+

DAG Diacylglycerol

EGF Epidermal growth factor

ER Endoplasmic reticulum

FAD Familial Alzheimer's disease

FCS Foetal Calf Serum

Fluo-AM Fluo-3acetoxymethyl

IP3 Inositol 1,4,5 trisphosphate

KHB/Li Krebs-Henseleit bicarbonate buffer/LiCl

KO Knockout

MTT 3-(4,5-dimethyl-thiazol-3-yl)-2,5-diphenyltetrazoliumbromide

NT Non-transfected

Pael-R Parkin-associated endothelial-like receptor

PD Parkinson's disease

PI Phosphoinositide
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PINK1 PTEN induced Kinase-1

PKC Protein kinase C

PLCγ1 Phospholipase Cγ1

PS1 Presenilin 1

RyR Ryanodine receptors

Snpc Substantia nigra pars compacta

TG Thapsigargin

WT Wild-type
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Figure 1.
EGF-mediated PLCγ1 phosphorylation is increased in ARJP Parkin cell lines.
Immunoblotting of phosphoTyr783-PLCγ1, in NT and in stably transfected human SH-SY5Y
neuroblastoma cells with WT parkin and the ARJP Parkin mutations R42P and G328E treated
or untreated with EGF for 2 min. Histogram shows the quantification (mean±SEM) of
phosphoTyr783-PLCγ1 normalized to actin from 5 independent experiments. **, p<0.01, ***,
p<0.001 ANOVA, Fisher's post-hoc test for the comparison of treated vs. basal. #, p<0.05
ANOVA, Fisher's post-hoc test for the comparison of treated condition versus treated NT cells.
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Figure 2.
PI hydrolysis is enhanced in parkin deficient cell lines.
(a) Histograms show means ± SEM of PI hydrolysis measured in basal conditions of NT, Parkin
WT, R42P and G328E transfected cells (n=5) and (b) in the different siRNA transfected cells
(n=3). Parkin and c-Cbl protein levels were detected by Western blot analysis in SH-SY5Y
neuroblastoma cells after siRNA knockdown of parkin and c-Cbl.
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Figure 3.
Parkin deficient cells have higher levels of [Ca2+].
Measurements were done in Ca2+-free PBS (-) and in MEM (+) containing normal (1 mM)
Ca2+. Experiments were performed in (a) parkin transfected cells (n=12), and (b) siRNA
transfected cells (n=3). For the siRNA experiments two groups were used as controls (NT cells
treated with Darmafect and control siRNA). Statistical analyses of the results were carried out
using ANOVA followed by Fisher's PLSD post-hoc test. *, p < 0.05; **, p < 0.01; ***: p <
0.001 against the respective value in both NT and WT. #, p < 0.05 against R42P.
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Figure 4.
Altered Ca2+ homeostasis in parkin ARJP cell lines depends on PLC signaling.
(a) Both, PLC inhibitor neomycin (500 μM) and RyR antagonist dantrolene (10 μM) reduced
basal [Ca2+]i in R42P and G328E mutants to those seen in WT parkin cells (n=3). [Ca2+]i
measurements were performed after addition of (b) nimodipine (1μM) or (c) ω-conotoxin
(1μM) respectively in PBS (-[Ca2+]e) and MEM (1 mM [Ca2+]e)as described in Material and
Methods. (d) Basal and thapsigargin (TG) (50 nM)-stimulated Ca2+ measurements were made
in MEM. Basal [Ca2+]i was higher in parkin mutants and TG induced similar responses in all
cell types. (e) Basal and Carbachol (100 μM) stimulated measurements were made in
PBS. In Figures b, c, d and e lines shows the average value of 3 independent experiments in
each of which between 9 and 12 wells were analyzed per group. Statistical analysis was carried
out using ANOVA followed by Fisher's PLSD post-hoc test. *, p < 0.05. **, p<0.01.
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Figure 5.
ARJP parkin mutant cells have lower protein levels of PKCα
(a) Immunoblotting of PKCα and PKCε levels in NT and in stably transfected human SH-
SY5Y neuroblastoma cells with WT parkin and the ARJP parkin mutations R42P and G328E.
(b) Representative immunoblots of PKCα and PKCε levels in soluble and particulate fractions.
(c) Histogram shows total PKCα levels (mean±SEM, n=4) normalized to actin. (d) Histogram
representing the ratio of particulate and total fractions of representing the relative activity of
PKCα (mean±SEM, n= 4). Statistical analyses of the results were carried out using ANOVA
followed by Fisher's PLSD post-hoc test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 against the
respective value in both NT * and WT #.
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Figure 6.
ARJP parkin mutations confer a higher sensitivity to 6OHDA neurotoxicity that was reversed
by dantrolene.
(a) Effects of 6OHDA on MTT reduction in NT, WT parkin and in ARJP parkin mutations
R42P and G328E cells. Cells were treated with 40 or 120 μM 6OHDA for 6 h (n=6). (b)
Dantrolene reverses 6OHDA toxicity in ARJP mutants to the levels seen in WT parkin. Cells
were treated with 120 μM 6OHDA with or without 10 μM dantrolene for 6 h. In dantrolene
treated cells, an additional pretreatment for 30 min was also performed. Untreated cells were
used as a control. Cell viability was analyzed by the MTT assay (n=3). Data (mean ± S.E.M.)
are expressed as percentage of values in untreated NT cells (*, p < 0.05; ANOVA followed by
Fisher's PLSD post-hoc test).
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Figure 7.
Summary of proposed mechanism for PLCγ1 induced calcium toxicity in ARJP parkin cells.
Parkin was shown previously to ubiquitylate PLCγ1. In this paper we show that ARJP parkin
mutant cells and parkin siRNA leads to enhanced PI hydrolysis and increased release of
Ca2+ from intracellular stores, increasing sensitivity to cell death induced by 6OHDA.
Disrupted Ca2+ homeostasis and/or other parkin related functions, ultimately alters PKCα
protein levels.
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