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Mutations in the ATP13A2 gene are associated with Kufor-
Rakeb syndrome (KRS) and are found also in patients with var-
ious other types of parkinsonism.ATP13A2 encodes a predicted
lysosomal P5-typeATPase that plays important roles in regulat-
ing cation homeostasis. Disturbance of cation homeostasis in
brains is indicated in Parkinson disease pathogenesis. In this
study, we explored the biological function ofATP13A2 aswell as
the pathogenic mechanism of KRS pathogenic ATP13A2
mutants. The results revealed that wild-type ATP13A2, but not
the KRS pathogenic ATP13A2 mutants, protected cells from
Mn2�-induced cell death in mammalian cell lines and primary
rat neuronal cultures. In addition, wild-type ATP13A2 reduced
intracellular manganese concentrations and prevented cyto-
chrome c release from mitochondria compared with the patho-
genicmutants. Furthermore, endogenousATP13A2wasup-reg-
ulated uponMn2� treatment.Our results suggest thatATP13A2
plays important roles in protecting cells against manganese
cytotoxicity via regulating intracellular manganese homeosta-
sis. The study provides a potential mechanism of KRS and par-
kinsonism pathogenesis.

Mutations in ATP13A2 were initially identified in patients
with Kufor-Rakeb syndrome (KRS),2 an atypical form of inher-
ited parkinsonism. KRS is characterized by juvenile-onset auto-
somal recessive nigro-striatal-pallidal-pyramidal neurodegen-
eration with clinical features of Parkinson disease (PD) plus
spasticity, supranuclear upgaze paresis, and dementia (1).
Homozygous and heterozygousmutations inATP13A2 are also
found in patients with various parkinsonism, including juvenile
parkinsonism, young-onset PD, early-onset PD, and familial PD
(2–9).ATP13A2 encodes a predicted lysosomal P5-type cation-
transportingATPasewithmultiple transmembrane domains. It
is highly expressed in the brain, especially in the substantia

nigra, the region with characteristic dopaminergic neuronal
loss in PD. Ypk9, a yeast ortholog of ATP13A2, was shown to
function as a manganese transporter to protect cells from
excess Mn2� exposure, whereas loss of Ypk9 increases the sen-
sitivity of yeast to Mn2� toxicity (10, 11). Previous studies have
suggested that cation disturbance is involved in pathogenesis of
PD neurodegeneration. Increased levels of cations, including
iron and aluminum, are found in the substantial nigra of the PD
patient brain (12, 13). Chronic occupational exposure to copper
and/or manganese is associated with higher incidence of PD in
a case-control study (14). Furthermore, excess levels of Mn2�

accumulation in brains associated with occupational exposure,
psychostimulant drug abuse, and liver disease result in an atyp-
ical form of parkinsonism in human (15).
PD and parkinsonism are believed to be consequences of

interactions between both genetic and environmental compo-
nents (16, 17). In this study, we aimed to explore the connection
between theKRS-associatedATP13A2 genetic defect andman-
ganese-associated toxicity. Our results show that wild-type
ATP13A2 (ATP13A2WT), but not KRS-associated pathogenic
ATP13A2 mutants, protected cells from Mn2�-induced toxic-
ity in mammalian cell lines and primary rat neuronal cultures.
Cells overexpressing ATP13A2WT exhibited lower level of
intracellular manganese than cells transfected with the control
or KRS pathogenic ATP13A2 mutants. Furthermore, manga-
nese treatment up-regulated expression of endogenous
ATP13A2. Our results suggest that ATP13A2 plays important
roles in protecting cells against manganese toxicity via regulat-
ing intracellular manganese homeostasis.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Stable Cell Line Generation—
HEK293 and N2a cells were obtained from American Type
Culture Collection and maintained as recommended by the
provider. Stable cell lines expressing ATP13A2 variants were
generated as described (18). Expression levels of ATP13A2
variants were determined by immunoblotting. Primary neuro-
nal cultures were prepared from embryonic day 17 Sprague-
Dawley rat hippocampi. Briefly, hippocampi were dissected in
Hanks’ balanced salt solution and digestedwith 0.5mg/ml tryp-
sin for 12 min at 37 °C, followed by trituration through serial
Pasteur pipettes with gradually decreased tip diameters.
Trypsinized cells were plated at 100,000 cells/cm2 on glass cov-
erslips precoated with polylysine (50 �g/ml). Cells were cul-
turedwithNeurobasalmedium supplementedwith vitamin B27
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supplement (2%), GlutaMAX (500 �M), and penicillin/strepto-
mycin (50 �g/ml) at 37 °C and 5% CO2. At 6 days in vitro, the
primary hippocampal neurons were transfected with calcium
phosphate as described previously (19).

Immunofluorescence—Cells were cultured on glass cover-
slips for 24–48 h, followed by fixation with 4% paraformalde-
hyde for 10 min and permeabilization with 0.1% Triton X-100
in PBS for 10 min at room temperature (25 °C). After blocking
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FIGURE 1. Subcellular localization of ATP13A2WT. HEK293 (A) and N2a (B) cells stably expressing V5-tagged ATP13A2WT and primary rat hippocampal
neurons transfected with V5-tagged ATP13A2WT (C) were immunostained with anti-LAMP1 (red) and anti-V5 (green) antibodies. ATP13A2 surrounded Lyso-
Tracker, a lysosome-specific dye (red), in HEK293 (D) and N2a (E) stable cell lines (red arrows). Endogenous ATP13A2 in SH-SY5Y cells was detected using an
anti-ATP13A2 antibody. Endogenous ATP13A2 (green) co-localized with the lysosome marker protein LAMP1 (red; F), but not with the ER marker calnexin (red;
G). Nuclei were stained with DAPI (blue). Scale bar � 10 �m.
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with 3% BSA for 30 min, cells were blocked with primary anti-
bodies and detected with Alexa-conjugated secondary antibod-
ies. The antibodies used included mouse anti-V5 monoclonal
antibody (Invitrogen), rabbit anti-V5 polyclonal antibody
(Sigma), mouse anti-LAMP1 monoclonal antibody (Santa Cruz
Biotechnology, Inc.), rabbit anti-calnexin polyclonal antibody
(Sigma), and Alexa 488- or Alexa 633-labeled donkey anti-mouse
or anti-rabbit IgG (Invitrogen). Lysosome and Golgi were stained
with LysoTracker Red (Invitrogen) or wheat germ agglutinin for
45 min, respectively. Cell nuclei were stained with DAPI (Invitro-
gen). Images were taken under a Leica confocal microscope with
appropriate excitation and emission filter pairs.
Immunoblotting—Cells were lysed with 2� SDS sample

buffer (63mMTris-HCl, 10% glycerol, and 2% SDS). The super-
natant was collected. The protein concentration was deter-
mined using a Bio-Rad protein assay kit. Proteins (20 �g) were
separated on an SDS-polyacrylamide gel and transferred to a
PVDFmembranes (Millipore). Themembraneswere incubated
for 1 h in blocking solution (5% nonfat dry milk in 0.1% Triton
X-100/PBS buffer), followed by incubation with the appropri-
ate primary antibodies in blocking solution. After washing in
0.1% Triton X-100/PBS buffer, the membrane was incubated
with the appropriate secondary antibodies for 1 h and visual-
ized via an enhanced chemiluminescence kit (GE Healthcare)
according to the manufacturer’s instruction. The antibodies
used to detect ATP13A2 and cytochrome c were from Sigma
and Abcam, respectively.
Manganese Concentration Measurement—Intracellular Mn2�

concentrationsweremeasuredbygraphite furnaceatomicabsorp-
tion spectroscopy (PE Analyst 800, PerkinElmer Life Sciences).
Briefly, cellsweredigested in900�l of0.2%ultrapurenitricacid for
1 h and vortexed for 10 s (3000 rpm). Samples (20 �l) weremixed
with 10 �l of 0.2%HNO3 and 5 �l of 2%NH4H2PO4 for ashing at
1100 °C then atomized at 2100 °C for 5 s. The absorption at 279.5
nmwas recorded.
Cell Death Detection—HEK293 and N2a cells stably express-

ing ATP13A2WT or KRSmutants were treated with 2 or 1 mM

MnCl2 for 12 h, respectively. Adherent cells were collected by
trypsin digestion, whereas floating cells were harvested from
the medium. Resuspended single cells were stained with pro-
pidium iodide (1 �g/ml) without fixation for detection of dead
cells. The total numbers of cells and those positive for pro-
pidium iodide staining were counted in randomly selected
fields, with at least 1000 cells counted per coverslip. Hippocam-
pal neurons at 6 days in vitro were transfected with pEGFP-
N1� pcDNA3.1, pEGFP-N1 � pcDNA3.1-ATP13A2WT-V5,
or pEGFP-N1 � pcDNA3.1-ATP13A2DUP22-V5 using cal-
cium phosphate. 24 h after transfection, cells were treated with
0 and 800 nMMnCl2 for another 24 h, followed by fixation with
4% paraformaldehyde and staining with DAPI (2 �g/ml). The
morphological changes in nuclear chromatin in apoptotic neu-
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FIGURE 2. Subcellular localization of KRS ATP13A2 mutants. Representa-
tive confocal images of HEK293 (A) and N2a (B) cells and rat hippocampal
neurons (C) expressing the KRS pathogenic ATP13A2 mutants are shown.
ATP13A2 mutant proteins were labeled with an anti-V5 tag antibody (red).
The ER was stained with an anti-calnexin antibody (green). Nuclei were
stained with DAPI (blue). Scale bar � 10 �m.
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rons were counted under a fluorescence microscope at an exci-
tation wavelength of 340/380 nm.
Assays for Cytochrome c Release—Cells were treated with 1

and 2mMMnCl2 for 12 h, followed by collection, washing twice
with PBS, and incubation in lysis buffer (68mM sucrose, 200mM

mannitol, 50 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithio-
threitol, and protease inhibitormixture) on ice for 30min. Cells
were further lysed with 40 passages through a 25-gauge 5/8
needle and centrifuged at 1500 � g for 10 min. Cytosolic
extracts were recovered by centrifugation at 13,000 � g for 20
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FIGURE 3. ATP13A2 protects cells from manganese-induced apoptosis. HEK293 cells stably expressing ATP13A2WT and KRS pathogenic ATP13A2 mutants
were treated with either 2 mM MnCl2 or 1 mM NiCl2 for 12 h. Representative images of cells after treatment are shown (A). Scale bar � 20 �m. Note that dying
cells have morphologies characterized as shrinkage and membrane blebbing. The results from quantification of cell death in three independent experiments
with HEK293 (B) and N2a (C) cells are shown. Results are presented as means � S.D.
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min. For each condition, 10 �g of mitochondrial and cytosolic
proteins were separated on a 15% SDS-polyacrylamide gel and
immunoblotted with an anti-cytochrome c antibody.
Real-time PCR—Total RNA was isolated using TRIzol rea-

gent (Invitrogen) as suggested by themanufacturer. The cDNA
was synthesized from total RNA using a TaqMan cDNA syn-
thesis kit (Applied Biosystems). Real-time PCR was performed
using SYBR Green Master Mix with rhodamin X (ROX)
(Takara) and a 7900HT fast real-time PCR system (Applied
Biosystems). Primers used for quantitative PCR included the
following: ATP13A2, TGCCTCTGAACAGGACAGTG (for-
ward) and ACGAAGTTGAGGGTGACCAG (reverse); and
�-actin, ACTCTTCCAGCCTTCCTTCC (forward) and GTA-
CTTGCGCTCAGGAGGAG (reverse). Each cycle was at 95 °C
for 5 s and at 60 °C for 30 s for 40 cycles.
Statistical Analysis—Results are presented as means � S.D.

Statistical significance of differences was evaluated with one-
way analysis of variance, followed byTukey’s test andDunnett’s
test. A probability of p � 0.05 was taken as statistically
significant.

RESULTS

ATP13A2WT and KRS Pathogenic ATP13A2 Are Differen-
tially Distributed in Cells—To investigate the pathophysiolog-
ical function of ATP13A2, we stably expressed ATP13A2WT
and KRS pathogenic ATP13A2 mutants in HEK293 cells and
mouse neuroblastoma N2a cells. For each ATP13A2 variant,
several stable clones were isolated and maintained in G418-
containing medium. Expression of ATP13A2 variants was ver-
ified by immunoblotting (supplemental Fig. 1). Consistent with
a previous report (1), the pathogenic ATP13A2 mutants
showed lower steady-state levels of expression compared with
their wild-type counterpart, due mainly to the shorter half-life
times of these proteins (supplemental Fig. 2). Immunofluores-
cence revealed predominant co-localization of exogenous
ATP13A2WT and lysosomal protein LAMP1 in HEK293 and
N2a cells and primary cultured rat neurons (Fig. 1, A–C).
ATP13A2WT was detected largely on the membrane-like
structures of lysosomes and LysoTracker Red-positive organ-
elles in both HEK293 (Fig. 1D) and N2a (Fig. 1E) cells. Little
ATP13A2WT was found in other membrane structures, such
as the plasma membrane, Golgi, and mitochondria (data not
shown). Likewise, endogenous ATP13A2was co-localized with
LAMP1 (Fig. 1F), but not the endoplasmic reticulum (ER)
marker calnexin (Fig. 1G) in SH-SY5Y cells. These results sug-
gest that ATP13A2WT is localized predominantly on the lyso-
somal membrane. In contrast to the lysosomal localization of
ATP13A2WT, the KRS pathogenic ATP13A2 mutant proteins
were detected predominantly in the ER with co-localization
with the ER protein calnexin (Fig. 2, A and B). Similar ER local-
izationwas observed in rat primary neurons expressing theKRS
pathogenic ATP13A2 mutants (Fig. 2C). Thus, pathogenic
ATP13A2 mutants are abnormally distributed in neurons.
ATP13A2WT, but Not the KRS Pathogenic ATP13A2 Mu-

tants, Protects Cells againstMnCl2-induced Cytotoxicity—Inacti-
vation of Ypk9, a yeast ortholog of ATP13A2, induces hyper-
sensitivity of yeast cells to Mn2� toxicity (10, 11). Overexpres-
sion of wild-type Ypk9 protects cells against Mn2� toxicity.

However, human ATP13A2 fails to rescue the Mn2�-sensitive
phenotype in yeast cells with Ypk9 inactivation. To examine
whether human ATP13A2 functions in preventingMn2� cyto-
toxicity in mammalian cells, we treated cells stably expressing
ATP13A2WT and pathogenic ATP13A2mutants with either 2
mM (HEK293 cells) or 1mM (N2a cells)MnCl2. After treatment,
morphological changes and eventual death with apoptotic
characteristics, including membrane blebbing, nuclear frag-
mentation, and shrinkage, were observed in the KRS patho-
genic mutant expressers (Fig. 3A, left panel). In contrast, cells

FIGURE 4. ATP13A2 protects neurons from manganese-induced apopto-
sis. A, rat hippocampal neurons were cotransfected with GFP and
ATP13A2WT or the ATP13A2DUP22 mutant and treated with 0 and 800 nM

MnCl2 for 24 h. Representative images of DAPI staining are shown. Apopto-
tic cells with nuclear condensation and fragmentation in GFP-positive
cells are indicated (red arrows). Scale bar � 10 �m. B, the results from
quantification of three independent experiments are show. Results are
presented as means � S.D.
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expressing ATP13A2WT showed resistance toMnCl2-induced
cytotoxicity and remained viable with normal morphology.
Cells expressing the KRS mutants were not sensitive to treat-
ment with NiCl2 and FeCl2, demonstrating specificity (Fig. 3A
and supplemental Fig. 3). Quantitative results revealed that
ATP13A2WT protected HEK293 cells fromMn2� cytotoxicity
with a reduced apoptosis rate of 17.48� 1.545% comparedwith
the control vector (27.26 � 2.056%, p � 0.001),
ATP13A2SKP13 (22.37 � 1.362%, p � 0.007), ATP13A2DelC
(22.18 � 3.458%, p � 0.049), and ATP13A2DUP22 (24.03 �
3.813%, p � 0.025) (Fig. 3B). Similar results were obtained in
N2a cells treatedwith 1mMMnCl2 for 12 h. The apoptosis rates
of cells expressing the control vector, ATP13A2WT, and
ATP13A2DUP22 were 17.13 � 1.581, 10.87 � 1.908, and
16.19 � 1.902%, respectively, with significant differences
between ATP13A2WT and the control vector (p � 0.001) and
between ATP13A2WT and the ATP13A2DUP22 mutant (p �
0.004) (Fig. 3C). Likewise, ATP13A2WT, but not the patho-
genic ATP13A2DUP22 mutant, suppressed MnCl2-induced
death of rat neuronal cultures (Fig. 4). The apoptosis rate of
cells overexpressingATP13A2WT (15.16� 4.023%)was signif-
icantly lower than that of cells overexpressing the control vec-
tor (28.86 � 7.182%, p � 0.0252) and the pathogenic
ATP13A2DUP22 mutant (32.40 � 2.836%, p � 0.0149) (Fig.
4B). Thus, overexpression of ATP13A2WT, but not the KRS
pathogenic mutants, suppresses Mn2� cytotoxicity specifically
in various cell lines and primary neuronal cultures.
ATP13A2 Regulates Intracellular Mn2� Concentration—To

elucidate the mechanism of ATP13A2WT-mediated suppres-
sion of Mn2� cytotoxicity, we determined the intracellular
Mn2� concentration using atomic absorption spectrophotom-
etry. The intracellular Mn2� concentrations of HEK293 cells
expressing ATP13A2 variants were measured after preloading
2mMMnCl2 for 12 h. The results revealed that the intracellular
Mn2� concentration was significantly lower in cells expressing
ATP13A2WT (2.812 � 0.529 �g/107 cells) than in cells trans-
fected with the control vector (4.714 � 0.398 �g/107 cells, p �
0.0001) or in cells expressing the pathogenic ATP13A2DUP22

mutant (5.899 � 1.289 �g/107 cells, p � 0.0001) (Fig. 5A). A
similar observationwasmadewithN2a cells.With 1mMMnCl2
treatment, the intracellularMn2� concentrations were 0.592�
0.243 �g/107 cells in ATP13A2WT-expressing cells, 1.037 �
0.206 �g/107 cells in control vector-transfected cells (p �
0.0001 compared with ATP13A2WT cells), and 0.759 � 0.157
�g/107 cells in ATP13A2DUP22 mutant-expressing cells (p �
0.041 compared with ATP13A2WT cells) (Fig. 5B). Therefore,
ATP13A2WT, but not the pathogenic ATP13A2DUP22
mutant, regulates intracellular Mn2� homeostasis potentially
by controlling the intracellular Mn2� concentration.
ATP13A2 Protects Cytochrome c Release from Mitochondria

Induced by Mn2�—Mn2�-induced cell death involves cyto-
chrome c release (20, 21). To determine whether ATP13A2
protects cytochrome c release from mitochondria, cyto-
chrome c in the cytoplasm stimulated byMn2� was analyzed.
HEK293 cells stably expressing ATP13A2WT or the
ATP13A2DUP22mutant were treatedwith 1 and 2mMMnCl2
for 12 h, followed by detection of cytochrome c in the cytoplas-
mic and mitochondrial fractions. Cytoplasmic cytochrome c

FIGURE 5. ATP13A2WT, but not the KRS pathogenic ATP13A2DUP22 mutant, regulates intracellular Mn2� concentration. The intracellular Mn2�

concentrations of HEK293 (A) and N2a (B) cells were quantified, followed by 2 and 1 mM MnCl2 treatment for 12 h, respectively. The intracellular Mn2�

concentrations of manganese-treated cells are plotted relative to those of the corresponding control cells transfected with vector. Results are presented as
means � S.D.

FIGURE 6. ATP13A2 protects manganese-induced cytochrome c release.
HEK293 cells stably transfected with vector alone (Control), ATP13A2WT, or
the ATP13A2DUP22 mutant were treated with 1 and 2 mM MnCl2 for 12 h.
Cytochrome c (Cyto C) in the cytosol and mitochondrial (Mito) fractions was
detected by immunoblotting. Actin in the cytosol was detected as a loading
control. Note that cytosolic cytochrome c level in cells expressing
ATP13A2WT was markedly lower than in cells transfected with the control
vector and in cells expressing the pathogenic ATP13A2DUP22 mutant.

Regulation of Manganese Homeostasis by ATP13A2

AUGUST 26, 2011 • VOLUME 286 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 29659

http://www.jbc.org/cgi/content/full/M111.233874/DC1


level was markedly lower in ATP13A2WT cells than in
ATP13A2DUP22 and control cells (Fig. 6). Thus, overexpres-
sion of ATP13A2WT, but not the pathogenic ATP13A2DUP22
mutant, suppresses Mn2�-induced cytochrome c release.
MnCl2 Potentiates Expression of ATP13A2 in Cells—We fur-

ther investigated whether Mn2� regulates expression of
ATP13A2. Cells were incubated with 2 mMMnCl2 for different
time intervals, and the expression level of endogenous
ATP13A2 was determined by real-time quantitative PCR. As
shown in Fig. 7, Mn2� treatment induced time-dependent
expression of ATP13A2.With three independent experiments,
the relative levels of ATP13A2 mRNA were increased by
1.411� 0.2032-, 2.250� 0.1827-, and 2.855� 0.5008-fold (p�
0.027) and 4.199� 1.446-fold (p� 0.001) withMn2� treatment
for 30min, 1 h, 2 h, and 3 h, respectively (Fig. 7A). Thus, expres-
sion of ATP13A2 is significantly up-regulated by Mn2� treat-
ment for 2 h or longer. Consistent with the RNA expression
results, the dose-dependent up-regulation of endogenous
ATP13A2 protein induced byMn2� was also detected using an
anti-ATP13A2 antibody (Fig. 7B). The results suggest that
expression of endogenous ATP13A2 is regulated by Mn2�.

DISCUSSION

We have shown in this study that KRS-associated
ATP13A2 suppresses Mn2�-induced cell death and cyto-
chrome c in two different cell lines and in primary rat neu-
ronal cultures. Pathogenic ATP13A2 mutants exhibited
reduced cytotoxicity protection activity compared with their
wild-type counterpart. Overexpression of ATP13A2 reduced
the intracellular Mn2� concentration. Moreover, Mn2�

treatment induced expression of endogenous ATP13A2.
These findings suggest that ATP13A2 plays important roles
in protecting cells against manganese cytotoxicity via regu-
lating the intracellular Mn2� homeostasis that likely con-
tributes to the KRS pathogenesis.
Manganese is a biologically importantmetal that functions as

a cofactor for many enzymes, including carboxylases and phos-
phatases in the cytosol, sugar transferases in the Golgi, and
superoxide dismutase in mitochondria (22–26). Excessive
accumulation of Mn2� in the cell interferes with calcium
metabolism and increases replication errors of mitochondrial
DNA (27). In human, Mn2� overexposure results in “mangan-

ism,” characterized by symptoms resembling those of PD. KRS
is a type of early- or juvenile-onset parkinsonism (28–30).
Thus, our finding that KRS-associated ATP13A2 promotes
neuronal survival and regulates homeostasis of intracellular
Mn2� suggests a potential mechanism of ATP13A2 involve-
ment in the pathogenesis of parkinsonism.
The lysosomal compartment is essential for a series of

cellular functions, including turnover of most long-lived
proteins and metal ion storage and release. A number of
P-type ATPase ion channels have been suggested to trans-
port Mn2� in yeast, Caenorhabditis elegans, and other lower
organisms (31–35). Interestingly, ATP13A2 is a P5-type
ATPase localized in lysosomal membranes and is expressed
ubiquitously in various tissues with particularly high levels
in brain (1, 36). It is possible that ATP13A2 regulates Mn2�

in neuron by mediating Mn2� transportation. Consistent
with this postulation, overexpression of ATP13A2 resulted
in a reduced intracellular Mn2� concentration. Moreover,
neurodegeneration with brain iron accumulation and other
neuronal system diseases are caused by defects in lysosomal
membrane proteins (37, 38). Even though no specific sub-
strate of ATP13A2 has been identified, brain MRIs indicate
that patients with ATP13A2 mutations show generalized
atrophy of the putaminal and caudate with bilateral iron
accumulation (2, 9). Previous studies indicated that Mn2�

and iron share common transport systems (39–45). Our
finding suggests that increased iron uptake in the brains of
patients harboring ATP13A2 mutants is likely associated
with increased cellular Mn2� and increased cell susceptibil-
ity to Mn2� cytotoxicity. Epidemiological studies have
shown a correlation between PD and working in the iron
industry (14) or dietary iron intake (46). Nevertheless, a
defect in ATP13A2 does not lead to accumulation of iron in
yeast (10, 11). In this study, overexpression of ATP13A2 did
not protect HEK293 cells from iron-induced cell death (sup-
plemental Fig. 3). The functional relationship between iron
and Mn2� remains to be elucidated.
Manganese-induced cell death involves DNA damage (47),

oxidative stress (48), disruption of Ca2� and iron homeostasis
(49, 50), and mitochondrial dysfunction (20, 21). Consistent
with these mechanisms, we found that expression of ATP13A2

FIGURE 7. Regulation of endogenous ATP13A2 expression by Mn2�. HEK293 cells were incubated in 2 mM MnCl2 for 0 –3 h. Expression of ATP13A2 mRNA
was detected by real-time PCR. Mean � S.D. of three independent experiments are shown (A). Endogenous ATP13A2 protein was also detected by
immunoblotting (B). Note that MnCl2 treatment induced time- and dosage-dependent increased expression of endogenous ATP13A2. Results are
presented as mean � S.D.
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suppressed Mn2�-induced cytotoxicity and inhibited cyto-
chrome c release. Furthermore, manganese exposure induces
�-synuclein expression in cell lines (51, 52) and triggers struc-
tural transformation, aggregation, and fibrillation of �-sy-
nuclein in vitro (53). A previous study suggested that over-
expression of ATP13A2 suppresses the cytotoxicity of
�-synuclein in yeast, C. elegans, and rat dopaminergic neurons
(10). Although no change in �-synuclein was found in Mn2�-
treated cells (supplemental Figs. 4–6), our results indicated
that Mn2� treatment markedly up-regulated expression of
endogenous ATP13A2. The increased expression of ATP13A2
may provide cells with a protective function against increased
Mn2� in cells and maintain the mitochondrial function. This
finding of Mn2�-involved cell survival offers a potential patho-
genic mechanism of ATP13A2 mutation-associated KRS. Fur-
ther studies on the roles of lysosomes in maintaining Mn2�

homeostasis are needed to address the molecular function of
ATP13A2 in neurons.
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