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SLC30A10 Is a Cell Surface-Localized Manganese Efflux
Transporter, and Parkinsonism-Causing Mutations Block Its
Intracellular Trafficking and Efflux Activity
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Austin, Austin, Texas 78701, 2Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 10461, and *Department of
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Manganese (Mn) is an essential metal, but elevated cellular levels are toxic and may lead to the development of an irreversible
parkinsonian-like syndrome that has no treatment. Mn-induced parkinsonism generally occurs as a result of exposure to elevated Mn
levels in occupational or environmental settings. Additionally, patients with compromised liver function attributable to diseases, such as
cirrhosis, fail to excrete Mn and may develop Mn-induced parkinsonism in the absence of exposure to elevated Mn. Recently, a new form
of familial parkinsonism was reported to occur as a result of mutations in SLC30410. The cellular function of SLC30A10 and the
mechanisms by which mutations in this protein cause parkinsonism are unclear. Here, using a combination of mechanistic and func-
tional studies in cell culture, Caenorhabditis elegans, and primary midbrain neurons, we show that SLC30A10 is a cell surface-localized
Mn efflux transporter that reduces cellular Mn levels and protects against Mn-induced toxicity. Importantly, mutations in SLC30A10 that
cause familial parkinsonism blocked the ability of the transporter to traffic to the cell surface and to mediate Mn efflux. Although
expression of disease-causing SLC30A10 mutations were not deleterious by themselves, neurons and worms expressing these mutants
exhibited enhanced sensitivity to Mn toxicity. Our results provide novel insights into the mechanisms involved in the onset of a familial
form of parkinsonism and highlight the possibility of using enhanced Mn efflux as a therapeutic strategy for the potential management of

Mn-induced parkinsonism, including that occurring as a result of mutations in SLC30A410.
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Introduction

Manganese (Mn) is an essential metal that functions as a cofactor
required for the activity of numerous cellular enzymes (Aschner
et al., 2009). However, at elevated cellular levels, Mn is toxic
because it enhances oxidative stress, compromises mitochondrial
function, and induces cell death (Milatovic et al., 2009; Stanwood
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etal., 2009). In humans, Mn is primarily excreted by the liver via
bile (Butterworth, 2013). Excess Mn that is not excreted attribut-
able to either hepatic dysfunction or increased systemic Mn levels
secondary to elevated exposure preferentially accumulates in the
basal ganglia, and the toxic effects of Min lead to the development
of an irreversible and incurable parkinsonian-like syndrome
(Olanow, 2004; Perl and Olanow, 2007; Aschner et al., 2009;
Butterworth, 2013). Historically, Mn-induced parkinsonism has
been reported under certain occupational settings (e.g., welding,
manufacture of dry batteries and steel, and mining) in which
workers are chronically exposed to elevated Mn (Aschner et al.,
2009). Recent studies indicate that Mn-induced parkinsonism
may also occur as a result of elevated exposure from environmen-
tal sources (Lucchini et al., 2012) or in patients who receive total
parenteral nutrition, which contains high Mn levels (Nagatomo
et al., 1999). Furthermore, individuals with defective liver func-
tion attributable to diseases, such as cirrhosis, fail to adequately
excrete Mn and may develop Mn-induced parkinsonism in the
absence of exposure to elevated Mn levels (Butterworth, 2013).
Indeed, in one study, the prevalence of Mn-induced parkinson-
ism in cirrhotic patients was >20% (Burkhard et al., 2003). The
nature of the injury to basal ganglia neurons in Mn toxicity is
different from that in Parkinson’s disease, and the two diseases
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can be distinguished by clinical and pathological features
(Olanow, 2004; Perl and Olanow, 2007). However, chronic expo-
sure to elevated Mn (>20 years) was reported to increase the risk
of developing Parkinson’s disease (Gorell et al., 1999), suggesting
that, in addition to inducing a parkinsonian-like syndrome, Mn
may also represent an environmental risk factor for developing
Parkinson’s disease.

Recently, a new form of familial parkinsonism was reported
attributable to mutations in SLC30A 10 (Tuschl et al., 2008, 2012;
Quadri et al., 2012). The disease exhibited autosomal recessive
inheritance. Affected patients were born to consanguineous par-
ents and were homozygous for mutations in SLC30A10 (Quadri
et al., 2012; Tuschl et al., 2012). On clinical analyses, the major
findings were >10-fold increase in serum Mn with evidence of
Mn deposition in the basal ganglia (Quadri et al., 2012; Tuschl et
al., 2012). Importantly, these patients had no history of exposure
to elevated Mn levels, suggesting that Mn homeostasis was per-
turbed. The function of the SLC30A10 protein and the reasons
why mutations in this gene cause parkinsonism are unclear.

Here, we show that SLC30A10 is a cell surface-localized Mn
efflux transporter that reduces cellular Mn levels and protects
against Mn toxicity. Furthermore, we report that parkinsonism-
causing mutations in SLC30A10 block the trafficking and efflux
activity of SLC30A10, and neurons and worms expressing these
mutants exhibit enhanced sensitivity to Mn toxicity. These re-
sults provide novel, mechanistic insights into a new and as yet
poorly understood familial parkinsonian syndrome.

Materials and Methods

Cell and neuronal culture experiments

Cell culture, DNA transfections, and Mn treatments in HeLa cells. These
were performed essentially as described previously (Mukhopadhyay et
al., 2010, 2013; Mukhopadhyay and Linstedt, 2011, 2012). To summarize
here, HeLa cells were grown in minimum essential media (MEM) sup-
plemented with 10% fetal bovine serum, 100 IU/ml penicillin-G, and 100
ug/ml streptomycin. DNA transfections were performed with the JetPEI
reagent (VWR) using the recommendations of the manufacturer. Cul-
tures were generally transfected 24 h after plating and used 48 h after
transfection. For Mn treatments, unless otherwise specified, freshly pre-
pared MnCl, was added to the media at a final concentration of 500 um
for the indicated times. Chemicals were from Thermo Fisher Scientific or
Sigma-Aldrich.

Viability assays in HeLa cells. Cell viability was assessed using the
methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay as described
previously (Mukhopadhyay et al., 2010). Briefly, for Mn toxicity assays,
cells were exposed to 0, 1, or 2 mm Mn for 16 h. For zinc (Zn) and copper
(Cu) toxicity assays, cells were exposed to 0 or 2 mMm Zn (in the form of
ZnSO,) or 0 or 2 muM Cu (in the form of CuSO,) for 16 h. After the metal
treatments, cells were washed with PBS, incubated in HBSS containing
0.05% MTT (w/v; EMD Millipore) for 2 h at 37°C, and lysed using 0.1N
hydrochloric acid in isopropanol and 1% Triton X-100. Absorption at
570 nm was subsequently measured using a plate reader.

Culture, DNA and siRNA transfections, Mn treatments, and viability
assays in AF5 cells. AF5 cells, a gift from Dr. Donald Smith (University of
California at Santa Cruz, Santa Cruz, CA), were cultured essentially as
described previously (Sanchez et al., 2006; Crooks et al., 2007). For main-
tenance, cells were grown in DMEM/Ham’s F-12 (Life Technologies)
with 10% fetal bovine serum, 2 mum L-glutamine, 100 IU/ml penicillin-G,
and 100 pg/ml streptomycin (maintenance media). For differentiation,
cells were transferred to Neurobasal media supplemented with serum-
free human B27 (differentiation media; Life Technologies). Depending
on the experiment, differentiation was performed for 2 or 3 d. Previous
studies have shown that culturing AF5 cells in differentiation media for
2—4 d induces neural differentiation (Sanchez et al., 2006; Crooks et al.,
2007). In our studies, 2 d after transfer to differentiation medium, cells
began generating long neurite-like processes. These processes persisted at
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days 3 and 4 after transfer to differentiation medium. The presence of
these processes in >80% of cells in the culture was used as a sign of
differentiation of the culture.

For detection of SLC30A10 localization, cells were plated on glass
coverslips and cultured for 24 h in maintenance media. Cells were then
transfected with FLAG-tagged SLC30A10-wild-type (WT) or A105-107
constructs using JetPEI (VWR) and grown in maintenance media for an
additional 24 h. After this, cells were washed with PBS and transferred to
differentiation media for 48 h. At the end of the differentiation, cells were
fixed and processed for immunofluorescence microscopy as described
below.

The anti-SLC30A10 siRNA targeted the sequence AAC GCA GTC
TTC CTC ACC GCG in rat SLC30A10. The sequence of the control
siRNA (sense strand) was GAC CAG CCA UCG U AG UAC UTT. This
siRNA was not predicted to deplete any rat or human gene. We have used
this siRNA as a control in previous work (Mukhopadhyay and Linstedt,
2011). The siRNA transfections were performed essentially as described
previously for HeLa cells (Mukhopadhyay and Linstedt, 2011). Briefly,
AF5 cells were plated on glass coverslips and grown in maintenance
media for 24 h. After this, cells were washed with PBS and replenished
with fresh maintenance media, and siRNAs were added at a final concen-
tration of 80 nm using the Oligofectamine reagent (Life Technologies).
One day after transfection, cultures were washed with PBS, transferred to
differentiation medium, and, depending on the experiment, cultured for
an additional 2-3 d (details provided in specific figure legends).

For viability assays after DNA transfections, cells that had been trans-
fected in maintenance media were transferred to differentiation media
24 h after transfection. Depending on the experiment, differentiation was
performed for 48-72 h. Viability was then assessed using the MTT re-
agent. Similarly, for assessment of viability after knockdown, 1 d after
transfection with the control or anti-SLC30A10 siRNA, cells were trans-
ferred to differentiation medium for 48—72 h, and, after this, the MTT
assay was used to assess viability.

Culture, transfections, and Mn treatments in primary neuronal cells.
Primary neuronal cultures were generated as described previously (Diaz
et al., 2004) with some modifications. Cultures were obtained from WT
C57BL/6 mice, aged postnatal days 2-3, of either sex. Breeding proce-
dures were approved by the Institutional Animal Care and Use Commit-
tee. The brain was dissected and placed in ice-cold MEM (10 ml/brain)
on ice. Remaining steps were performed under sterile conditions. The
midbrain was dissected and minced with a razor blade. This tissue was
added to a 15 ml conical tube that contained 4 ml of trypsin (0.05%;
VWR). The tube was incubated for 30 min in a 37°C water bath with
periodic mixing by inversion. Cells were then collected by centrifugation
at 200 X g for 2 min. The trypsin was removed, and 2 ml of MEM was
added to the pelleted tissue. This tissue was triturated, very carefully, by
repeatedly passing through a 1 ml pipette tip connected to a P1000 pi-
pettor. The diameter of the pipette tip was 0.8—0.9 mm. Tissue from each
midbrain had to be pipetted ~40-50 times to obtain a homogenous
mixture. Care was taken to ensure that no air bubbles were introduced
during this process. The tube was then centrifuged as described above,
the supernatant was discarded, and cells were resuspended in 2 ml of
MEM that contained 10% fetal bovine serum. Viability was assessed
using Trypan Blue (Sigma) and was routinely >90%. Cells were then
plated on polylysine (Sigma)-coated glass coverslips placed within wells
of 24-well plates. Approximately 80—-85,000 cells were plated per well.
Cells were allowed to attach for 24 h, and the media was then changed to
Neurobasal/B27 (Life Technologies), which allows neurons to grow but
inhibits growth of glial cells (Brewer et al., 1993). Cells were grown in
Neurobasal/B27 media for 47 d and then transfected with SLC30A10
constructs. Transfections were performed using the NeuroFect transfec-
tion reagent (Gelantis) exactly as described by the manufacturer. For
localization studies, cultures were fixed 48 h after transfection and used
for immunofluorescence microscopy. For Mn toxicity studies, 24 h after
transfection, cultures were treated with 0 or 200 um MnCl, for 16 h. After
the Mn treatment, cultures were processed for immunofluorescence as
described below.

Antibodies. Custom polyclonal and monoclonal antibodies against
Golgi phosphoprotein of 130 kDa (GPP130) have been described previ-
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ously (Mukhopadhyay et al., 2010). Polyclonal antibody against calnexin
was from Abcam. Polyclonal and monoclonal antibodies against the
FLAG epitope and monoclonal antibodies against tubulin and the HA
epitope were from Sigma. The polyclonal antibody against glutamate
decarboxylase 65 and 67 (GAD 65/67) was from EMD Millipore.

Constructs. FLAG-tagged SLC30A10-WT was a gift from Dr. Ruth
Valentine (Newcastle University, Newcastle, UK). Point mutations and
deletions were introduced into this construct using the QuikChange mu-
tagenesis kit (Agilent Technologies). Green fluorescent protein (GFP)-
tagged Rab5 construct used as a control and HA-tagged dipeptidyl
protease 4 (DPP4) were described previously (Bachert et al., 2001; Muk-
hopadhyay et al., 2010).

Immunofluorescence and microscopy. HeLa and AF5 cells and primary
neuronal cultures were all fixed using 3% paraformaldehyde, and immu-
nofluorescence stainings were performed exactly as described previously
(Mukhopadhyay et al., 2010, 2013; Mukhopadhyay and Linstedt, 2011,
2012). Images were captured using a Nikon swept field confocal
equipped with a four-line high-power laser launch and 100X, 1.45 nu-
merical aperture oil-immersion objective (Nikon). An iXon3 X3 DU897
EM-CCD camera (Andor Technology) was used for image capture. All
images were captured as Z-stacks with 0.5 wm spacing between individ-
ual frames. Images depicted in the figures are maximum intensity pro-
jections of the stacks.

Image analysis. Within each experiment, all images were captured us-
ing identical settings. Quantification was performed as described below.

For GPP130 fluorescence measurements, average intensity projections
of images were generated from individual Z-stacks using the functions
ND Processing and ND Image Average (average all frames) of NIS Ele-
ments (Nikon) software. Additional analysis was performed using NIS
Elements. An outline was drawn around the cell using the Simple ROI
Editor tool. Temporary image adjustments were used to ensure accuracy
of the outlining, but all measurements were made after reverting to orig-
inal values. Background was then separately subtracted for each image,
and total GPP130 fluorescence per cell was obtained using the ROT Sta-
tistics tool.

For calculating Pearson’s correlation coefficient, average intensity
projections of images being analyzed were generated as described above
using NIS Elements (Nikon). An outline was drawn around each cell
separately. The Pearson’s coefficient was then obtained using the Colo-
calization function of NIS Elements.

For analyses of neurite morphology in primary neurons, maximum
intensity projections of images were generated on NIS Elements. Addi-
tional processing was performed using NIH Image]. The images were
converted to 8 bit, and the Neuron] plugin was used for quantification.
Using this plugin, primary, secondary, and tertiary neurites were traced
from each neuron, and the following parameters were computed per
neuron: (1) length of longest primary neurite; (2) total length of the
neurite tree; (3) total number of primary neurites; and (4) total number
of neurites.

Concentration-dependent Mn uptake in HeLa cells. HeLa cells were
seeded in 35 mm dishes and transfected the next day as indicated in
specific figure legends. Two days after transfection, cells were treated
with indicated concentrations of Mn in serum-containing growth media
for 16 h. After the Mn treatment, cells were washed with PBS and col-
lected by incubating with 500 ul of trypsin~EDTA at 37°C for 5 min.
After this, the trypsin was neutralized by adding 1 ml of serum-
containing growth media, and cells were collected by spinning at 0.5 X g
for 3 min in a microfuge. Supernatants were discarded, and cell pellets
were washed two times by adding 1 ml of PBS that contained 10 mm
EDTA and collecting cells by centrifugation as described above. A final
wash with PBS (without EDTA) was performed, and the cell pellets ob-
tained were resuspended in 20 ul of PBS. From this pellet, 1-2 ul was
used to assay for total protein, and the remaining was transferred to
acid-washed vials and digested by addition of 200 ul of 70% metal-free
HNO;, followed by incubation at 85°C for 1 d and then at room temper-
ature for an additional day. Acid-washed vials were prepared by incubat-
ing the vials with 10% HNO; for 2 d, followed by extensive washing in
MilliQ water. Digested cell pellet samples were then diluted to 2% HNO,
with ultrapure water (Life Technologies). Measurements of intracellular
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Mn were performed using an Agilent 7500ce Quadrapole inductively
coupled plasma mass spectrometer.

Mn pulse-chase assay. HeLa cells were transfected with plasmids coding
for Rab5, SLC30A10-WT, or SLC30A10-A105-107. Two days after
transfection, cells were washed three times with PBS, replenished with
fresh serum-containing growth media, and treated with 500 um Mn for
16 h at 37°C (pulse phase). At the end of the pulse, cultures were washed
five times with PBS, transferred to HBSS without Mn, and incubated at
37°C for 1 h (chase phase). At the end of the chase, media was collected to
assess Mn secreted from cells, and cells were digested as described in the
section on Mn measurements above to assess intracellular Mn retained.
Mn measurements were performed by inductively coupled plasma mass
spectrometry (ICP-MS).

Uptake of Zn and Cu in HeLa cells. For uptake of Zn and Cu, HeLa cells
were transfected with the Rab5 control construct or with SLC30A10—
WT. Two days after transfection, cultures were treated with 100 uMm Zn
(in the form of ZnSO,) or 100 um Cu (in the form of CuSO,) for 16 h.
Cells were then processed for ICP-MS exactly as described for the mea-
surement of intracellular Mn above. Zn and Cu amounts were measured
by ICP-MS.

Surface biotinylation assay. All reagents for the biotinylation assay were
from Thermo Fisher Scientific. We used the EZ-link sulfo-NHS-SS-
biotin, which is cell impermeable and water soluble. This form of biotin
includes a cleavable disulfide bond for reversible labeling of proteins and
cell surface primary amines. A stock solution of 125 wMm biotin in water
was prepared. For each transfection condition, cells from one confluent
35 mm dish were used. Before labeling, cells were washed three times in
ice-cold PBS and then scraped and resuspended in 200 ul of PBS. Two
microliters of the biotin stock solution was added to the cell suspension
to obtain a final biotin concentration of 1.25 um. Cells were incubated for
30 min at room temperature with end-over-end shaking. The reaction
was then washed two times using 800 ul of quenching solution (50 mm
Tris, pH 7.4, and 150 mm NaCl). After each wash with the quenching
solution, the cell pellet was collected by spinning in a microfuge at 500 X
g for 3 min at room temperature. Cells were then lysed by adding 100 ul
of lysis buffer (25 mm Tris, pH 7.4, 150 mm NaCl, 1 mm EDTA, 1.0%
NP-40, 5% glycerol, 10 ug/ml leupeptin, 10 g /ml pepstatin, and 1 mm
phenylmethlysulfonyl fluoride) and incubating on ice for 30 min. During
this 30 min incubation, cells were vortexed every 5-10 min. The lysate
was spun at 10,000 X g for 2 min at 4°C. The clarified lysate was trans-
ferred into a new tube and used for the subsequent steps. For isolation of
biotinylated proteins, a 50 ul slurry of neutravidin agarose was added to
a spin column. The slurry was centrifuged at 1000 X g for 1 min, and the
flow-through was discarded. The column was then washed with 500 ul of
wash buffer (50 mm Tris, pH 7.4, 50 mm NaCl, and 0.5% Triton X-100).
Centrifugation was as described above. The clarified cell lysate was added
to the column, the bottom was capped, and the lysate was incubated in
the column for 60 min at room temperature. At the end of this incuba-
tion, the column was spun at 1000 X g for 1 min and the flow-through
was collected. This flow-through contained the unbiotinylated fraction
of cellular proteins. The column was then washed three times with 500 ul
of wash buffer. Finally, to collect biotinylated proteins, 60 ul of 2X
reducing sample buffer (50 mm Tris, pH 6.8, 3.33% SDS, 5.3 M urea,
16.6% glycerol, 0.03% bromophenol blue, 5% B-mercaptoethanol, and
16.6 mm DTT) was added to the column, and the column was incubated
at 95°C for 5 min. After this, the column was centrifuged at 1000 X g for
2 min at room temperature. The flow-through was collected and con-
tained the biotinylated fraction of cellular proteins.

Quantitative real-time reverse-transcription PCR. For real-time PCR
assays, total RNA was isolated using the PureLink RNA minikit (Life
Technologies). RNA was reverse transcribed to cDNA using multiscribe
reverse transcriptase, GeneAmp PCR Buffer II, MgCl,, RNase inhibitor,
random hexamers (Life Technologies), and deoxynucleotide solution
mix (New England Biolabs). Real-time PCR was performed on the re-
sulting cDNAs using iTaq Universal SYBR Green Supermix (Bio-Rad).
The PCR conditions were as follows: 95°C for 5 min, followed by 40
cycles of 95°C for 15 s and 60°C for 30 s. Primers used to amplify
SLC30A10 were as follows: forward, 5" CGC GAG CTA GTG GCA TAA
A 3" and reverse, 5’ ACA GGT CTT GCC CGA ATA AC 3'. Primers used
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to amplify GAPDH were as follows: forward, 5 ATG ATT CTA CCC
ACG GCA AG 3" and reverse, 5" CTG GAA GAT GGT GAT GGG TT 3'.
For both primer sets, efficiency of amplification was calculated by gen-
erating standard curves using serial dilutions of cDNA. The calculated
efficiencies were 100 and 94% for SLC30A10 and GAPDH, respectively.
Additionally, dissociation curves were generated to guarantee amplifica-
tion of the correct genes. SLC30A10 transcript levels were then quantified
with the AAC method using GAPDH as an internal control (Livak and
Schmittgen, 2001).

Immunoblot analyses. Cells were lysed using Tris-SDS lysis buffer (25
mwm Tris-Cl, pH 6.8, 1.5% SDS, 0.8% B-mercaptoethanol, 1 mm dithio-
threitol, and 1 mm phenylmethylsulfonyl fluoride). Immunoblotting was
performed as described previously (Mukhopadhyay et al., 2010, 2013;
Mukhopadhyay and Linstedt, 2011, 2012). Immunoblots were quanti-
tated using NIH Image].

Statistical analyses. All findings presented were replicated in at least
three independent experiments. We used the Prism 6 software (GraphPad
Software) for all statistical analyses. Comparisons between two groups were
performed using two-tailed Student’s ¢ test assuming equal variances.
Multiple group comparison at the same time was done using single-
factor ANOVA with Tukey—Kramer or Dunnett’s post hoc tests. In gen-
eral, p < 0.05 was considered significant. Asterisks in graphs, wherever
present, denote statistically significant differences.

Caenorhabditis elegans experiments

Plasmid constructs. Full-length SLC30A10-WT and L89P variants were
PCR amplified using primers 5'- GGGGACAAGTTTGTACAAAA
AAGCAGGCTACATGGGCCGCTACTCTGG-3" and 5'-GGGGACCA
CTTTGTACAAGAAAGCTGGGTCTTAAAAATGCGTTCTGTTGAC-3’
from mRNAs provided by M. Diana Neely (Vanderbilt University, Nash-
ville, TN) and cDNAs provided by Karin Tuschl (University College
London Institute of Child Health, London, UK). The GFP tag was fused
to both WT and L89P SLC30A10 by fusion PCR using three primer sets:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTACATGGGCCGC-
TACTCTGG-3" and 5'-CTTTACTCATGGCACCGGCTCCAGCGC-
CTGCACCAGCTCCAAAATGCGTTCTGTTGACATAAC-3'; 5'- AC
GCAT TTTGGAGCTGGTGCAGGCGCTGGAGCCGGTGCCATGA
GTAAAGGAGAAGAACTTTTC-3" and 5'- GGGGACCACTTTG
TACAAGAAAGCTGGGTTCTATTTGTATA GTTCATCCATGC-3';
and 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTACATGGGC-
CGCTACTCTGG-3" and 5'-GGGGACCACTTTGTACAAGAAAG
CTGGGTTCTATTTGTATAGTTCATCCATGC-3'. Plasmids were
created with Gateway recombinational cloning (Invitrogen). The above
PCR products were initially recombined with the pDONR221 vector
to create pENTRY clones. For whole-worm expression, SLC30A10
PENTRY constructs were then recombined into pDEST—sur-5 vector,
under the promoter from the acetoacetyl-coenzyme A synthetase (sur-5)
gene. Briefly, the sur-5 promoter region was cut out from plasmid
PMLH280 (sur-5::mCherry; a gift from Dr. David Miller, Vanderbilt
University, Nashville, TN) and replaced the unc-54 promoter region in
plasmid pDEST-unc-54 (Chen et al., 2010) to create the pDEST—sur-5
vector. For expression in dopaminergic (DAergic) neurons, SLC30A10
PENTRY constructs were then recombined into pDEST-dat-1 vector,
under the promoter from the DA transporter (dat-1) gene. For body wall
muscle expression, SLC30A10—GFP pENTRY constructs were then re-
combined into pDEST-unc-54 vector, under the promoter from a mus-
cle myosin class IT heavy chain (unc-54 ) gene. These plasmids were then
used to create transgenic worms.

C. elegans strains and protocols. Nematodes were grown and main-
tained using standard procedures (Brenner, 1974). Transgenic worms
were created using microinjection as described previously (Mello et al.,
1991). Plasmids were injected at a concentration of 50 mg/ml, except
pBCN43-R4R3 at 30 mg/ml. BY200 [dat-1::GFP(vtIsI) V] worms were
crossed into VC171 [smf-2( gk133) X] worms to create MAB300
[dat-1::GFP(vtIsI) V, smf-2( gk133) X] strain. For whole-worm expres-
sion, sur-5:SLC30A10 WT or L89P alone were coinjected into the
MAB300 strain with pPBCN43—-R4R3 (rpl-28::PuroR, myo-2::mCherry;
Addgene), which were used as the selective markers for transformation.
For expression in DAergic neurons, dat-1:SLC30A10 WT or L89P
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alone were coinjected into the MAB300 strain with pMHL280
(sur-5:mCherry; a gift from Dr. David Miller) and pBCN27-R4R3
(rpl-28::PuroR; Addgene). For GFP fusion protein expression in DAergic
neurons, dat-1:SLC30A10-GFP WT or L89P alone were coinjected into
VC171 worms with rol-6 and pBCN27-R4R3. For GFP fusion protein
expression in the body wall muscle cells, unc-54::SLC30A10—GFP WT
and L89P were coinjected into VC171 worms with rol-6, pPBCN27-R4R3,
and pBCN27-Pmyo-2::GFP (rpl-28::PuroR, myo-2::GFP; Addgene), re-
spectively. For each injection mixture, at least three stable lines were
generated and analyzed. Representative lines were selectively integrated
by using UV irradiation using a Spectroline UV crosslinker with an en-
ergy setting of 500 mJ/cm>.

Lethality analysis. Synchronized larva 1 (L1) stage animals were grown
on nematode growth medium (NGM) plates to L4 stage. For each tested
strain, 2500 L4 worms were exposed to 0, 100, and 200 mm Mn (in the
form of MnCl, as in the cell culture assays) in glass vials for 1 h. Worms
were then transferred to siliconized tubes and washed three times by
centrifugation at 1000 rpm for 1 min in 85 mm NaCl with 1% Tween 20.
After acute Mn treatments, ~30 worms from each treatment were trans-
ferred to individual 35 mm NGM plates seeded with E. coli OP50.
Twenty-four hours later, live worms were scored for each plate, and the
survival rate was calculated as the percentage of live worms in the worms
placed on plates a day before. In SLC30A10-overexpressing worms, each
survival rate was normalized to the survival rate of control worms in the
absence of Min exposure. Experiments were performed in three indepen-
dent replicates.

Analysis of DAergic neurodegeneration. Acute Mn treatments were per-
formed as described above, except that synchronized L1 stage animals
were treated with 0, 10, or 25 mm of MnCl,. Worms were washed and
then transferred to NGM plates and allowed to recover for 4 h. Later,
worms were transferred to 2% agarose pads and anesthetized with 3 mm
levamisole for microscopy. Fluorescence microscopy was performed as
described previously (Benedetto et al., 2010). If one or more of the six-
head DAergic neurons showed morphological changes, such as puncta,
blebs, neuronal absence or shrinkage, presence of vacuoles, dorsal or
ventral cord gaps, loss of cell bodies, or strand breaks in neuronal pro-
cesses, the worm was scored as neurodegenerative; only worms with six
intact-head DAergic neurons were counted as “intact” (Cao et al., 2005;
Benedetto et al., 2010). For each strain and condition, at least 20 animals
were quantitated in three independent replicates.

Confocal microscopy. Confocal microscopy was performed as de-
scribed previously (Benedetto et al., 2010).

Basal slowing response. The basal slowing response was quantified as
the locomotor rate of worms moving on NGM plates with or without
bacteria, by scoring the number of body bends in the anterior region in a
20 s interval. This assay was performed as described previously (Sawin et
al., 2000), except that the worms were exposed to Mn at L1 stage and
assayed 1 d later.

Semiquantitative RT-PCR. Semiquantitative RT-PCR was performed
on worms to validate the expression of SLC30A10. RNA isolation was
performed as described previously (Chen et al., 2010), except that gluco-
gen (Ambion) instead of glycoblue was used to visualize RNAs. The
following primers were used to detect SLC30A10: forward, 5'-CT-
TGGGCTCTTGAGATGTTC-3'; and reverse, 5'-TTTGAATCAG-
CAGTGGGAAC-3'. For the ama-1 (RNA polymerase II large subunit)
loading control, the forward primer was 5'-GCTACTCTGGCAA-
GACGTG-3', and the reverse primer was 5'-CGAGCGCATCG
ATGACCC-3'.

Results

Localization of SLC30A10—WT and mutants

To gain insight into the function of SLC30A10 and determine
why mutations in the protein cause parkinsonism, we first exam-
ined the localization of SLC30A10-WT and disease-causing mu-
tants. Immunofluorescence analyses in cell culture revealed that
FLAG-tagged SLC30A10—WT trafficked to the cell periphery and
outlined the cell boundary, suggesting that the WT protein traf-
ficked to the cell surface (Fig. 1 A, B). We then tested the localiza-
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Figure1. Localization of SLC30A10 —WT and disease-causing mutants in HeLa cells and C. elegans. A, HeLa cells were transfected with various FLAG-tagged SLC30A10 constructs. Two days after
transfection, cultures were processed forimmunofluorescence. SLC30A10 was detected using a monoclonal antibody against the FLAG epitope, and a polyclonal antibody against calnexin was used
to demarcate the endoplasmic reticulum. Scale bar, 10 wm. B, Quantification of percentage cells with surface-localized SLC30A10 from A (mean == SE; n = 3 experiments with >50 cells per
experiment; *p << 0.05 for the difference between SLC30A10 —WT and other mutants by one-way ANOVA, followed by Tukey—Kramer post hoc test). €, Quantification of the Pearson’s coefficient for
colocalization between SLC30A10 and calnexin from A (mean == SE; n = 15-20 cells per SLC30A10 construct; *p << 0.05 for the difference between SLC30A10 —WT and other mutants by one-way
ANOVA, followed by Tukey—Kramer post hoc test). D, HeLa cells were cotransfected with FLAG-tagged SLC30A10—WT or SLC30A10—A105-107 and HA-tagged DPP4. Two days after transfection,
SLC30A10 was detected using an antibody against FLAG and DPP4 with an antibody against HA. Scale bar, 10 wm. E, Quantification of percentage cells from Din which signals for SLC30A10 and DPP4
overlapped (mean == SE; n = 3 experiments with >50 cells per experiment; *p << 0.05 for the difference between SLC30AT0—WT and A105-107 by Student’s ¢ test). F, Quantification of the
Pearson’s coefficient for colocalization between SLC30A10 and DPP4 from D (mean == SE; n = 17 cells per SLC30A10 construct; *p << 0.05 for the difference between SLC30A10-WT and the
A105-107 mutant by Student's t test). G, HeLa cells were transfected with SLC30A10 —WT or A105-107. Two days after transfection, cell surface proteins were biotinylated as described in Materials
and Methods. For each transfection condition, 17% of the biotinylated elute and 10% of the unbiotinylated flow-through was loaded on a SDS-PAGE gel. Inmunoblot assays were then performed
to detect SLC30A10, using an anti-FLAG antibody, and GPP130. H, Quantification of the recovery of different proteins in the surface biotinylated elute from G. The signal intensity for SLC30A10 —WT,
SLC30A10-A105-107, and GPP130 in the surface biotinylated elute was calculated using NIH ImageJ. The sum of the signals was adjusted to 100, and the signal for each probe (SLC30A10-WT,
SLC30A10-A105-107, or GPP130) was expressed as a percentage of the sum (mean == SE; n = 3 experiments; *p << 0.05 for the difference between SLC30A10 —WT and other probes by one-way
ANOVA, followed by Tukey—Kramer post hoc test). I, GFP-tagged SLC30A10 —WT or L89P were expressed in C. elegans under control of the unc-54 promoter. Body wall muscle cells were then imaged
as described in Materials and Methods. Scale bar, 10 m. J, GFP-tagged SLC30A10 —WT or L89P were expressed in C. elegans under control of the dat- 7 promoter. Localization of SLC30A10in DAergic
neurons was then assessed by microscopy. Arrowheads in the inset show surface localization of SLC30A10 —WT. Scale bars: 10 wm; insets, 5 pm.
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tion of five separate SLC30A10 mutants that cause familial
parkinsonism: L89P, A98-134, A105-107, T196P, and Q308Stop
(Tuschl et al., 2012). Remarkably, all mutant proteins failed to
traffic to the cell periphery and outline the cell boundary and
were instead retained in a compartment that overlapped with
calnexin, a marker of the endoplasmic reticulum (Fig. 1A, B). To
quantitatively assess the overlap between SLC30A10-WT or mu-

tants and calnexin, we performed colocalization analyses using
Pearson’s correlation coefficient (Mukhopadhyay et al., 2010;
Dunn et al., 2011). Values for Pearson’s coefficient for two fluo-
rophores imaged in two channels can range from +1 to —1
(Dunn et al., 2011). Values close to +1 indicate a high degree of
colocalization or overlap, whereas values close to 0 and negative
values imply lack of colocalization (Dunn et al., 2011). In our
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assays, the Pearson’s coefficient for the colocalization between
the SLC30A10 mutants and calnexin was >0.93, whereas that for
SLC30A10-WT and calnexin was —0.24 * 0.055 (Fig. 1C). The
above results indicate that the mutants were trapped in the endo-
plasmic reticulum, whereas the WT protein trafficked to a com-
partment distinct from the endoplasmic reticulum, likely the cell
surface. To validate that SLC30A10—-WT indeed trafficked to
the cell surface, we analyzed the colocalization between
SLC30A10—WT and DPP4, an integral plasma membrane pro-
tein (Bachert et al., 2001). SLC30A10-WT strongly overlapped
with DPP4 with a Pearson’s coefficient of 0.9 = 0.01 (Fig. 1D-F).
As a control, we verified that SLC30A10—A105-107 did not over-
lap with DPP4 and had a significantly lower Pearson’s coefficient
(Fig. 1D-F). We then confirmed the microscopy results with a
biochemical approach, using a surface biotinylation assay. Using
a cell-impermeable biotin that covalently modifies surface-
exposed lysine residues, we established that SLC30A10-WT, but
not the A105-107 mutant, was biotinylated (Fig. 1G,H ), indicat-
ing that only the WT protein trafficked to the cell surface. The
recovery of SLC30A10-WT in the surface biotinylated elute was
lower than that expected from the microscopy assays, likely be-
cause SLC30A10 is predicted to have only one surface-exposed
lysine. Importantly, as a specificity control, we verified that
GPP130, an endogenous protein localized to the Golgi apparatus
that does not traffic to the cell surface but has 41 lysine residues,
was not biotinylated (Fig. 1G,H). Overall, the microscopy and
surface biotinylation results indicate that SLC30A10—WT traffics
to the cell surface, whereas the disease-causing mutants are
trapped in the endoplasmic reticulum.

Next, we validated our cell culture results at the whole-
organism level in C. elegans. A GFP tag was fused to the C termi-
nus of both SLC30A10-WT and L89P, and the fusion proteins
were overexpressed in the worm’s body wall muscle cells under
the control of the unc-54 promoter. SLC30A10-WT was local-
ized at the cell surface in body wall muscle cells (Fig. 1I), whereas
the L89P mutant was distributed throughout the cytoplasm in a
reticular pattern consistent with retention in the endoplasmic
reticulum (Fig. 1I). Because SLC30A10 is highly expressed in the
basal ganglia of human brains (Quadri et al., 2012), we posited
that muscle cells might not reflect the “real” localization of this
protein. Accordingly, we also expressed the fusion proteins in
DAergic neurons of C. elegans under the control of the dopamine
transporter dat-1 promoter. In DAergic neurons, a similar ex-
pression pattern was observed, with SLC30A10-WT trafficking
to the plasma membrane (Fig. 1]) and the L89P mutant trapped
in the cytoplasm (Fig. 1]). These results were subsequently veri-
fied in a mammalian neuronal cell line and in primary midbrain
neurons (see Figs. 10—12).

The fact that the disease-causing SLC30A10 mutants were
trapped in the endoplasmic reticulum (Fig. 1 A, B) suggested that
these proteins were misfolded. Because misfolded proteins
trapped in the endoplasmic reticulum are often unstable and
degraded in the proteasome (Gardner et al., 2013), next we tested
whether SLC30A10 mutants underwent a similar degradation in
cultured cells. Although in immunofluorescence assays we could
clearly detect cells in which expression of the SLC30A10 mutants
was comparable with that of SLC30A10-WT, in a large number
of transfected cells, expression of the mutants appeared to be less
than that of the WT protein. To validate this observation, we
performed immunoblot analyses and discovered that normalized
protein levels of SLC30A10-L89P, SLC30A10-A98-134, and
SLC30A10-A105-107 were significantly decreased compared
with SLC30A10-WT (Fig. 2A,B). Transfection efficiency of

Leyva-lllades, Chen et al. ® SLC30A10 and Parkinsonism-Causing Mutations

A98-  A105-
A WT  L89P A3% 107
+

MGI32: - + - + - + -
L Y ———— B
o e

SLC30A10

Tubulin | s c— e— > = - o= |55
B 100 C ¢
= 3
& :
= a 15 g
8 = o
= = o
&S 27
T 50 % ) E
v 8 &n
z 2 i i 5%
- s = &
S E 25 S F
S
¥ o £
£ 0 S
. &
z 2
-

A 98-134
A105-107

Figure 2.  Rapid turnover of SLC30A10 mutants. A, Hela cells were transfected with indi-
cated FLAG-tagged SLC30A10 constructs. Two days after transfection, cultures were treated
with or without 0.5 M MG132 for 24 h. Cells were then lysed, and FLAG and tubulin were
detected by immunoblot. B, Quantification of SLC30A10 levels from A. Expression of SLC30A10
from cultures that were not exposed to MG132 was quantified using NIH ImageJ, and the results
were normalized to tubulin expression. Normalized expression of SLC30A10 —WT was set to 100
(n = 3 experiments; *p << 0.05 for the difference in expression between each SLC30A10
mutant and WT using one-way ANOVA and Dunnett’s post hoc test). €, Quantification of the
MG132-induced increase in expression of SLC30A10 mutants from A. SLC30A10 levels after
MG132 treatment were quantified using NIH Image) and normalized to tubulin. Percentage
increase in SLC30A10 expression was then calculated using datain B (n = 3 experiments; *p <
0.05 for the difference between SLC30A10-WT and each mutant by one-way ANOVA and
Dunnett’s post hoc test. MG132 treatment did not induce a statistically significant change in
SLC30A10-WT levels).

SLC30A10—WT and the mutants were similar. Importantly, we
then observed that treatment with the proteasome inhibitor MG132
(carbobenzoxy-L-leucyl-L-leucyl-L-leucinal) increased expression of
SLC30A10-L89P, SLC30A10-A98-134, and SLC30A10-A105-107
but did not affect expression of SLC30A10-WT (Fig. 2A—C), sug-
gesting that the mutant proteins underwent proteasomal degra-
dation. In summary, the results in Figures 1 and 2 show that,
although SLC30A10-WT traffics to the plasma membrane, the
disease causing mutants (L89P, A98-134, A105-107, T196P, and
Q308Stop) exhibit a trafficking defect and cannot escape from the
endoplasmic reticulum.

Identification of SLC30A10 as a potential Mn efflux
transporter using GPP130 as a Mn sensor

SLC30 family proteins, of which SLC30A10 is a member, belong
to the cation diffusion facilitator superfamily of metal trans-
porters (Huang and Tepaamorndech, 2013). There are 10 pro-
teins in the SLC30 family, SLC30A1-SLC30A10 (Huang and
Tepaamorndech, 2013). SLC30A1-SLC30A8 transport Zn from
the cytosol to the cell exterior or the lumen of various intracellu-
lar organelles (the function of SLC30A9 is unclear; Huang and
Tepaamorndech, 2013). Notably, in patients with parkinsonism
attributable to mutations in SLC30A 10, serum Mn levels are high
(Tuschl et al., 2008, 2012; Quadri et al., 2012). This clinical pic-
ture raised the possibility that SLC30A10—-WT-mediated efflux of
Mn instead of Zn and the disease-causing mutants failed to do so.
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Figure3.  Expression of SLC30A10 blocks the Mn-induced degradation of GPP130. 4, HeLa cells were transfected with plasmids

coding for Rab5 (transfection control) or FLAG-tagged SLC30A10—WT. Two days after transfection, cultures were treated with or
without 500 M Mn for 4 h and imaged to detect Rab5 and GPP130 or SLC30A10 (using an anti-FLAG antibody) and GPP130. Scale
bar, 10 m. B, Hela cells were transfected with various FLAG-tagged SLC30A10 constructs. Two days after transfection, cells were
treated with Mn as described in A and imaged to detect FLAG and GPP130. Scale bar, 10 wm. €, Quantification of the amount of
GPP130 remaining in cells after Mn treatment from B. Mock-transfected cells did not express any SLC30A10 construct. For each
transfection condition, mean GPP130 fluorescence per cell with and without Mn treatment was quantified as described in Materials
and Methods and used to calculate the percentage residual GPP130 after Mn (mean == SE; n = 22 cells per Mn treatment condition
per construct; *p << 0.05 for the difference between WT and other transfection conditions by one-way ANOVA and Tukey—Kramer
post hoc test). D, Hela cells were transfected with Rab5 (transfection control), SLC30A10—WT, or SLC30A10-A105-107. All
constructs exhibited similar transfection efficiencies. Two days after transfection, cells were treated with or without 500 rum Mn for
4h.GPP130and tubulin were then detected by immunoblot. E, Quantification of the amount of GPP130 remaining (normalized to
tubulin) after Mn treatment from D. For each transfection and Mn treatment condition, normalized GPP130 levels were quantified
using NIH ImageJ and used to calculate the percentage residual GPP130 after Mn (mean = SE; n = 3 experiments; *p << 0.05 for
the difference between SLC30A10 —WT and the other transfection conditions using one-way ANOVA, followed by Tukey—Kramer
post hoc test).
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Golgi protein GPP130. Our previous
work demonstrated that, in response to a
specific increase in intra-Golgi (but not
simply cytosolic) Mn, GPP130 trafficked
from the Golgi to late endosomes and
lysosomes in which it was degraded (Muk-
hopadhyay et al., 2010, 2013; Mukhopadhyay
and Linstedt, 2011,2012). Activity of secretory
pathway Ca®"-ATPase 1 (SPCAl), a
Golgi-localized P-type ATPase, was re-
quired for the transport of Mn into the
Golgi and subsequent degradation of
GPP130 (Mukhopadhyay and Linstedt,
2011).  For this study, because
SLC30A10-WT was localized to the cell
surface, we wondered whether its expres-
sion would block the Mn-induced degra-
dation of GPP130. We posited that, if
SLC30A10 is an efficient Mn efflux trans-
porter, it might rapidly transport Mn
from the cytosol to the cell exterior and
thereby block or reduce the transport of
Mn into the Golgi and inhibit GPP130
degradation. Immunofluorescence assays
revealed that, in cells expressing a control
construct, a4 h treatment with Mn induced
a profound loss of GPP130 (Fig. 3A). Expres-
sion of SLC30A10—WT blocked the Mn-
induced loss of GPP130 (Fig. 3A-C),
suggesting that expression of SLC30A10
blocks the transport of Mn into the Golgi.
We confirmed that SPCA1 remained lo-
calized to the Golgi in SLC30A10-WT-
expressing cells. Importantly, expression
of the disease-causing SLC30A10 mutants
did not exert an inhibitory effect on
GPP130 degradation (Fig. 3B, C). For the
mutants, the analysis was restricted to
cells that expressed SLC30A10 at a level
comparable with the WT protein. The re-
sults of the immunofluorescence assays
were then validated with immunoblots
(Fig. 3D,E). Note that expression of the
control construct does not affect Mn ho-
meostasis or the induced degradation of
GPP130 (Mukhopadhyay et al., 2010;
Mukhopadhyay and Linstedt, 2011; Figs.
4,5).

Intracellular Mn measurements
validate the Mn efflux activity

of SLC30A10

To expand on the results obtained in the
GPP130 degradation assay and directly

The above hypothesis was supported by our analyses of the
SLC30A10 sequence, which revealed that the putative ion-
binding site in SLC30A10 contained an asparagine residue not
detected in Zn transporting cation diffusion facilitators, such as
SLC30A5, a mammalian transporter, as well as YiiP, a bacterial
transporter (Lu and Fu, 2007; Ohana et al., 2009). Although Mn
can coordinate with asparagine, Zn does not show this preference
(Dokmanic et al., 2008). To directly test whether SLC30A10 func-
tions as a Mn efflux transporter, we used the Mn response of the

determine whether SLC30A10 expression affected cellular Mn
levels, we measured intracellular Mn in HeLa cells expressing
SLC30A10-WT or a control construct. Mn measurements were
performed using ICP-MS and after exposure of cells to 0-500 um
for 16 h. Previous studies have shown that the above levels of Mn
are not toxic to HeLa cells (Mukhopadhyay et al., 2010; Mukho-
padhyay and Linstedt, 2011). Intracellular Mn in SLC30A10—
WT-expressing cells was lower than in control cells (Fig. 4A, B),
showing that SLC30A10 expression reduces cellular Mn levels.
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Figure4. Expression of SLC30A10 —WTincreases Mn efflux. A, HeLa cells were transfected with a control construct (Rab5; denoted as Control) or SLC30A10 —WT. Two days after transfection, cells
were treated with the indicated amounts of Mn for 16 h. The absolute level of intracellular Mn was then measured using ICP-MS and normalized to total protein. Data shown are from one
representative experiment; error bars depict SDs from three ICP-MS runs. Analysis from three independent experiments is presented in B. B, Quantification of the difference in intracellular Mn
between cells expressing control (Rab5; Control) or SLC30A10 —WT constructs from multiple experiments. Hela cells were transfected as described in A and, 2 d after transfection, treated with 500
M Mn for 16 h. Intracellular Mn normalized to total cellular protein was then measured as described in A. In each experiment, for cells expressing the control construct, the absolute value of
intracellular Mn in parts per billion per microgram protein was adjusted to 100 (mean = SE; n = 3 experiments; *p < 0.05 by Student’s t test). C, HeLa cells were transfected with the control (Rab5;
Control) construct or mock transfected. Two days later, cells were treated with 500 v Mn for 16 h. Intracellular Mn in parts per billion per microgram protein was then calculated as described in A.
Data are from one representative experiment; error bars depict SDs from three ICP-MS runs. Analysis from three independent experiments is presented in D below. D, Quantification of the difference
inintracellular Mn between mock-transfected and control-transfected cells from multiple experiments. Cells were transfected and treated with Mn exactly as described in C. In each experiment, the
value of the intracellular Mn in parts per billion per microgram protein obtained for mock-transfected cells was adjusted to 100 (mean == SE;n = 3 experiments; p > 0.05 for the difference between
the two groups by Student's t test). E, HeLa cells were transfected with control (Rab5; Control), SLC30A10 —WT, or SLC30A10 —A105-107 constructs. Two days after transfection, the Mn pulse-chase
assay was performed as described in Materials and Methods. After the chase, intracellular Mn retained within the cells and released into the medium was measured using ICP-MS. For each
transfection condition, the amount of Mn in each compartment (intracellular or extracellular) was expressed as a percentage of the total Mn (i.e., sum of the intracellular and extracellular Mn). As
in A, data shown are from one representative experiment; error bars depict SDs from three ICP-MS runs. Analysis from three independent experiments is presented in F. F, Quantification of the
difference in intracellular Mn after the pulse-chase assay from multiple experiments. The Mn pulse-chase assay was performed in HeLa cells expressing control (Rab5; Control), SLC30A10 -WT, or
SLC30A10—-A105-107 constructs exactly as described in E. In each experiment, for control-transfected cells, the percentage intracellular Mn retained was adjusted to 50 (mean = SE; n = 3
experiments; *p << 0.05 for the difference between WT and other transfection conditions by one-way ANOVA and Tukey—Kramer post hoc test). G, HeLa cells were transfected with the control Rab5
construct or SLC30AT0—WT. Two days after transfection, cells were treated with 100 wum Zn for 16 h. The absolute level of intracellular Zn was then measured using ICP-MS and normalized to total
protein. Data shown are from one representative experiment; error bars depict SDs from three ICP-MS runs. Analysis from three independent experiments is presented in H. H, Quantification of the difference in
intracellular Zn between cells expressing control (Rab5) or SLC30A10—WT constructs from multiple experiments. Intracellular Zn levels were measured exactly as described in G. In each experiment, for cells
expressing the control construct, the absolute value for intracellular Zn (parts per billion per microgram protein) was adjusted to 100 (mean == SE;n = 3 experiments; p > 0.05 by Student’s ¢ test). In this panel,
the SE s relatively high because, over multiple experiments, the difference in intracellular Zn levels between control and SLC30A10-transfected cells had a wide distribution. /, Two days after transfection, HelLa
cells expressing the control Rab5 construct or SLC30A10—WT were treated with 100 pum Cu for 16 h. After this, intracellular Cu was measured using ICP-MS. Values were normalized to total protein. Data shown
arefrom one representative experiment; error bars depict SDs from three ICP-MS runs. Analysis from three independent experimentsis presented inJ. J, Quantification of the difference inintracellular Cu between
cells expressing control (Rab5) or SLC30A10 —WT constructs from multiple experiments. Intracellular Cu was measured as described in . In each experiment, for cells expressing the control construct, the absolute
value for intracellular Cu (parts per billion per microgram protein) was adjusted to 100 (mean == SE; n = 3 experiments; p > 0.05 by Student’s ¢ test).
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Figure5.  SLC30A10-WT protects against Mn toxicity. A, HeLa cells were transfected with a control construct (Rabs5; Control) or
SLC30A10-WT. Two days after transfection, cells were treated with 0, 1, or 2 mm Mn for 16 h. Cell viability was then assessed using
the MTT assay as described in Materials and Methods. For each transfection condition, viability at 0 mm Mn was set to 100 and used
to calculate the percentage viability after Mn treatment (mean == SE; n = 3 experiments; *p < 0.05 for the difference between
the viability of control and SLC30A10 —WT-expressing cells at each Mn treatment condition; comparison between groups was
performed at each Mn treatment condition separately using Student’s t test). B, Hela cells, transfected with the control (Rab5;
Control), SLC30A10—WT, or SLC30A10—A105-107 constructs as described in A, were treated with 0 or 2 mm Mn for 16 h. The MTT
assay was then performed to assess cell viability. For each experiment, percentage viability of the transfection control cells that
were treated with Mn was set to 50 and used for normalization of the viability of Mn-treated cells from SLC30A10-WT and
A105-107 groups (mean == SE; n = 3 experiments; *p << 0.05 for the difference in viability between SLC30A10 —WT and other
transfection groups using one-way ANOVA, followed by Tukey—Kramer post hoc test). €, Hela cells were transfected with the
control Rab5 construct or mock transfected. Two days after transfection, cells were treated with 0 or 2 mm Mn for 16 h. For each
experiment, percentage viability of the mock-transfected cells that were treated with Mn was set to 50 and used for normalization
of the viability of Mn-treated SLC30A10 —WT-expressing cells (mean == SE; n = 3 experiments; p > 0.05 by Student’s  test). D,
E, Hela cells were transfected with the control Rab5 construct or SLC30A10 —WT. Two days later, cells were treated with 0 or 2 mm
In (D) or0or 2 mm Cu (E). For each metal in each experiment, percentage viability for mock-transfected cells after metal treatment
was adjusted to 50 and used for normalization of the viability of metal-treated SLC30A10 —WT-expressing cells (for each panel,
mean = SE; n = 3 experiments; p > 0.05 by Student’s ¢ test).
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released into the medium between control
cells and those expressing the A105-107
mutant (Fig. 4E,F). SLC30A10 was ini-
tially considered to be a Zn transporter
(Bosomworth et al., 2012), and a recent
clinical study reported an increase in liver
Zn (and Cu) in one patient who had ho-
mozygous mutations in SLC30A10 (Lech-
pammer et al., 2014). A mild increase in
serum Cu was also reported in one other
patient in a previous study (Quadri et al.,
2012). Because changes in Cu and Zn lev-
els were not seen in all patients with
SLC30A10 mutations, it was unlikely that
SLC30A10 was involved in regulating cel-
lular levels of these metals (Tuschl et al.,
2008,2012; Quadrietal., 2012). However,
to rule out this possibility, we measured
intracellular Zn and Cu levels in control
and SLC30A10-WT-expressing cells and
discovered that there was no difference in
the cellular levels of either metal between
the two groups (Fig. 4G-J). The results
of the metal measurement and GPP130
degradation assays combined with the fact
that SLC30 family proteins are known to
mediate metal efflux strongly suggest that
SLC30A10 is a specific Mn efflux trans-
porter and that disease-causing mutations
in SLC30A10 block the efflux activity of
the transporter.

SLC30A10 protects cells against

Mn toxicity

To test the physiologic relevance of
the efflux activity of SLC30A10, we sought
to determine whether expression of
SLC30A10 conferred protection against
Mn-induced cell death. Assays were first
performed using HeLa cells in culture. In
previous work, we demonstrated that
treatment with 1 mmM Mn for 16 h induces
50% cell death (Mukhopadhyay and Lin-

There was no difference in intracellular Mn levels between cells
expressing the control construct and mock-transfected cells, in-
dicating that expression of the control construct did not alter
Mn uptake or efflux (Fig. 4C,D). The decrease in intracellular Mn
during SLC30A10 expression might reflect an increase in Mn
efflux or a block in Mn uptake. To differentiate between these
possibilities, we performed a pulse-chase assay. Cells expressing
control or SLC30A10-WT constructs were treated with 500 um
Mn for 16 h (pulse phase) and then chased in Mn-free media for
an additional 1 h. At the end of the chase, the amount of Mn
retained in the cells and released into the medium was measured
by ICP-MS. Compared with control cells, SLC30A10-WT-
expressing cells retained less intracellular Mn within and secreted
more Mn into the media (Fig. 4E, F), consistent with increased
Mn efflux in SLC30A10-WT-expressing cells. To control for the
possibility that the increase in Mn efflux seen on SLC30A10-WT
expression was attributable to an indirect effect, we analyzed
the efflux activity of cells expressing SLC30A10—A105-107 in the
same experiment. Importantly, there was no difference in the
amount of Mn retained within the intracellular compartment or

stedt, 2011). For this experiment, we treated cells expressing
SLC30A10—WT or a control construct with 0, 1, or 2 mM Mn for
16 h and then measured viability using the MTT assay. In control
cultures, viability of cells treated with 1 or 2 mm Mn was 48 * 6.5
and 20 * 2.5%, respectively, of that of cells not exposed to Mn
(Fig. 5A). Expression of SLC30A10—WT strongly protected
against Mn-induced cell death (Fig. 5A4). We then compared the
viability of cells expressing a control construct, SLC30A10-WT,
or the A105-107 mutant and treated with 2 mm Mn for 16 h.
Although expression of SLC30A10—WT continued to protect,
the A105-107 mutant did not have any effect (Fig. 5B). There was
no difference in the viability of cells expressing the control con-
struct and those that were mock transfected after exposure to 2
mM Mn for 16 h (Fig. 5C), providing additional evidence in sup-
port of the fact that expression of the control construct did not
perturb Mn homeostasis or detoxification. Furthermore, as ex-
pected, expression of SLC30A10-WT did not protect against Zn-
or Cu-mediated cell death (Fig. 5D, E). In summary, results in
Figures 3-5 show that expression of SLC30A10-WT reduces cel-
lular Mn levels by increasing Mn efflux and thereby protects cells
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Figure 6.  Confirmation of SLC30A10 expression by semiquantitative RT-PCR. Primers used
to detect SLC30A10 are described in Materials and Methods.

from Mn toxicity. In contrast, disease-causing mutants do not
mediate efflux, and cells expressing these constructs exhibit en-
hanced sensitivity to Mn toxicity.

SLC30A10 protects C. elegans against Mn toxicity

To determine the relevance of SLC30A10 function in protecting
against the onset of parkinsonism in vivo, we reverted to the C.
elegans model system and used three separate assays: (1) worm
viability; (2) DAergic neurodegeneration; and (3) a functional
behavioral response. For the viability assays, we generated trans-
genic worms overexpressing either SLC30A10-WT or L89P.
These two SLC30A10 variants were driven by the sur-5 promoter,
which directs strong gene expression to most C. elegans cells. For
this assay, as transfection controls, we used worms transfected
with a mixture that lacked SLC30A10 plasmids. Expression was
confirmed by semiquantitative RT-PCR (Fig. 6). All worms were
synchronized to the L4 stage before Mn treatment. Overexpres-
sion of SLC30A10-WT and L89P did not affect development or
survival of C. elegans in the absence of Mn exposure (Fig. 7A).
However, during Mn exposure (both at 100 and 200 mwm; treat-
ments in worms require high doses given the impermeability of
the cuticle), SLC30A10-WT significantly increased nematode
survival over transfection controls, whereas overexpression of the
L89P mutant had no significant effect (Fig. 7B, C).

Next, we tested the effect of SLC30A10 expression on Mn-
induced neurodegeneration. Studies in human samples and
mouse models indicate that the primary sites of neural injury in
Mn-induced parkinsonism, including those attributable to
SLC30A10 mutations, are the globus pallidus and striatum
(Olanow, 2004; Liu et al., 2006; Perl and Olanow, 2007; Lech-
pammer et al., 2014), which contain GABAergic neurons (Gerfen
and Surmeier, 2011). However, functional defects in the DAergic
neurons of the substantia nigra pars compacta have also been
reported in Mn-induced parkinsonism (Guilarte et al., 2006; Liu
etal., 2006). Because C. elegans have only eight DAergic neurons,
six in the head and two in the tail (Benedetto et al., 2010), it is a
useful system to study DAergic neurodegeneration. Therefore,
we used this model to investigate effects on DAergic neurons.
Effects on GABAergic neurons were investigated later using a
mammalian cell line and primary midbrain neurons as models
(see Figs. 10-12). In the nematodes, we visualized the DAergic
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neurons by overexpression of dat-1::GFP (Fig. 8A). DAergic neu-
rons in the L1 stage are more sensitive to Mn than in the L4 stage.
Therefore, in this assay, all worms were synchronized to the L1
stage and then treated with Mn. Exposure of dat-1::GFP worms to
Mn at 10-25 mMm induced morphological changes characteristic
of neurodegeneration in DAergic neurons, such as puncta, blebs,
neuronal absence or shrinkage, presence of vacuoles, dorsal or
ventral cord gaps, loss of cell bodies, or strand breaks in neuronal
processes (Fig. 8B—E). At 10 mM, ~80% of the worms had one or
two degenerated neurons, and the remaining 20% had three or
four damaged neurons. At 25 mm, ~50% of affected worms had
one or two degenerated neurons, and the other 50% had three or
four damaged neurons. Note that, in neurons showing signs of
neurodegeneration, GFP fluorescence was still clearly visible, in-
dicating that the observed effect was not attributable to loss of
GFP protein (Fig. 8B-E). To test the effect of SLC30A10, we
coexpressed SLC30A10-WT or L89P in the DAergic neurons
under the control of the dat-1 promoter along with dat-1::GFP.
For this assay, worms transfected with dat-1::GFP only served as
transfection controls. Expression of SLC30A10 variants was com-
parable by RT-PCR (Fig. 6). We focused our analyses on the
six-head DAergic neurons. Overexpression of SLC30A10-WT
and L89P did not affect the morphology of the neurons in
the absence of Mn exposure (Fig. 8F). Importantly, compared
with transection control dat-1:GFP worms, expression of
SLC30A10-WT afforded protection from Mn at 10 and 25 mwm,
significantly attenuating DAergic neurodegeneration, whereas
the L89P mutant failed to protect (Fig. 8G,H).

To further confirm that the morphological results correlated
with functional changes, we validated the integrity of DAergic
neurotransmission with a functional behavioral assay, the basal
slowing response. Food sensing in C. elegans is regulated by a
DAergic neural circuit, which slows down nematodes in the pres-
ence of bacteria. This locomotion can be quantified as the num-
ber of bends in the anterior body region during a 20 s interval.
The same three groups of worms used for the morphologic as-
sessment of DAergic neurodegeneration were used for this func-
tional assay (i.e., worms expressing dat-1::GFP were transfection
controls, and worms in the experimental groups expressed
SLC30A10—WT or L89P along with dat-1::GFP). Well fed trans-
fection control animals moved quickly (~26 bends/20 s) in
search for food on plates lacking bacteria; in contrast, they moved
slowly (~17 bends/20 s) upon reentering the bacterial lawn when
transferred to bacteria-containing plates (Fig. 9A). This change in
locomotion reflects the integrity of DAergic neurons. When
DAergic neuron function is compromised, the change in the
number of body bends becomes smaller. In nematodes carrying a
tyrosine hydroxylase (TH) mutant [cat-2 (el1112)], the difference
of body bends per 20 s between the bacteria-containing plate and
the empty plate is almost eliminated, indicating dramatic loss of
DAergic neuronal activity (Sawin et al., 2000). Expression of the
SLC30A10 genes did not affect the basal slowing response in the
absence of exposure to Mn (Fig. 9B; change of ~9 bends/20 s in
each genotype). In transfection control worms, treatment with
Mn (10 or 25 mM) significantly reduced the change in the number
of body bends to ~3-4/20 s (Fig. 9C,D), indicating that Mn
affected the integrity of the DAergic neuronal circuit. Impor-
tantly, in SLC30A10-WT-expressing worms, the change in the
number of body bends after Mn treatment was significantly
greater than Mn-treated transfection control worms (Fig. 9C,D),
indicating improved basal slowing response and protection of the
DAergic neuronal circuit. In contrast, no significant effect was
observed in SLC30A10-L89P worms (Fig. 9C,D). Overall, the
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calculated as described in Materials and Methods (mean == SE; n = 3 experiments with at least 20 worms per Mn treatment
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Figure9.  SLG30A10improves basal slowing response in C. elegans during Mn exposure. 4, The basal slowing response was assayed in control

worms that expressed dat1::GFP as described in Materials and Methods (mean == SE; n = 3 experiments with 5-10 worms per Mn treatment
condition, perexperiment. ****p < 0,0001 by Student'sttest). B~D, Worms transfected with dat 7::GFP (control) or those transfected with dat 7::GFP
and dat-7::SLC30AT0—WT or L89P were synchronized at the L1 stage and then exposed to 0, 10, or 25 mm Mn for 1 h. Worms were kept on NGM
plates for recovery. The next day, the basal slowing response was measured (mean = SE; n = 3 experiments with 5—10 worms per Mn treatment
condition, per experiment, per genotype; *p << 0.05 and ****p << 0.0001 by one-way ANOVA, followed by Tukey—Kramer post hoc test).
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studies in C. elegans complement the cell
culture results and show that SLC30A10
protects against Mn toxicity and induced
neurodegeneration at the organismal
level.

Validation of results in GABAergic

AF5 cells

Physiologic differences likely exist be-
tween neurons in C. elegans and mamma-
lian systems. Furthermore, C. elegans do
not express SLC30A10 homologs, and
we observed that HeLa cells express
SLC30A10 mRNA at very low levels. The
lack of expression of SLC30A10 in the
above systems was ideal for overexpres-
sion studies because it ensured that results
obtained were not confounded by endog-
enous protein. However, it was also
important to validate our findings in
mammalian model systems that express
endogenous SLC30A10. Although our
goal was to test the relevance of our results
in primary cultures of mammalian neu-
rons, before working with primary neu-
rons, as an intermediate step, we decided
to verify our results in a rat-derived neural
cell line, differentiated AF5 cells. AF5 cells
are useful for studies on Mn toxicity be-
cause, after differentiation, they assume a
GABAergic lineage (Sanchez et al., 2006;
Crooks et al., 2007). As described above,
during Mn toxicity, GABAergic neurons
are primarily affected (Olanow, 2004; Liu
et al., 2006; Crooks et al., 2007; Perl and
Olanow, 2007; Stanwood et al., 2009). In
AF5 cells, SLC30A10-WT trafficked to
the cell surface, whereas the A105-107
mutant was trapped in the endoplasmic
reticulum (Fig. 10A,B). After transfec-
tion, transcript levels of SLC30A10-WT
and A105-107 were comparable and
modestly (twofold to fourfold) elevated
over endogenous. Having verified this,
we proceeded to perform cell viability as-
says. We observed that expression of
SLC30A10-WT or A105-107 did not af-
fect viability in the absence of Mn treat-
ment (Fig. 10C). Importantly, aftera 16 h
treatment with Mn, viability of cells
expressing SLC30A10-WT was ~50%
higher than that of cells expressing the
control construct (Fig. 10D). There was
no difference between the viability of Mn-
treated transfection control and A105-
107-expressing cells (Fig. 10D). Thus,
assays in AF5 cells replicated findings ob-
served in HeLa cells and C. elegans.

Next, we decided to take advantage of
the endogenous expression of SLC30A10
in AF5 cells to determine the requirement
of SLC30A10 in mediating Mn detoxifica-
tion. Our idea was to deplete SLC30A10



14090 - J. Neurosci., October 15,2014 - 34(42):14079-14095 Leyva-Illades, Chen et al. @ SLC30A10 and Parkinsonism-Causing Mutations

A SLC30A10 Calnexin Merge ] SLC30A10-WT
[—|

] SLC30A10-A105-107
100
£ .
E S 754
50-
2= 25
%

I Control D [ ] (.on‘trol .
[ SLC30A10-WT [ SLC30A10-WT

% cells with cell surface
localized SLC30A10

A 105-107

] SL(:SOAIO-A105—107 L | SLC30A10- A105-107
5
p>0.05 N
: 100
<) b S~
= =
225 Z 75
5 ° <
z £ 50 Z E 50
= E =2
< S~
7 2 25
0
E 1 F p > 0.05 G
‘ 1007 100 -
“5 N
S o
& o 1 5 P~
£ g 075 z 75 £9 75
7 = =
et % % .{:‘ > -j—; £
S S E =N
:;3-"» 0.5 > =50 > = 504
= @ L
-5~ Zz & 2= %
=2 025 = S
RS S 25 C 25
= & &
o
s w
Z 0 : 0 - < 0-
S = . > S . = =
siRNA: £ = siRNA: £ = siRNA: ¢ —
= = = = = !
S & ) A S 4
Q Q @) Q o &)
] — —
n 7 7

Figure 10.  SLC30A10 mediates Mn detoxification in GABAergic AF5 cells. A, AF5 cells were transfected with FLAG-tagged SLC30AT0—WT or A105-107 constructs. One day after transfection,
cultures were differentiated as described in Materials and Methods. Cells were thenimaged to detect FLAG and calnexin. Scale bar, 10 um. B, Quantification of percentage cells with surface localized
SLC30A10 from A (mean == SE; n = 3 experiments with >50 cells per experiment; *p << 0.05 for the difference between SLC30A10 —WT and A105-107 by Student's ¢ test). €, AF5 cells were
transfected with control (Rab5; Control), SLC30AT0—WT, or A105-107 constructs. One day after transfection, cultures were transferred to differentiation medium for 48 h. Viability was then
assessed using the MTT assay. Viability of cells expressing the control construct was set to 100 and used for normalization of viability of other transfection conditions (mean == SE; n = 3 experiments;
p > 0.05 by one-way ANOVA). D, AF5 cells were transfected with the control Rab5, SLC30A10-WT, or A105-107 constructs. One day after transfection, cultures were shifted to differentiation
medium for 32 h. After this, cultures were treated with 0 or 500 v Mn for 16 h in differentiation media. At the end of the Mn treatment, cell viability was assessed using the MTT assay. Percentage
viability of the transfection control cells that were treated with Mn was set to 50 and used for normalization of the viability of Mn-treated cells from SLC30A10 ~WT and SLC30A10 -A105-107 groups
(mean == SE; n = 3 experiments; *p << 0.05 for the difference between SLC30A10 —WT and other transfection conditions by one-way ANOVA, followed by Tukey—Kramer post hoc test). E, AF5 cells
were transfected with control or anti-SLC30A10 siRNAs. One day after transfection, cultures were transferred to differentiation medium. After 48 h of differentiation (i.e., 72 h after knockdown), cells
were harvested for real-time analyses. RNA isolation and generation of (DNA was performed as described in Materials and Methods. mRNA levels of (Figure legend continues.)
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using siRNA and then perform viability assays. To achieve this,
we designed four siRNAs against rat SLC30A10 and tested them
individually. Of the four siRNAs tested, we identified one siRNA
that reproducibly reduced SLC30A10 expression by ~50% com-
pared with cells transfected with a control siRNA that did not
target any rat gene (Fig. 10E). Knockdown of SLC30A10 did not
affect cell viability in the absence of Mn (Fig. 10F). Importantly,
after a 16 h exposure to 500 uMm Mn, viability of SLC30A10-
depleted cells was significantly less than that of cells transfected
with the control siRNA (Fig. 10G). As an additional confirmatory
step, we used ICP-MS to measure intracellular Mn in AF5 cells
transfected with anti-SLC30A10 or control siRNAs and exposed
for 16 h to 125 um Mn. Consistent with the results of the viability
assay, in cells depleted of SLC30A10, intracellular Mn was greater
than that in transfection control cells (5.87 = 0.03 ppb/ug lysate
after knockdown compared with 1.02 = 0.007 ppb/ug lysate in
controls). The knockdown results complement our overexpres-
sion studies and indicate that SLC30A10 plays an essential role in
mediating Mn detoxification and protecting against Mn toxicity.

Validation of results in primary midbrain neurons
Encouraged by the results in AF5 cells, we proceeded with assays
in primary neurons. We generated cultures of primary midbrain
neurons from newborn mice and first substantiated our findings
about SLC30A10 localization. For this, we transfected the cul-
tures with SLC30A10—WT or A105-107 and assessed localization
using immunofluorescence. Importantly, consistent with results
in HeLa and AF5 cells and in C. elegans, SLC30A10-WT traf-
ficked to the cell surface, whereas the A105-107 mutant was
trapped in the endoplasmic reticulum (Fig. 11A).

We then went on to test whether expression of SLC30A10-WT
protected neurons against Mn toxicity. Primary midbrain neurons
develop extensive neuritic trees (Fig. 11B). Treatment with 100—
800 uM Mn causes a dramatic loss of neurites, which can be used
to quantify the extent of neurotoxicity [Stanwood et al., 2009;
treatment with higher amounts of Mn induces nonspecific cell
death (Stanwood et al., 2009)]. For our assay, we transfected
neurons with SLC30A10-WT or A105-107 and then treated
these neurons with 0 (control) or 200 uM Mn for 16 h. After the
Mn treatment, we stained the neurons with an antibody against
tubulin, which marks the cytoskeleton and allows visualization of
the neuritic tree (Sepulveda et al., 2009) along with an anti-FLAG
antibody to detect transfection (SLC30A10 constructs were FLAG
tagged). Under control (0 uM Mn) conditions, both SLC30A10—
WT- and A105-107-expressing neurons had well developed neuritic
trees (Fig. 11B; for presence of the transfection marker in imaged
neurons, see Fig. 12). Quantification on a per neuron basis re-
vealed that, in SLC30A10-WT-expressing neurons, the longest

<«

(Figure legend continued.) SLC30A10 and a housekeeping gene, GAPDH, were then quantified
using real-time RT-PCR. For each transfection condition, level of SLC30A10 mRNA was normal-
ized to that of GAPDH to correct for generalized changes in gene expression. Normalized levels
of SLC30A10 mRNA of the control siRNA group was then expressed as 1 (mean = SE; n = 3
experiments; *p << 0.05 by Student's ¢ test). F, AF5 cells were transfected with the control or
anti-SLC30A10 siRNAs and, 1 d after transfection, shifted to differentiation media for 48 h as
above. After this, cell viability was assessed using the MTT assay (mean = SE; n = 3 experi-
ments; p > 0.05 by Student’s t test). G, AF5 cells, transfected with the control or anti-SLC30A10
siRNA, were shifted to differentiation media 1 d after knockdown. Cells were kept in differenti-
ation medium for 32 h. After this, cells were treated with 0 or 500 um Mn for an additional 16 h
in differentiation media. Percentage viability of the Mn-treated transfection control cells was
expressed as 50 and used for normalization of the viability of Mn-treated cells from the anti-
SLC30A10 siRNA group (mean == SE; n = 3 experiments; *p << 0.05 by Student’s ¢ test).
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primary neurite had an average size of 57.4 = 2.4 um, and the
average length of the total neuritic tree was 290.6 * 28.5 um (Fig.
11C,D). There was no statistical difference in either of the above
parameters between neurons expressing SLC30A10-WT or
A105-107 (Fig. 11C,D). Moreover, between SLC30A10-WT-
and A105-107-expressing neurons, there was no difference in the
total number of neurites and total number of primary neurites
per neuron (Fig. 11 E,F). Thus, expression of SLC30A10-A105-
107 by itself did not affect neural morphology. Treatment with
Mn had a dramatic effect on A105-107-expressing neurons. The
length of the longest primary neurite decreased by ~76% to
13.6 = 2 um, and the total length of the neuritic tree decreased by
~89% to0 26.9 * 5.8 um (Fig. 11C,D). Significant decreases were
also observed in the total number of neurites and total number
of primary neurites per neuron (Fig. 11E,F). Remarkably,
SLC30A10-WT-expressing neurons were completely protected
against this Mn-induced neurotoxicity, and, in WT-expressing cells,
there was no effect of Mn treatment on the length of the longest
primary neurite, total length of the neuritic tree, total number of
neurites, and total number of primary neurites (Fig. 11B-F).
Thus, expression of SLC30A10-WT, which reduces intracellular
Mn, offers a profound level of protection against Mn-induced
neurotoxicity in primary mammalian neurons, whereas a
disease-causing SLC30A10 mutant that cannot mediate Mn ef-
flux does not. Note that many of the neurons in our primary
cultures were positively stained with an antibody against GAD
65/67 (Fig. 11G), which are markers of GABAergic neurons (Ste-
phenson et al., 2005). We failed to detect TH-positive DAergic
neurons in the cultures. This was not surprising given that DAer-
gic neurons are fragile in culture and, without the addition of
neuroprotective factors such as brain or glial-derived neu-
rotrophic factors, constitute <10% of total neurons in a primary
culture (Orme et al., 2013). Because the major morphological
changes in Mn-induced parkinsonism occur in the GABAergic
neurons of the globus pallidus, we did not attempt further to
enrich our primary cultures for DAergic neurons in this study.

In summary, the data obtained in cell culture, C. elegans, and
primary neurons identify SLC30A10 to be a surface-localized Mn
efflux transporter that reduces cellular Mn levels and safeguards
cells and neurons from Mn toxicity. Furthermore, the results
indicate that familial parkinsonism caused by SLC30A10 muta-
tions occurs as a result of a specific block in the Mn efflux activity
of SLC30A10. Finally, these findings underline the therapeutic
potential of enhanced efflux in the management of Mn-induced
parkinsonism.

Discussion

Our results shed novel light on the mechanisms by which muta-
tions in SLC30A10 cause familial parkinsonism. SLC30A10 is
a cell surface-localized Mn efflux transporter. Mutations in
SLC30A10 that cause parkinsonism block the Mn efflux function
of SLC30A10. Expression of these mutants by themselves does
not induce deleterious effects. However, SLC30A10 is widely ex-
pressed in the nervous system, including in the basal ganglia
(Quadri et al., 2012), and in individuals homozygous for
SLC30A10 mutations, neurons of the basal ganglia will be highly
sensitive to Mn toxicity.

Although Mn is required for life, elevated cellular levels are
toxic and induce apoptosis (Roth et al., 2002; Aschner et al., 2009;
Milatovic et al., 2009). When systemic levels of Mn increase, Mn
is preferentially deposited in neurons of the basal ganglia, and
damage to these neurons leads to the observed parkinsonism
(Olanow, 2004; Perl and Olanow, 2007; Aschner et al., 2009).
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Figure 11.  SLC30A10 protects primary midbrain neurons from Mn-induced neurodegeneration. 4, Primary midbrain neurons
were generated as described in Materials and Methods. Four days after plating, cultures were transfected with FLAG-tagged
SLC30A10—-WT or A105-107. Two days after transfection, cultures were fixed and stained to detect FLAG using a monoclonal
antibody and calnexin using a polyclonal antibody. FLAG expression in the cell body appeared to be stronger than in neurites. Scale
bar, 10 wm. B, Primary midbrain neurons were generated and transfected with FLAG-tagged SLC30A10 constructs as described
above. One day after transfection, cultures were treated with 0 (Control) or 200 rum Mn for 16 h. Cultures were then fixed and

Interestingly, the major morphological
changes seen in Mn-induced parkinson-
ism occurs in the globus pallidus and
striatum (Olanow, 2004; Liu et al., 2006;
Perl and Olanow, 2007), which contain
GABAergic neurons (Gerfen and Sur-
meier, 2011). This pathologic picture is
distinct from idiopathic Parkinson’s dis-
ease in which DAergic neurons of the sub-
stantia nigra pars compacta are degraded
(Olanow, 2004; Perl and Olanow, 2007).
However, decreases in total striatal dopa-
mine levels and agonist-induced dopamine
release have been reported in animal models
of Mn-induced parkinsonism, suggesting
that the DAergic neurons are functionally
compromised (Guilarte et al., 2006; Liu et
al., 2006). Whether the Mn-induced dam-
age initiates as a functional defect in DAer-
gic neurons which then progresses to
GABAergic neurons or vice versa is not
clear. Because the goal of our current study
was to understand the functional differences
between SLC30A10—-WT and mutants, we
wanted to ensure that our results were not
influenced by neuron-specific effects.
Therefore, we assayed SLC30A10 function
using DAergic and GABAergic model
systems.

Interestingly, development of par-
kinsonism in patients with SLC30A10
mutations does not require exposure to
elevated Mn (Tuschl et al., 2008, 2012;
Quadri et al., 2012). How then are the
neurons of the basal ganglia in these indi-
viduals exposed to high Mn? Mn is ubiq-
uitously available through diet, and the
excretion of Mn primarily occurs by se-
cretion into bile (Aschner et al., 2009; But-
terworth, 2013). SLC30A10 is also
expressed in the liver (Quadri et al., 2012)

<«

stained using a monoclonal antibody against tubulin to visu-
alize neurites and a polyclonal antibody against FLAG to detect
transfection. Expression of the FLAG-tagged SLC30A10 con-
structs in the cells depicted in this panel is shown in Figure 12.
For the bottom row, the tubulin images were converted to
grayscale, and primary (red), secondary (blue), and tertiary
(yellow) neurites that emanated from the neurons were
drawn using the NeuronJ plugin of NIH ImageJ. Scale bar, 10
m. (~F, Quantification of the morphology of neurites from B
above. For each neuron, the length of the longest primary neu-
rite, total length of the neuritic tree, total number of primary
neurites, and total number of neurites were calculated using
the Neuron) plugin of NIH ImageJ (for each parameter mea-
sured, n = 15-25 neurons for each transfection and Mn treat-
ment condition; *p << 0.05 for the difference between Mn-
treated cells expressing SLC30A10—A105-107 and the other
transfection and Mn treatment conditions using one-way
ANOVA, followed by Tukey—Kramer post hoc test). G, Primary
midbrain neurons were generated as described above and
stained to detect tubulin using a monoclonal antibody and
GAD 65/67 using a polyclonal antibody. Scale bar, 10 m.
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Figure 12.  Presence of FLAG-tagged SLC30A10 constructs in neurons depicted in Figure 11.
Cells shown in this figure are identical to those shown in Figure 11B. FLAG expression was
stronger in the cell body compared with neurites. Note that the polyclonal anti-FLAG antibody
used here was very specific and sensitive in identifying transfected cells but was not as effective
as the monoclonal anti-FLAG antibody used in Figure 114 for determining intracellular FLAG
localization. Use of the polyclonal FLAG antibody was essential because the monoclonal FLAG
and tubulin antibodies were from the same species. Scale bars, 10 wm.
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and likely plays a major role in transporting Mn into bile because
patients with SLC30A 10 mutations exhibit increased serum Mn
levels, suggesting that they have significantly lowered Mn excre-
tion (Quadri et al., 2012; Tuschl et al., 2012). This retained Mn is
expected to cross the blood—brain barrier and eventually induce
neuronal damage.

The five disease-causing SLC30A10 mutants that we tested
exhibited defective trafficking (Fig. 1). Several other human dis-
eases occur as a result of altered trafficking of ion transporters. As
examples, defective trafficking of the chloride transporter cystic
fibrosis transmembrane conductance regulator (CFTR), the wa-
ter transporter aquaporin, and the Cu transporter ATP7A cause
cystic fibrosis, nephrogenic diabetes insipidus, and Wilson’s disease,
respectively (Sato et al., 1996; Rubenstein et al., 1997; Rubenstein
and Zeitlin, 1998; Tamarappoo and Verkman, 1998; Burrows et al.,
2000; Roth et al.,, 2012). Interestingly, CFTRAF508, the most com-
mon CFTR mutation that causes cystic fibrosis, and several
disease-causing aquaporin mutations are trapped in the endo-
plasmic reticulum (Sato et al., 1996; Rubenstein et al., 1997;
Rubenstein and Zeitlin, 1998; Tamarappoo and Verkman, 1998).
Chemical chaperones, which are small-molecular-weight com-
pounds that aid the folding of proteins and help them escape the
quality-control systems of the endoplasmic reticulum (Papp and
Csermely, 2006; Roth et al., 2012), have been used to rescue the
trafficking and function of CFTR and aquaporin mutants (Sato et
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al., 1996; Rubenstein et al., 1997; Rubenstein and Zeitlin, 1998;
Tamarappoo and Verkman, 1998). Importantly, rescuing the
trafficking of CFTRAF508 with a chemical chaperone reversed
the disease phenotype in a human trial (Rubenstein and Zeitlin,
1998). Although it is not yet clear whether the defect in Mn efflux
seen with SLC30A10 mutants is solely attributable to a block in
trafficking, it is likely that some, if not most, of these mutants will
retain the capability to mediate Mn transport. Therefore, a trans-
lationally important area of research emerging from our work is
to identify chemical chaperones or small molecules that can re-
store trafficking of SLC30A10 mutants and subsequently deter-
mine whether restoring trafficking also rescues function.
Identification of a chaperone or molecule that rescues SLC30A10
function will be a therapeutic breakthrough.

An interesting observation in the C. elegans experiments was
that expression of the L89P mutant exerted a dominant-negative
effect in the DAergic neurodegeneration assay. That is, after Mn
treatment, the extent of DAergic neurodegeneration in L89P-
expressing worms was more than that seen in transfection con-
trols (Fig. 8G,H). This dominant-negative effect was not
observed in the viability and basal slowing response assays. The
likely explanation for the difference in outcome between assays is
that the L§9P-expressing DAergic neurons undergo some form of
recovery with time. Indeed, for the DAergic neurodegeneration
assay, worms were allowed to recover for 4 h after a 1 h exposure
to Mn, whereas for the viability and basal slowing responses, the
recovery period was 24 h. Nonetheless, because the disease-
causing SLC30A10 mutants exhibit altered cellular localization,
the possibility that their expression somehow alters the trafficking
and/or activity of other proteins required for Mn detoxification
thereby increasing neurodegeneration needs to be considered in dis-
cussions of the pathobiology of this disease.

The observation that overexpression of SLC30A10-WT pro-
tects cells and worms from Mn toxicity is also of clinical signifi-
cance, because it provides the first evidence that increasing efflux
can protect against Mn toxicity at the organismal level. Implicit to
this observation is the possibility that increasing efflux may be a
viable strategy for the management of Mn-induced parkinsonism
attributable to occupational or environmental exposure to ele-
vated Mn levels in individuals who do not carry mutations in
SLC30A10. Although gene therapy with SLC30A10 is challenging,
small molecules or drugs that increase efflux either by altering
SLC30A10 levels or activity may be therapeutically promising.
Expression of SLC30A10 transcript was enhanced by Mn (Quadri
et al., 2012), suggesting that molecular mechanisms to increase
SLC30A10 expression exist in cells and may be amenable to ther-
apeutic modulation. Furthermore, efflux enhancing small mole-
cules may also act by mechanisms independent of SLC30A10. We
demonstrated previously that two other transporters, SPCA1 and
ferroportin, play a role in mediating Mn efflux (Yin et al., 2010;
Mukhopadhyay and Linstedt, 2011). Mutations in SPCAI and
ferroportin are known to occur in humans but do not cause a Mn
toxicity phenotype (Van Baelen et al., 2004; Brissot et al., 2011),
suggesting that SLC30A10 is the primary transporter responsible
for mediating Mn efflux. However, it is feasible that a particular
drug may increase the Mn transport activity of SPCA1 or ferro-
portin by changing their expression, localization, or activity.
Identification of a drug that increases efflux independent of
SLC30A10 will be beneficial for patients who suffer from parkin-
sonism attributable to mutations in SLC30A10, as well as those
who develop parkinsonism solely attributable to Mn toxicity.

In conclusion, our results elucidate the function of SLC30A10
and further characterize the mechanism by which mutations in
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this protein alter its cellular activity and contribute to the devel-
opment of a familial parkinsonian syndrome. These findings
highlight the importance of interactions between genetic and en-
vironmental factors in the development of parkinsonian syn-
dromes and identify enhanced Mn efflux to be a potentially viable
strategy for the management of Mn-induced parkinsonism.
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