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Mutations in ATP13A2 (PARK9) cause Kufor-Rakeb syndrome (KRS) characterized by juvenile-onset parkinson-
ism, pyramidal signs and dementia. PARK9 belongs to type 5 P-type ATPase with its putative function as a cation
transporter. Loss of PARK9 leads to lysosomal dysfunction and subsequenta-synuclein (a-Syn) accumulation.
However, the mechanistic link between PARK9 and lysosomal dysfunction remains unclear. Here, we found that
patient fibroblasts expressing mutant PARK9 or primary neurons with silenced PARK9 exhibited increased
sensitivity to extracellular zinc (Zn21). This effect was rescued with the Zn21 chelators clioquinol or TPEN.
PARK9-deficient cells showed decreased lysosomal sequestration of Zn21 and increased expression of zinc
transporters. Importantly, increased concentrations of Zn21 (Zn21 stress) resulted in lysosomal dysfunction
that was partially restored by expression of wild-type PARK9. Zn21 stress also caused increased expression
of a-Syn and consequently decreased activity of the lysosomal enzyme glucocerebrosidase. Together, these
data suggest that PARK9 loss of function leads to dyshomeostasis of intracellular Zn21 that in turn contributes
to lysosomal dysfunction and accumulation of a-Syn. It will be of interest to examine whether therapeutic
lowering of zinc may prove beneficial for patients with KRS.

INTRODUCTION

Kufor-Rakeb syndrome (KRS) is a rare hereditary disorder that
presents with parkinsonism and other neurological manifesta-
tions such as dementia and pyramidal signs (1). In 2006, analysis
of a Chilean family uncovered the disease-causing mutations in
ATP13A2 which codes for P-type ATPase (ATP13A2/PARK9)
(2). The frameshift mutation (c.1632_1653dup22) identified in
the original family suggested that KRS was caused by a function-
al loss of PARK9. A number of subsequent studies have revealed
that many other homozygous and compound heterozygous mis-
sense mutations in PARK9 are linked to juvenile-onset or early-
onset forms of familial or sporadic parkinsonisms (3,4). While
homozygous mutations cause juvenile-onset parkinsonism, het-
erozygotes present with parkinsonism in midlife, indicating
a gene dose effect of PARK9 (4).

PARK9 is an 1180 amino acid protein with 10 predicted trans-
membrane domains, expressed ubiquitously with strongest ex-
pression in CNS. High expression of PARK9 was detected in

dopaminergic neurons of substantia nigra (SN) (2), and its levels
were increased in the brains of sporadic Parkinson’s disease
(PD) patients, underscoring the involvement of PARK9 in PD
pathogenesis (2,3,5).

PARK9 belongs to P-type ATPase superfamily (type 5) that is
suggested to transport charged substrates across the membrane
(6). Although the type 5 has no known specific substrates, based
on the amino acid sequence, it has been speculated that PARK9
serves as a cation transporter. A prior study using yeast ortholog
of ATP13A2, (Ypk9), demonstrated that PARK9-depleted
ypk9D yeast cells conferred sensitivity to manganese (Mn2+),
whereas over-expression of wild-type Ypk9 partially reversed
Mn2+ sensitivity (7). Another study showed that over-expression
of wild-type PARK9 in HEK cells and primary rat neurons ren-
dered cells more resistant to Mn2+ toxicity (8), further indicating
a protective role of PARK9 against elevated levels of Mn2+.

Previous work showed that exogenously expressed wild-type
PARK9 localized to acidic vesicles (2,5,8). It is presumed that
misfolding of mutated PARK9 in endoplasmic reticulum results
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in its degradation by the ubiquitin proteasome pathway and defi-
cient trafficking to the lysosome (2,5,8). We have previously
documented lysosomal dysfunction in the presence of deficient
PARK9 (9), suggesting its role in the normal function of lyso-
somes. We also found that depletion of PARK9 resulted in accu-
mulation of a-Syn, further implicating PARK9-mediated
lysosomal dysfunction anda-Syn accumulation in the pathogen-
esis of KRS (9).

However, these prior studies have not explained the possible
linkages between deficiency of PARK9, increased sensitivity
to metals, lysosomal dysfunction and a-Syn accumulation. To
address these questions, we set out to perform an unbiased
screening of various metals including manganese that was previ-
ously implicated in PARK9 function (7,8). These studies revealed
that PARK9-depleted cells were most sensitive to Zn2+. Increased
concentration of Zn2+ resulted in impaired lysosomal proteolysis
and increased expression of a-Syn. Together, these findings
suggest that Zn2+ dyshomeostasis caused by loss of PARK9 con-
tributes to PARK9-mediated lysosomal dysfunction and subse-
quent a-Syn accumulation.

RESULTS

PARK9 mutation increases sensitivity to extracellular
zinc (Zn21)

Recent studies have shown that PARK9-depleted yeast cells
exhibit increased sensitivity to Mn2+ while over-expression of
PARK9 was protective (7). Wild-type but not mutant PARK9
over-expression in HEK rendered cells resistant to Mn2+ toxicity
(8). To further examine the relationship between PARK9 and
metals, we performed an unbiased screening in fibroblasts carry-
ing PARK9 mutation (MUT1 and MUT2) and wild-type controls
(WT1 and WT2). After culturing the cells in medium in the pres-
ence of copper, iron, zinc, manganese or nickel for 24 h, we found
that patient fibroblasts were most sensitive to Zn2+ (Fig. 1A).
Using the Zn2+ chelator clioquinol (2 mM), we found that Zn2+

toxicity was greatly reduced (Fig. 1B). To confirm these findings
in neurons, primary embryonic cortical neurons (PCNs) were
transduced with lenti-shRNA targeting mouse ATP13A2/PARK9
(PARK9 shRNA) or scrambled control shRNA (Scrb shRNA).
We observed a significant reduction in PARK9 expression in
PARK9-treated PCNs (Supplementary Material, Fig. S1). We
found that 6 days post-infection (6 DPI), ATP13A2-depleted
PCNs exhibited increased sensitivity to Zn2+, whereas other
cations did not exhibit a significant effect. Importantly, Zn2+ chela-
tor,TPEN(N,N,N‘,N’-Tetrakis(2-pyridylmethyl)ethylenediamine)
was able to attenuate Zn2+ toxicity in primary neurons (Fig. 1C and
D, Supplementary Material, Fig. S2). Furthermore, loss of PARK9
did not alter the sensitivity of cells to increasing doses of Cu2+,
Fe2+, Mn2+ and Ni2+ (Supplementary Material, Fig. S3). Taken to-
gether, these results show that the loss of PARK9 sensitized fibro-
blasts and neurons to Zn2+, suggesting a protective role of PARK9
against increased concentrations of Zn2+.

PARK9 mutation alters the intracellular distribution
of Zn21

Previous immunocytochemical analyses have shown that ex-
ogenously expressed PARK9 colocalizes with acidic vesicles

such as lysosomes (2,5,8) and that the loss of PARK9 results in
lysosomal dysfunctions (10,11). However, the physiological
function of PARK9 in lysosomes remains uncharacterized.
Since Zn2+ normally accumulates in lysosomes (12,13), we
asked whether PARK9 affects cellular distribution of Zn2+. To
this end, we stained WT and MUT fibroblasts with the Zn2+

probe FluoZin-3 together with LysoTracker Red that detects
acidic vesicles. We found that most of the Zn2+ positive signal
(green) colocalized with LysoTracker Red-positive vesicles in
both WT and MUT fibroblasts (Fig. 2A). We (9) and others
(11) have previously documented an increase in the area and
number of LysoTracker Red-positive vesicles in MUT fibro-
blasts compared with WT fibroblasts probably due to a cellular
compensatory response(Fig. 2A left panels and B left upper
graph). The distribution of Zn2+, as determined by FluoZin-
positive puncta, was variable in each cells (Fig. 2A left panels
and B left middle graph); however, when the Zn2+ positive
green signal was normalized to the LysoTracker Red-positive
signal, we found that the Zn2+ signal per vesicle was significant-
ly decreased in MUT compared with WT fibroblasts (Fig. 2B left
bottom graph), suggesting that PARK9-deficient acid vesicles
contain less Zn2+ compared with wild-type acid vesicles.
Next, we assessed how LysoTracker Red- and FluoZin-positive
vesicles respond to increased extracellular Zn2+ (Zn2+ stress).
After culturing the cells in the presence of 100 mM Zn2+ for
1 h, we found that the area of LysoTracker Red-positive vesicles
is increased probably because vesicles sequestered excess cyto-
solic Zn2+ to prevent the toxic effects (Fig. 2A right panels and B
right upper graph). Indeed, increased FluoZin fluorescence was
observed in both WT and MUT fibroblasts (Fig. 2A right panels
and B right middle graph). Interestingly, even under Zn2+ stress
conditions, Zn2+ signal per vesicle was still significantly
decreased in MUT compared with WT fibroblasts (Fig. 2B
right bottom graph). These data suggest that PARK9-deficient
acidic vesicles exhibit decreased capacity to sequester Zn2+

both under physiological conditions and under conditions of
Zn2+ stress.

Loss of PARK9 induces the expression of zinc transporters
and metalloproteins

Zn2+ concentration in the cytosol is tightly controlled by zinc
transporters and metallothioneins (14). ZnT [solute-linked
carrier 30 (SCL30)] family of transporters reduces cytosolic
Zn2+ by releasing Zn2+ out of cells or into intracellular orga-
nelles (15), whereas metallothioneins sequester Zn2+ with mul-
tiple clusters of cysteine residues (16). Since the expressions of
ZnT transporters and metalloproteins get induced by increased
cytosolic Zn2+, their expression can serve as an indicator of
Zn2+dyshomeostasis (17). To determine the levels of ZnT trans-
porters in WT and MUT fibroblasts, real-time PCR was used to
quantify expression levels of five zinc transporters, ZnT1, ZnT2,
ZnT5, ZnT6 and ZnT7. While ZnT1 is mainly located on the
plasma membrane, ZnT2, ZnT5, ZnT6 and ZnT7 localize to
membranes of intracellular vesicles (18). We found that all
zinc transporters tested were increased in MUT compared with
WT fibroblasts (Fig. 3A). We then analyzed the expression of
metallothionein-III (MT-III) that is exclusively expressed in
neurons (19). As shown in Figure 3B, MT-III was significantly
increased in PARK9-depleted primary neurons, further suggesting
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dyshomeostasis of Zn2+ and compensatory elevation of zinc trans-
porters and metallothioneins in the presence of depleted PARK9.
To examine whether expression of PARK9 itself can be induced by
Zn2+ stress, we treated primary neurons with 100 mM Zn2+.
Indeed, expression of PARK9 was dramatically elevated in the
presence of elevated Zn2+ (Fig. 3C), supporting the idea that
PARK9 plays a role in regulating levels of cytosolic Zn2+.

PARK9 expression affects zinc-mediated lysosomal
dysfunction

Using a fluorescent Zn2+ probe, we showed a reduced accumu-
lation of Zn2+ in acidic vesicles of patient fibroblasts (Fig. 2B).
In addition, recent data established that deficiency of PARK9
resulted in impaired lysosomal proteolysis (9,11). Therefore,
we asked whether Zn2+ mislocalization in mutant cells contri-
butes to lysosomal dysfunction. To address this question, we per-
formed long-lived protein degradation assay in primary neurons.
We confirmed previous data that lysosomal proteolysis was
reduced by PARK9 depletion (Fig. 4A and E). Moreover, we
found that the presence of excessive Zn2+ impaired lysosomal
proteolysis in primary neurons in a dose-dependent manner, an
effect that was further worsened by depletion of PARK9
(Fig. 4E). Importantly, lentiviral transduction of PARK9

completely restored Zn2+-mediated defect in lysosomal prote-
olysis (Fig. 4E). These data suggest that the loss of PARK9
renders lysosomes more vulnerable to Zn2+ stress, whereas ex-
pression of PARK9 protects from excessive neuronal Zn2+. In
light of the importance of maintaining low pH for the proper
function of lysosomal acid hydrolases (20), we also examined
the effect of excessive Zn2+ on lysosomal pH. As shown in
Figure 4F, lysosomal pH was elevated in primary neurons by
Zn2+ stress in a dose-dependent manner and exaggerated by
PARK9 depletion, further emphasizing the protective role of
PARK9 in Zn2+-mediated lysosomal dysfunction.

Loss of PARK9 enhances Zn21-mediated a-Syn
accumulation and impairs the function of lysosomal
hydrolases

Previous studies showed that depletion of PARK9 led to the ac-
cumulation of a-Syn due to the decreased lysosomal function
(9). Since our data demonstrated that elevated Zn2+ impairs
lysosomal function, we wondered if a-Syn expression level
was also increased by Zn2+ stress. As shown in Figure 5A,
Zn2+ stress caused a-Syn accumulation in primary neurons
and loss of PARK9 further enhanced Zn2+-mediated a-Syn ac-
cumulation. Using an antibody to detect nitrated and oxidized

Figure 1. PARK9 mutant fibroblasts and primary cortical neurons are sensitive to zinc (Zn2+). (A) LDH release from fibroblasts cultured in a medium containing one
of the cations (Cu2+, Fe2+, Mn2+, Ni2+ or Zn2+, concentration is 100 mM) for 24 h (n ¼ 3, ∗P , 0.005, ∗∗P , 0.001). (B) Toxicity of Zn2+ was attenuated by
adding Zn2+ chelator, clioquinol (2 mM) in a medium (n ¼ 3, ∗P , 0.01, ∗∗P , 0.03, ∗∗∗P , 0.001). (C) LDH release from primary cortical neurons (PCN) cultured
in the presence of cations (n ¼ 3, ∗P , 0.005). (D) Toxicity of Zn2+ was attenuated by adding Zn2+ chelator, TPEN (N,N,N‘,N’-Tetrakis(2-
pyridylmethyl)ethylenediamine) (1 mM) (n ¼ 3, ∗P , 0.05, ∗∗P , 0.005). The values are the mean+SEM.
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Figure 2. PARK9 mutation alters Zn2+ distribution in fibroblasts. (A) The representative confocal live-cell images of fibroblasts stained with FluoZin-3 (green)
and LysoTracker Red (red). Two wild-type (WT1 and WT2) and two PARK9 mutant (MUT1 and MUT2) fibroblast lines were stained before (left) or after treatment
with 100 mM Zn2+ for 1 h (right). Scale bars indicate 20 mm. (B) Quantification analysis of LysoTracker Red and FluoZin-3 area per total cell area before (left) and
after Zn2+ incubation (right). Left, upper, quantification analysis of LysoTracker Red-positive area per total cell area (n ¼ 10, ∗P , 0.01, ∗∗P , 0.001). Middle, quan-
tification of FluoZin-3-positive area per total cell area (n ¼ 10, ∗P , 0.005). Bottom, quantification of FluoZin-3-positive area per LysoTracker Red-positive area
(n ¼ 10, ∗P , 0.05). Right, upper, quantification of LysoTracker Red-positive area per total cell area (n ¼ 10, ∗P , 0.05, ∗∗P , 0.03). Middle, quantification of
FluoZin-3-positive area per total cell area. Bottom, quantification analysis of FluoZin-3-positive area per LysoTracker Red-positive area (n ¼ 10, ∗P , 0.03,
∗∗P , 0.005). The values are the mean+SEM.
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a-Syn (syn 505), we found an increase in oxidized high molecu-
lar weight species of a-Syn upon Zn2+ stress, suggesting that
Zn2+ stress may lead to oxidation and oligomerization of
a-Syn. Depletion of PARK9 further increased nitrated/oxidized
a-Syn oligomers, indicating a possible protective role of PARK9
in conditions of Zn2+-mediated oxidative stress.

We have previously shown that increased levels of a-Syn
impaired intracellular trafficking of lysosomal glucocerebrosi-
dase (GCase) from endoplasmic reticulum-to-Golgi (21). To
examine if Zn2+-mediated a-Syn accumulation also affects
GCase activity, we examined lysosome-enriched fractions of
primary neurons for GCase activity. As shown in Figure 5B,
GCase activity was significantly decreased upon Zn stress and/
or PARK9 depletion. These results suggest that PARK9 defi-
ciency and dyshomeostasis of Zn2+ generate a pathological
loop that leads to deficient trafficking of lysosomal GCase and
further impairment of lysosomal function.

In order to more directly examine the effect of Zn2+ dysho-
meostasis on lysosomal function, we examined lysosomal acid
sphingomyelinase (L-SMase), an important lysosomal hydro-
lase that has been linked to Niemann-Pick disease (22). A
mature form of L-SMase is processed from a pro-enzyme in a
zinc-dependent manner (23). We found that L-SMase activity
was significantly reduced in PARK9-deficient cells compared
with wild-type cells (Fig. 5C), suggesting that a decrease in

L-SMase activity may represent at least one mechanism of Zinc-
mediated lysosomal dysfunction in models of KRS.

DISCUSSION

Zinc is the second most abundant trace element in the human
body after iron (24), and potentially affects the structure and ac-
tivity of �10% of proteins (25), including more than 300
enzymes (26). Zinc has an important role in gene expression
by binding transcriptional activators (17) and also functions as
a signaling mediator, such as a cell-to-cell communication and
an intracellular signaling (14).

Zn2+ dyshomeostasis has been associated with a variety of
neurological disorders from ischemia to neurodegeneration
(27). In Alzheimer’s disease (AD), high levels of zinc are
found in the cortex (28) and zinc enhances amyloid-b aggrega-
tion that is a pathological hallmark of AD (29). Similarly, zinc
is increased in SN (30,31) and cerebrospinal fluid (32) in PD, in-
dicating a possible involvement in PD pathogenesis. Here, we
provide evidence that Zn2+ dyshomeostasis is also linked to
KRS, a rare form of hereditary parkinsonism and dementia.

Zinc ions are hydrophilic and thus do not cross the plasma
membrane by passive diffusion, but rather zinc transporters are
required (15). Intracellular zinc is primarily coupled with

Figure 3. Loss of PARK9 induces expression of zinc transporters and metallothionein proteins. (A) The mRNA expression of indicated zinc transporters in WT and
MUT fibroblasts (n ¼ 3, ∗P , 0.05, ∗∗P , 0.03). The expression of zinc transporters in MUT fibroblasts is divided by that in WT fibroblasts. (B) The mRNA expres-
sion of MT-III in scrambled- (Scrb) and PARK9 shRNA-treated primary cortical neurons (PCNs) (n ¼ 3, ∗P , 0.001). The expression of MT-III in PARK9-treated
PCNs is divided by that in Scrb-treated PCNs. (C) The PARK9 mRNA expression in PCNs cultured in the presence of 100 mM Zn2+ (n ¼ 3, ∗P , 0.001). The expres-
sion of PARK9 in PCNs cultured the medium containing 100 mM Zn2+ is divided by that in PCNs cultured the normal medium. The values are the mean+SEM.
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proteins or DNA and only small amounts of zinc exist in free
form (33). It is therefore important that the concentration of cyto-
solic Zn2+ is tightly regulated to avoid toxicity. It has been well
established that zinc transporters and Zn2+ permeable channels,

as well as zinc buffering proteins such as MTs regulate levels of
cytosolic zinc (14). Using fluorescent zinc probes to track
dynamic movement of zinc, it was revealed that intracellular
organelles such as lysosomes store zinc in a wide variety of

Figure 4. Zinc dyshomeostasis leads to impaired lysosomal function. (A–E) PARK9 expression affects lysosomal proteolysis that is impaired by Zn2+. Lysosomal
proteolysis in control, PARK9-depleted or PARK9 over-expressed PCNs cultured in a medium containing either 0 mM (A), 1 mM (B), 10 mM (C) or 100 mM Zn2+ (D).
Lysosomal proteolysis is calculated by subtracting lysosomal inhibitors (2.5 mM NH4Cl and 50 mM leupeptin) sensitive proteolysis from total proteolysis at 8, 20 and
28 h after chase. (E) Quantification of lysosomal proteolysis is calculated from the area under the curve (n ¼ 3, ∗P , 0.05, ∗∗P , 0.005). (F) Dual-emission ratio-
metric measurement of lysosomal pH using LysoSensor Yellow/Blue DND-160. The effect of Zn2+on lysosomal pH in Scrb or PARK9 shRNA treated PCNs is shown
(n ¼ 3, ∗P , 0.05, ∗∗P , 0.005). The values are the mean+SEM.
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species, from yeast Saccharomyces cerevisiae (34), Caenorhab-
ditis elegance, (35), to mammalian cells (36). To maintain low
cytosolic concentration, excessive Zn2+ is rapidly sequestered
into lysosomes (12,37). In neurons, Zn2+ is also sequestered in
presynaptic vesicles, released in neuronal activity-dependent

manner and taken into postsynaptic vesicles through Ca2+ chan-
nels, 2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) propanoic
acid and other receptors (27,33).

Our data suggest that PARK9-deficient lysosomes exhibit a
decreased capacity to store Zn2+ (Fig. 2), possibly due to loss

Figure 5. Loss of PARK9 enhances zinc-mediateda-Syn accumulation and reduction of lysosomal hydrolases activities. (A) Upper left: western blot analysis of the
effect of Zn2+ on a-Syn expression in PCNs treated with Scrb or PARK9 shRNA. NSE was used as loading control. MW is shown as kDa. Bottom left: the results of
densitometric analysis ofa-Syn oligomers which were detected with syn 505 (∗P , 0.01). Upper right: the results of densitometric analysis ofa-Syn monomers which
were detected with C-20 (∗P , 0.01). (B) Glucocerebrosidase (GCase) activities in lysosome-enriched fractions extracted from PCNs (n ¼ 3, ∗P , 0.005). (C) Acid
sphingomyelinase (aSMase) activities in lysosome-enriched fractions extracted from PCNs (n ¼ 3, ∗P , 0.03).
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of PARK9-mediated Zn2+ import from cytosol into vesicles.
While it is difficult to detect low levels of free cytosolic zinc
with the current technology, levels of zinc transporters and
metallothioneins can serve as indirect indicators of zinc dysho-
meostasis due to their responsiveness to cytosolic Zn2+ (17).
Early studies in Escherichia coli revealed that extremely low
cytosolic Zn2+ (femtomollar) is sufficient for induction of
these proteins (38), whereas studies in mammalian cells have
been more challenging due to high vesicular and very low cyto-
solic Zn2+. There is accumulating evidence that the induction of
zinc transporters alters zinc homeostasis (39). Among all zinc
transporters, the best-characterized transporters are ZnT1 and
ZnT2. While ZnT1 is expressed in the plasma membrane,
ZnT2 is expressed in vesicular membranes. The mRNA and
protein expression of these transporters are induced by zinc ex-
posure (40,41). ZnT1-deficient cells exhibit increased intracel-
lular Zn2+ due to low zinc efflux, while over-expression of
ZnT1 leads to reduced zinc concentration by increasing zinc
efflux (42). Similarly, ZnT2 deficient cells have less vesicular
Zn2+, whereas over-expression of ZnT2 results in accumulation
of Zn2+ in acidic vesicles (36). These results suggest that induc-
tion of zinc transporters correlates with reduction of cytosolic
Zn2+. We found that zinc transporters and MT-III were increased
in PARK9 mutant cells (Fig. 3), indicating increased cytosolic
Zn2+ in PARK9-deficient cells. We also found that expression
of wild-type PARK9 is induced by high Zn2+, corroborating
the role of PARK9 in Zn2+ homeostasis (Fig. 3). Interestingly,
both PARK9 mRNA and zinc are increased in postmortem
brains from sporadic PD patients (2,5,30,31), suggesting that
zinc may contribute to upregulation of PARK9 in vivo.
However, the contribution of PARK9 and zinc to sporadic PD
will require further study.

Since Zn is not involved in redox reactions like Fe2+ or Cu2+,
it does not generate oxidative stress by itself (24). However, ele-
vated levels of Zn2+ inhibit mitochondrial function via inhib-
ition of a-ketoglukarate dehydrogenase in TCA cycle (43) or
bc1 complex in complex III (44), or via induction of mitochon-
drial membrane permeability (45). These effects on mitochon-
dria may consequently generate reactive oxygen species
(ROS) (46). To this end, mitochondrial damage accompanied
by abnormal production of ROS and decreased ATP synthesis
has been reported in PARK9 mutant cells (47,48). As shown in
the accompanying manuscript by Park et al., insufficient seques-
tration of Zn2+ into intracellular vesicles in PARK9-deficient
cells leads to mitochondrial dysfunction and induction of ROS.
Moreover, they and others have also demonstrated increased
mitochondrial fragmentation in the presence of mutant
PARK9, suggesting an impairment of mitochondrial clearance,
possibly due to insufficient lysosomal degradation (5,48).

Our previous work (9,49), as well as the work by another group
(11), showed that lysosomal dysfunction in PARK9-deficient
cells and mice resulted in the accumulation of a-Syn. Genetic
studies revealed a dosage relationship betweena-Syn and sever-
ity of PD (50), indicating that the expression level of a-Syn sig-
nificantly contributes to disease pathogenesis in PD and other
related synucleinopathies. Here, we found that the expression
level of a-Syn was increased upon Zn2+ stress in primary
neurons (Fig. 5A). Since lysosomal proteolysis is impaired by
Zn2+ stress (Fig. 3), accumulation of a-Syn is likely due to
reduced lysosomal degradation. In addition to increased

monomeric a-Syn, we found elevated nitrated/oxidized oligo-
meric a-Syn in the presence of elevated neuronal Zn2+

(Fig. 5A). Previous studies suggest that mitochondria-driven
oxidative stress can induce a-Syn oligomerization (51), and
that aggregation of a-Syn is reduced by attenuating oxidative
stress (52). Therefore, we hypothesized that increased oxidative
stress may also contribute to Zn2+-induced a-Syn oligomeriza-
tion.

Our results suggest that decreased uptake of zinc into lyso-
somes and increased cytosolic zinc contributes to lysosomal dys-
function. In order to explain how Zn2+ dyshomeostasis impairs
lysosomal proteolysis, we considered the following possibilities.
First, we found elevation of lysosomal pH in the presence of high
neuronal zinc (Fig. 4F). Lysosomal pH is mainly regulated by
cations/anions that move across the lysosomal membrane and
is necessary to dissipate transmembrane voltage created by the
activity of vacuolar ATPase (20). Although it has been known
that Cl2 and K+ are involved in the process (20), the precise
mechanism of voltage dissipation remains largely undeter-
mined. Further studies will be required to clarify the role of
PARK9 and Zn2+ in this process.

Second, recent evidence suggests that accumulated a-Syn
impairs lysosomal function indirectly via its effects on traffick-
ing of lysosomal hydrolases (21) or via lysosomal rupture (53).
In our previous work, we showed that trafficking of lysosomal
GCase is impaired in the presence of increased a-Syn (21),
which in turn contributed to decreased lysosomal degradation
capacity. Here, we showed that Zn2+ stress reduced GCase activ-
ity in lysosome-enriched neuronal fractions. Since elevated Zn2+

stress also resulted in increased levels of a-Syn, we hypothesized
that Zn2+ inhibits traffickingof GCase via increaseda-Syn,which
creates a pathogenic loop (Fig. 5A and B). While more work will
be required to elucidate the details of this mechanism, our data
suggest that PARK9 and GCase may be mechanistically linked
viaa-Syn accumulation in the pathogenesis of synucleinopathies.

Finally, we found that decreased lysosomal zinc in PARK9-
deficient cells resulted in reduced activity of lysosomal acid
sphingomyelinase (aSMase), an important lysosomal hydrolase.
Prior studies suggested that maturation of pro-aSMase to
L-SMase requires Zn2+ (54). Therefore, we hypothesized that
Zn2 deficiency in PARK9 lysosomes may inhibit this important
maturation step. As shown in Figure 5C, aSMase activity was
reduced in lysosome-enriched fractions isolated from PARK9
primary neurons (Fig. 5C). These results together with studies
in aSMase-deficient mice that exhibit severe lysosomal path-
ology (55) suggest that Zn2+deficiency in lysosomes contributes
PARK9-mediated lysosomal dysfunction.

Together, our findings highlight the importance of PARK9
in regulating zinc homeostasis and lysosomal function. It
will be of interest to examine if targeting zinc may prove
beneficial as a novel treatment approach for KRS and related
synucleinopathies.

MATERIALS AND METHODS

Plasmids

Lentiviral plasmids expressing short hairpin plasmid RNA
(shRNA) targeting mouse Atp13a2 and scrambled control
were used for viral packaging (9). Human lenti-PARK9 was a
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gift from Chris Rochet. The virus titers were calculated using
HIV-1 p24 Antigen ELISA kit (Zeptometrix).

Cell culture

Primary dermal fibroblasts carrying a homozygous mutation
(1550C.T) (MUT1) and compound heterozygous mutations
(3176 T.G, 3253 delC) (MUT2) in PARK9 were generously
provided by Christine Klein and Carolyn Sue, respectively.
Fibroblasts and mouse embryonic cortical neurons were cultured
as described in references (9) and (56), respectively. Neurons
were infected at a multiplicity of infection of 1 at day in vitro
4, and harvested at 6 DPI. The cytotoxicity of Zn2+ to fibroblasts
and primary cortical neurons were evaluated by release of lactate
dehydrogenase (LDH), following the manufacturer’s protocol
(CytoTox 96 Non-Radioactive Cytotoxicity Assay, Promega).
Cytotoxicity was calculated, as follows: cytotoxicity (%) ¼
(test sample 2 sample for spontaneous LDH release)/(sample
for maximum LDH release 2 sample for spontaneous LDH
release).

Live-cell confocal imaging

Fibroblasts were seeded in Lab-Tek glass-bottom chamber
slides (Nunc) and incubated with FluoZinTM-3, Lysotrackerw
Red DND-99 and Hoechst33342 (NucBlueTM Live Cell Stain,
Invitrogen) for 30 min. Live-cell imaging was conducted on
the Zeiss LSM 510 meta confocal system with an inverted
Zeiss Axiovert 200 M microscope equipped with a EC Paln Neo-
fluar ×100 (1.3 numerical aperture) oil immersion objective.
FluoZinTM-3 was excited with an Argon laser at 488 nm, and
emission was detected with a band-pass filter of 500–530 nm.
Lysotracker Red was excited with a helium-neon laser at 543 nm,
and emission was detected with a band-pass filter of 565–
615 nm. DAPI was excited with Ti: sapphire tunable laser (Chame-
leon, Coherent) at 750 nm, and emission was detected with a band-
pass filter of 435–485 nm. Images were collected using Zeiss LSM
3.5 software and exported as JPEG images for analysis using Image
J software.

RNA extract and real-time PCR

Total RNA was extracted from fibroblasts or primary neurons at
6 DPI using RNeasy Mini (Qiagen) with DNase treatment
(Qiagen). The total content of RNA was measured using a Nano-
Drop (Thermo). Reverse transcription was performed using
SuperScript III First-Strand Synthesis SuperMix (Invitrogen).
Real-time PCR was conducted using a SYBR Green ER Super-
Mix (Invitrogen). Signals from SYBR Green were recorded and
analyzed by the iCycler Real-Time PCR System (Bio-Rad,
USA). b-Actin was used as an internal control.

Proteolysis of long-lived proteins

Long-lived protein degradation assay was performed as previ-
ously described (21). Briefly, primary cortical neurons were
plated in 12-well dishes at the density of 50 000/well. The
culture medium was changed to the medium containing
[3H]leucine (hot medium) 48 h before chasing. For lysosomal
inhibition, 50 mM of leupeptin was added to the hot medium

and 50 mM of leupeptin and 5 mM of NH4Cl are added to the
chasing medium. From the 700 ml of chasing medium, 70 ml
of medium was collected at 8, 20 and 28 h after chasing, and pre-
cipitated with TCA (final conc: 10%) and albumin (0.15 mg/ml)
for at 48C for 16 h followed by centrifugation at 20 000 rcf for
25 min. Radioactivities of soluble fractions were measured
using liquid scintillation system (LS 1701, Beckman).

Lysosomal pH

Cells were plated in 96-well plates at the density of 50 000/well.
After staining with LysoSensorTM Yellow/Blue DND-160
(1 mM; Invitrogen), fluorescence was measured with a fluores-
cence plate reader (VICTOR2, Perkin-Elmer). To obtain a cali-
bration curve, cells were equilibrated with MES buffers with the
pH adjusted to 3.5 to 8.0 along with 10 mM nigericin and 10 mM

monensin for 5 min before staining with LysoSensor. A standard
curve was made to plot the fluorescence ratio (Yellow535/
Blue460) against the pH of MES buffers.

Western blotting

Western blotting was conducted as previously described with a
few modifications (57). Briefly, mouse embryonic cortical
neurons were harvested and lysed in a RIPA buffer (50 mM

Tries pH 7.4, 150 mM Nail, 0.1% SDS, 0.5% Na deoxycholate,
1% NP-40) with protease inhibitor (Roche). We loaded 15 mg
of homogenized proteins per lane. After running 8–16% Tris-
Glycine gels, the samples were transferred to PVDF membranes
(Millipore), which were blocked in PBS with 5% milk and 0.1%
Tween20 (blocking buffer) at room temperature for 1 h, fol-
lowed by incubation witha-Syn antibodies (syn 505; Invitrogen,
C-20; Santa Cruz) or neural-specific enolase (NSE) antibody
(#16625; Polysciences, Inc) in a blocking buffer at 48C over-
night. After incubated with appropriate secondary antibodies,
the membranes were scanned with the Odyssey Infrared
Imaging System (LiCor Biosciences).

Glucocerebrosidase and acid sphingomyelinase
activity assays

GCase activity assay was performed as described (21). Briefly,
lysosome-enriched P2 fractions were extracted from the primary
neurons treated with scrambled (Scrb) shRNA or PARK9 shRNA
and then resuspended in activity assay buffer. Fluorescence
was measured after incubating with 1 mM 4-methylumbelliferyl
b-glucophyranoside for 40 min. Acid sphingomyelinase activity
was measured following the manufacture’s instruction (Sphingo-
myelinase Fluorometric Assay Kit, Cayman Chemical).

Statistical analysis

All data were prepared for analysis with standard spreadsheet
software (Microsoft Excel). All errors bars shown in the figures
are SEM.
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