


differentiated iPSCs. First, we examined the effect of loss of
GCase activity in control iPSC-derived neurons. We found
that CBE treatment induced an increase in a-syn protein levels in
control iPSC-derived neurons (Fig. 5b). Next, iPSCs from
controls, GBA-PD and GD subjects were differentiated to
mDA neurons, and a-syn levels were measured by western
blot. A significant increase in a-syn protein levels was found in
GBA-PD neurons carrying the L444P allele and in GD neurons
compared with controls (Fig. 5c,e). It is known that differences in
expression levels of a-syn are influenced by individual genetic
background, which could explain the high variability of
a-syn expression in the general population29. Thus, we
measured a-syn levels in neuronal cultures from GBA-PD
iPSCs and corresponding isogenic gene-corrected controls.
Interestingly, we found a significant reduction in a-syn levels in

all gene-corrected neurons (RecNcil, L444P, N370S) compared
with their parental lines (Fig. 5d,f).

Reduced GCase in GBA1 mutant neurons. The GCase
activity was significantly reduced in GBA-PD and GD fibroblasts
compared with healthy control cells (Supplementary Fig. 11).
Next, control, GBA-PD, isogenic gene-corrected controls and
GD iPSCs were differentiated for 65 days and neuronal cultures
were enriched by FACS. We found that the GCase enzymatic
activity was significantly reduced in GBA-PD and GD neurons
compared with controls (Fig. 6a). Importantly, isogenic gene-
corrected lines showed a significantly higher average of enzymatic
activity compared with non-corrected lines (Fig. 6a). Quantitative
analysis of intracellular GCase protein levels in cells of
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different patients by western-blotting revealed that protein
levels of the enzyme were also reduced in GBA-PD and GD
patients compared with control individuals (Fig. 6b,c).
ZFN-mediated gene correction rescued the levels of GCase
(Fig. 6b,c).

Decreased glycohydrolase activities in GBA1 mutant neurons.
We next analysed the activity of additional glycohydrolases in
iPSC-derived neurons from controls, GBA-PD, isogenic gene-
corrected controls and GD subjects. Activity levels of the lyso-
somal enzymes b-galactosidase and b-hexosaminidase, as well as
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the activity of the non-lysosomal b-glucosylceramidase GBA2,
were examined in differentiated iPSC-neurons after FACS
enrichment. Our analysis revealed a significant decrease in the
activity of GBA2 and b-galactosidase in GBA-PD and GD neu-
rons compared with healthy controls, whereas activity levels of b-
hexosaminidase remained unchanged (Fig. 6a). Interestingly,
gene correction rescued such changes in RecNcil- and L444P-
associated PD lines (Fig. 6a). Gene expression levels of GBA2 and
b-galactosidase in patient neurons were unchanged compared
with control neurons (Supplementary Fig. 10b).

An increase in the activity of GBA2, b-hexosaminidase and b-
galactosidase has recently been described in GD fibroblasts and
leukocytes30,31. We therefore examined the enzyme activities in
respective fibroblast lines and found a significant increase in
GBA2 activity in GBA-PD (L444P/wt) and GD (L444P/L444P)
fibroblasts, while GD fibroblasts (L444P/L444P) showed in
addition a significant increase in b-galactosidase activity
compared with controls (Supplementary Fig. 11).

Glycohydrolase activities in the CSF of GBA-PD patients.
Recent studies showed that GCase activity is lower in the
cerebrospinal fluid (CSF) and brain samples of patients with PD
or dementia with LB than that in healthy individuals32–34.
To determine whether changes in iPSC-derived neurons were
accompanied by changes in the glycohydrolase enzymatic activity
in the CSF, we measured the activity of several glycohydrolases
(GCase, GBA2, b-galactosidase, b-hexosaminidase, a-fucosidase,
a- and b-mannosidase) in the CSF of PD patients carrying
heterozygous RecNcil, L444P or N370S GBA1 mutations,
idiopathic PD patients as well as age-matched unaffected
controls. Enzyme activity levels were normalized against total

protein levels. The CSF of patients used for iPSC generation in
this study was included in the analysis. No significant differences
between idiopathic PD patients and controls were observed for all
tested enzymes (Fig. 7); however, in GBA-PD patients the
activities of GCase, GBA2 and b-galactosidase were significantly
reduced compared with unaffected controls (Fig. 7). In addition,
we found a significant reduction in the enzyme activity of GCase,
GBA2, a- and b-mannosidase in GBA-PD patients compared
with idiopathic PD patients (Fig. 7).

Lysosomal and autophagic defects in GBA1 mutant neurons.
To extend these findings, we analysed the autophagic/lysosomal
machinery in GBA1 mutant neurons. Immunofluorescent stain-
ing for LAMP1, a lysosomal marker, revealed a significant
increase in number and size of LAMP1þ particles in patient
iPSC-derived neurons compared with healthy individuals,
suggesting an accumulation of lysosomes (Fig. 8a,b and
Supplementary Fig. 12a). To examine macroautophagy, we first
investigated the autophagosome content by immunostaining for
endogenous light chain type 3 protein (LC3), a marker of
autophagosomes. Our analysis revealed a significant increase of
LC3þ vesicles in GBA-PD and GD neurons compared with
control neurons (Supplementary Fig. 12b,d). These results were
confirmed by immunoblot, which showed an increase in basal
levels of LC3-II in GBA-PD and GD-derived neurons (Fig. 8c,d).
Inhibition of lysosomal degradation by leupeptin and ammonium
chloride (NH4Cl) revealed that the autophagic flux was sig-
nificantly reduced in GBA-PD and GD neurons (Fig. 8e). To
examine autophagosome-lysosome fusion, we assessed the
co-localization of LC3 and LAMP1 markers in iPSC-derived
neurons. We observed a decreased degree of co-localization
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between LC3þ vacuoles and LAMP1þ vacuoles in GBA-PD and
GD neurons, which suggests an impaired autophagosome-lyso-
some fusion in GBA1 mutant neurons. (Supplementary
Fig. 12c,e).

Impaired calcium homeostasis in GBA1 mutant neurons. We
next used quantitative mass spectrometry (MS)-based proteomics
to search for proteins whose levels are affected by GBA1

mutations in iPSC-derived neurons. Two independent iPSC lines
harbouring the L444P allele and three independent control lines
were differentiated and enriched by FACS. We extracted proteins
and performed quantitative proteomic profiling by isotopic
labelling (tandem mass tag, TMT) and MS analysis (Table 1,
Supplementary Fig. 13a,b and Supplementary Data 1). In total,
7,069 proteins were identified from enriched neurons at a protein
false-discovery rate (FDR) o1%. We calculated the differences in
protein abundances between GBA-PD neurons and control lines,
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tested for statistical significance by t-test analysis and filtered for
proteins whose levels changed by at least 1.2-fold (Table 1). To
validate the MS proteomic data, immunoblotting of selected
proteins was performed on three independent differentiated iPSC
cultures (Supplementary Fig. 13a). Among the differentially
expressed proteins, we found that the neuronal calcium-binding
protein 2 (NECAB2) was significantly upregulated (1.9-fold) in
lines harbouring the L444P allele (Table 1 and Supplementary
Fig. 13a). Calcium-induced excitotoxicity plays a key role in the
pathogenesis of several neurodegenerative diseases including
PD35. To further investigate the potential role of calcium in the
vulnerability of neurons harbouring GBA1 mutations, we
examined calcium homeostasis using the calcium dye Fura-2
acetoxymethyl ester and compared calcium levels in control and
diseased neurons. Interestingly, we found a significant increase in
the basal calcium levels in GBA-PD and GD iPSC-derived

neurons compared with controls (Fig. 9a). We therefore
investigated the effects of caffeine, a RyR agonist that increases
the calcium release from the calcium-sensitive internal stores,
namely the endoplasmic reticulum (ER), into the cytoplasm.
Caffeine induced an increase in cytosolic calcium, which was
significantly greater in GBA-PD (L444P/wt) and GD neurons
compared with control neurons (Fig. 9b and Supplementary
Fig. 14a). Although we also found a consistent trend for increased
calcium levels in GBA-PD (RecNcil/wt) neurons, this increase
was not statistically significant (Fig. 9b). However, intracellular
calcium levels in response to caffeine stimulation were
comparable between isogenic gene-corrected neurons (both
L444P/wt and RecNcil/wt) and control neurons (Fig. 9b and
Supplementary Fig. 14a), suggesting a role of GBA1 mutations in
regulating intracellular calcium concentration. Our data therefore
indicate that RyR-mediated calcium release is increased in the
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Figure 8 | GBA-PD and GD iPSC-derived neurons show alterations in the autophagic/lysosomal system. (a) Immunostaining of differentiated iPSC

cultures at DIV65 under basal conditions. Cells were stained for TH (green), b-TubIII (magenta) and LAMP1 (red). Cell nuclei were counterstained

with Hoechst (blue). High magnification insets are shown in the right lane. (Bars, 20mm and 10mm in the insets.) (b) Average size and number of LAMP1þ
particles in THþ neurons were quantified by ImageJ. Data are represented as meanþ s.e.m.; experiments were independently repeated three times in

triplicate. *Po0.01, **Po0.001, one-way ANOVA. (c) Western blot analysis for LC3 in iPSC-derived neuronal cultures at DIV65, untreated (� ) or treated

with 200mM leupeptin and 20mM NH4Cl for 4 h (þ ). (d) Quantification of the basal levels of LC3-II relative to b-actin. Data are represented as

meanþ s.e.m.; experiments were independently repeated three times. *Po0.01; **Po0.001, one-way ANOVA. (e) Quantification of LC3 flux normalized to

actin. Data are represented as meanþ s.e.m.; experiments were independently repeated three times in triplicate. *Po0.01; **Po0.001, one-way ANOVA.
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presence of GBA1 mutations. We next examined the vulnerability
of mutant neurons to ER stress responses by application of either
A23187 (0–5 mM), a calcium ionophore that induces ER stress
by increasing the cytosolic calcium concentration, or rotenone
(0–200 nM), an inhibitor of complex I of the mitochondrial
electron transport chain, which induces mitochondrial ROS
production and elevation of intracellular levels of calcium36,37.
Neuronal vulnerability was assessed by measuring cellular release
of lactate dehydrogenase (LDH). Our results show that neurons
carrying GBA1 mutations were more sensitive to A23187 (1–
2.5 mM) and rotenone (50–200 nM) than control cells (Fig. 9c and
Supplementary Fig. 15a). Immunocytochemistry and cell counts
of THþ cells confirmed the increased vulnerability of mutant
neurons (Fig. 9d and Supplementary Fig. 15b). Importantly, such
a phenotype was rescued by gene correction. To gain insight into
the functional role of NECAB2, we knocked down NECAB2 in
iPSC-derived neurons using lentiviral-mediated short hairpin
RNA (shRNA). The gene expression and protein levels of
NECAB2 were reduced by B80% in knocked down iPSC-
derived neurons (Fig. 9e,f). To further examine the functional role
of NECAB2, iPSC-derived neurons were exposed to A23187 and
neurotoxicity was assessed by immunostaining for TH. We found
that knockdown of NECAB2 resulted in a statistically significant
increase of calcium-mediated neurotoxicity (Fig. 9g,h). In
addition, calcium-imaging experiments revealed an increase in
caffeine-induced cytosolic calcium levels after NECAB2
knockdown (Supplementary Fig. 14b).

Discussion
Heterozygous GBA1 mutations have been recognized as the
strongest risk factor for PD and LB disorders1. In this study, we
describe the generation and characterization of a collection of
iPSC lines from GD patients, PD subjects harbouring
heterozygous GBA1 mutations, as well as unaffected individuals.

The cells used for iPSC generation in this study were obtained
from donors harbouring L444P, RecNcil and N370S alleles.
L444P and N370S point mutations are the most frequent
GD-causing alleles that have been linked to PD1,38, whereas
the RecNcil is a complex GBA-pseudogene recombinant allele
composed of three point mutations, namely the 6433 T-C
transition (L444P), 6468 G-C transition (A456P) and 6482 G-
C transition (silent mutation). To identify PD phenotypes related
to GBA1 mutations, isogenic gene-corrected iPSC lines were
generated for each mutation. iPSCs were efficiently differentiated
to mDA neurons without significant differences and enriched by
FACS.

For the first time, we report that iPSC neuronal differentiation
recapitulates the developmental changes observed during human
brain development and that enriched iPSC-derived neurons show
the polysialoganglioside content of adult human brain. To
examine the shift of the ganglioside pattern along in vitro
differentiation of human iPSCs, we utilized a radioactive labelling
method and compared the ganglioside composition of fibroblasts,
iPSCs and iPSC-derived neurons before and after FACS
enrichment. Unsorted iPSC-derived neurons showed an increased
complexity of the ganglioside pattern compared with fibroblasts
and iPSCs; however, they still had a high content of GM3, which
is usually found at high levels in other cell types. Interestingly,
unsorted neurons showed high levels of GD3, which is mainly
associated with proliferating neural stem cells16. By contrast,
despite the presence of low quantities of GM3 and GM2, the
gangliosidic pattern of purified neurons mirrored the
composition of human brain with GM1, GD1a, GD1b, GT1b as
major compounds and GD3, GD2 and GQ1b in less abundance39.
These findings show that using unsorted differentiated iPSCs,
which are heterogeneous cell populations, significantly limits the
analysis of disease-related pathways. This underlines the
importance of cell sorting to reduce background noise in such
experimental approaches12,40. Taken together, these data indicate
that enriched iPSC-derived neurons represent a valuable tool to
study the role of GSLs in neurodegeneration as well as in
sphingolipidoses and disorders of brain development. In this
context, we also show that the glycosyltransferases involved in the
catabolic pathways of GSLs (GCase, GBA2, b-galactosidase,
b-hexosaminidase) are upregulated on human iPSC neuronal
differentiation. Activity and protein levels of these enzymes were
almost absent in undifferentiated iPSCs, whereas mature neurons
expressed high levels of such enzymes. This may suggest a key
role of these glycohydrolases in brain development and
maintenance of GSL pattern and composition in the adult
human brain.

GD patients with parkinsonism and PD patients carrying
GBA1 mutations show classic PD pathology with widespread a-
syn inclusions41. The exact mechanism is unknown, but GBA1
mutants may contribute to the enhanced aggregation of a-syn via
a direct interaction5. In support of such a gain of function
hypothesis, post-mortem studies in PD and LB disease, along
with GD or GBA1 mutation carriers, have shown the presence of
GCase in LBs and Lewy neurites42. Recent data suggest that loss
of GCase activity may also lead to a-syn accumulation as a
secondary effect of lysosomal dysfunction25,27 and that the
accumulation of Glc-Cer due to GCase deficiency induces
increased a-syn oligomerization, which in turn decreases GCase
activity25,43. By utilizing iPSC-derived neurons carrying
heterozygous GBA1 mutations and their isogenic gene-corrected
controls, we show that GBA1 mutations are directly linked to the
increase of a-syn levels. For the first time, we report an increase of
Glc-Cer in iPSC-derived neurons from PD patients carrying
heterozygous GBA1 mutations, which may in turn influence
a-syn levels and aggregation.

Table 1 | Identification of proteins with changed expression
levels in iPSC-derived enriched neurons carrying GBA1
mutations.

Protein Gene
symbol

Description N.
peptides

Fold
change

Q7Z6G3 NECAB2 N-terminal EF-hand
calcium-binding protein 2

4 1.9

Q15173-2 PPP2R5B Serine/threonine-protein
phosphatase 2 A 56 kDa
regulatory subunit beta
isoform

1 1.8

Q8NF91-4 SYNE1 Isoform 4 of Nesprin-1 1 1.7
Q8ND56-2 LSM14A Isoform 2 of Protein

LSM14 homolog A
5 1.7

Q9Y2Y0-2 ARL2BP Isoform 2 of ADP-
ribosylation factor-like
protein 2-binding protein

2 1.4

P62979 RPS27A Ubiquitin-40S ribosomal
protein S27a

45 1.3

Q9BR76 CORO1B Coronin-1B 5 1.3
Q8NC44 FAM134A Protein FAM134A 1 � 2.1
Q9HBL7 C9orf46 Transmembrane protein

C9orf46
1 � 1.5

Q9NUJ1 ABHD10 Abhydrolase domain-
containing protein 10,
mitochondrial

10 � 1.2

Summary of the identified proteins from quantitative mass spectrometry proteomics that were
significantly (Po0.05, Student’s t-test) up- or downregulated in purified neurons from GBA-PD
iPSCs compared with control neurons.
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Figure 9 | Calcium homeostasis is dysregulated in GBA-PD and GD iPSC-derived neurons. (a) Cytosolic calcium levels were evaluated in iPSC-derived

neurons at basal conditions by measuring the 340/380nm ratio of Fura-2 acetoxymethyl ester. Data are represented as meanþ s.e.m.; experiments were

independently repeated three times in triplicate. *Po0.01; Student’s t-test. (Number of cells analysed: CTRL, n¼ 58; RecNcil/wt, n¼ 36; RecNcil/wt GC,

n¼ 107; L444P/wt, n¼ 82; L444P/wt GC, n¼ 33; L444P/L444P, n¼ 62). (b) Caffeine (10mM) was applied to iPSC-derived neurons, and the peak

cytosolic calcium concentration was measured as a change in Fura-2 fluorescence. Data are represented as meanþ s.e.m.; experiments were independently

repeated three times in triplicate. *Po0.01; **Po0.001, Student’s t-test. (Number of cells analysed: CTRL, n¼ 58; RecNcil/wt, n¼ 36; RecNcil/wt GC,

n¼ 107; L444P/wt, n¼ 82; L444P/wt GC, n¼ 33; L444P/L444P, n¼ 62). (c) iPSC-derived neurons were treated with A23187 (0–5 mM) for 4 h and

cytotoxicity was evaluated by released LDH activity. LDH release values were calculated as the percentage of untreated cells lysed by incubation with Triton

X-100. Data are represented as meanþ s.e.m.; experiments were independently repeated four times in triplicate. *Po0.05, one-way ANOVA, control lines

versus mutated lines; dPo0.05, one-way ANOVA, mutated lines versus isogenic gene corrected controls. (d) Quantification of THþ cells treated with

A23187 (1 mM) for 4 h expressed as a percentage of DMSO-treated controls. Data are represented as meanþ s.d.; experiments were independently

repeated three times in triplicate. *Po0.01, one-way ANOVA. (e) Knockdown efficiency of NECAB2 determined by qRT-PCR and normalized to scrambled

non-targeting shRNA. Data are represented as meanþ s.d.; experiments were independently repeated three times in triplicate. ***Po0.0001, Student’s t-

test. (f) Representative western blot for NECAB2 showing knockdown efficiency. 1, scrambled non-targeting shRNA; 2, NECAB2 shRNA. (g) Quantification

of THþ cells in GBA-PD and GD iPSC-derived neuronal cultures infected with scrambled non-targeting shRNA or NECAB2 shRNA lentivirus and

treated with A23187 (1 mM for 4 h). Values were calculated as a percentage of scrambled shRNA-treated cells. Data are represented as meanþ s.e.m.;

experiments were independently repeated three times in triplicate. *Po0.01, Student’s t-test. (h) Representative images showing GBA-PD iPSC-derived DA

neurons infected with scrambled non-targeting shRNA or NECAB2 shRNA lentivirus and treated with A23187 (1 mM for 4 h). Cells were stained for

b-TubIII (green) and TH (red). Nuclei were counterstained with Hoechst (blue). (Bar, 20mm.)
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Our data show that GBA1 mutations are linked to defects in
the autophagic/lysosomal system characterized by an impairment
of the autophagic flux with consequences for autophagosome
clearance. Although we have observed an accumulation of
lysosomes, the fusion between autophagosomes and lysosomes
and the lysosomal hydrolytic function were impaired. This may
explain the increased levels of a-syn in GBA1 mutant neurons
and a-syn pathology in GBA-PD patients. Interestingly, the
reduction in the glycohydrolase lysosomal activity in iPSC-
derived neurons was accompanied by a reduction in the
enzymatic activity of these enzymes in the CSFs of GBA-PD
patients compared with control individuals. PD and parkinson-
ism have been described in many lysosomal storage diseases,
suggesting that impairment of the endolysosomal compartment is
strictly correlated with the onset of neuronal degeneration44. In
this context, GBA1 mutations may alter the lysosomal function
via several pathways. The intracellular lipid content strongly
influences autolysosome formation as well as a-syn
aggregation15,45. In contrast, increased levels of a-syn may
cause lysosomal dysfunction in GBA1 mutant neurons via a
positive feedback loop25. Furthermore, our data in isogenic
controls, along with previous reports46, suggest the existence of a
crosstalk between different enzymes involved in sphingolipid
metabolism. Interestingly, we found that GBA2 enzyme activity
was significantly decreased in iPSC-derived neurons harbouring
GBA1 mutations. GBA2 is a non-lysosomal enzyme with
glucosylceramidase function localized at the ER and plasma
membrane47. It is encoded by the GBA2 gene and is highly
expressed in the brain, testis and liver48. Notably, GBA2
mutations cause a form of autosomal-recessive cerebellar ataxia
and have been recently linked to motor neuron defects in
hereditary spastic paraplegia49,50. Mutant GCase in the ER leads
to ER stress and induces the unfolded protein response in skin
fibroblasts from GD patients and mutation carriers51. Since
GBA2 is also located in the ER, such perturbations may affect its
activity. Even though the mechanisms responsible for the
observed impairment of GBA2 function remain unclear, our
data show that the decrease in GBA2 enzymatic activity was
reverted on ZFN-mediated GBA1 gene correction, suggesting a
crosstalk between GCase and GBA2 activity. In favour of this
hypothesis, a recent report shows that GBA2 activity depends on
GCase, whereas GCase activity is independent of GBA2 (ref. 52).
Further studies are needed to better elucidate such crosstalk and
its role in disease onset and progression. GBA-PD and GD
parental fibroblast lines showed an upregulation of the enzymatic
activity of GBA2 and b-galactosidase compared with control cells.
Such discrepancy can be attributed to the different sphingolipid
metabolism in fibroblasts and neurons. As described above,
neurons have high glycohydrolase enzymatic activity and a
unique GSL content and distribution. Alternatively, even though
only low passage fibroblasts were used in this study, such findings
may also be due to the changes of the GSL pattern observed
during subculture progression21. These data further support the
importance of using iPSC-derived neurons as the ideal tool to
model neurological diseases and in particular neurodegeneration
associated with sphingolipidoses.

In this study, we have generated a proteome profile of
differentiated iPSCs. This is the first report of multiplexed
quantitative proteomics being performed on a highly enriched
neuronal fraction. As little as 15 mg for each cell line was used for
quantitative proteomics using TMT labelling, leading to the
identification of over 7,000 proteins from 12 LC-mass spectro-
metry runs. Such analysis enabled the identification of a protein,
namely NECAB2, whose levels were increased in human iPSC-
derived neurons harbouring mutations in the GBA1 gene.
NECAB2 belongs to the family of neuronal calcium-binding

proteins containing an N-terminal EF-hand domain (NECAB). It
is highly expressed in the striatopallidal structures where it
interacts with the adenosine A2A receptor53,54. Interestingly, a
recently published microarray data set for putative novel mDA
neuron-related transcription factors and membrane-associated
proteins has shown that NECAB1 is a marker for mDA neurons,
and it is highly expressed in the dorsal ventral tegmental area and
dorsal substantia nigra55. Adult mDA neurons are autonomous
pacemakers and rely on the activation of L-type Ca(V)1.3
calcium channels, leading to elevated intracellular calcium
concentrations56. In addition, mDA neurons lack significant
intrinsic calcium-buffering properties, which may explain their
selective vulnerability to neurodegeneration57. A recent study
demonstrates that the levels of calcium-binding proteins are
reduced in cell bodies of neurons in areas selectively vulnerable to
degeneration in PD. However, the surviving cells upregulate such
proteins suggesting a compensatory mechanism58. Interestingly,
we found increased basal levels of calcium and an increased
calcium release from the ER on caffeine stimulation in GBA-PD
and GD neurons. Such findings are in line with previous
observations in pharmacological models of neuronopathic GD
showing that Glc-Cer accumulation leads to overactivation of the
ryanodine receptor59.

The dysregulation of calcium homeostasis in diseased neurons
was accompanied by an increased vulnerability to ER stress
responses involving elevation of cytosolic calcium by the calcium
ionophore A23187 and rotenone. Recently, mitochondrial
impairment has been linked to GCase dysfunction providing a
further rationale for the increased susceptibility to rotenone
described in this study60. Importantly, increased neurotoxicity
was observed in GBA1 mutant neurons exposed to A23187 on
NECAB2 knockdown. These data demonstrate the calcium-
buffering properties of NECAB2 and support the hypothesis that
the increase of NECAB2 in neurons harbouring GBA1 mutations
represents a compensatory mechanism in such vulnerable
neurons.

In summary our studies showed that both GD and PD iPSC-
derived neurons have increased levels of a-syn and Glc-Cer as
well as complex changes in the autophagic/lysosomal system and
calcium homeostasis, which may underlie the selective vulner-
ability of mDA neurons to degeneration in PD. Taken together,
our results suggest possible targets for the development of
disease-modifying drugs for patients with familial and idiopathic
PD.

Methods
Sample collection. Informed consent was obtained from all patients involved in
our study before cell donation or CSF collection. The Ethics Committee of the
Medical Faculty and the University Hospital Tübingen previously approved this
consent form. PD was diagnosed according to UK Brain Bank criteria61. The open-
reading frame (11 exons) of the GBA1 gene was entirely sequenced in cases and
controls. See Supplementary Table 3 for primer sequences. For CSF studies, control
individuals underwent spinal taps for exclusion of vascular events or inflammatory
conditions. Any clinical sign of a neurodegenerative disorder led to exclusion from
the study. Dermal fibroblasts were cultured in fibroblast medium, which consisted
of DMEM (Biochrom) supplemented with 10% fetal calf serum, 1% penicillin/
streptomycin/glutamine, 1% nonessential amino acids, 1% sodium pyruvate (all
PAA) and 0.5mM b-mercaptoethanol (Invitrogen). GD fibroblasts were obtained
from the Telethon Genetic Biobank Network (02FFF0491979, 02FFF0352006,
02FFF0201995, 02FFF0361999).

Generation of iPSCs and gene correction. Fibroblasts were infected with a mix of
retroviruses encoding OCT4, SOX2, KLF4 and c-MYC. Five days after infection,
cells were split into six-well plates pre-seeded with irradiated mouse embryonic
fibroblasts (MEF, GlobalStem). Seven days after infection the medium was changed
to human embryonic stem cell (hESC) medium consisting of KO-DMEM (Gibco)
supplemented with 20% KO-Serum Replacement (Invitrogen), 2mM Glutamax
(Invitrogen), 50mM b-mercaptoethanol (Invitrogen), non-essential amino acids
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(Cambrex) and 10 ngml� 1 b-FGF (Peprotech). Individual colonies were isolated
and clonally expanded on MEFs.

For gene correction, iPSCs were dissociated into single cells using Accutase
(PAA). In total, 1.5� 106 cells were diluted in hESC medium and collected by
centrifugation. Cells were transfected with 0.83 mg of each ZFN construct (Sigma),
as well as 3.3 mg linearized targeting vector, using the Stem cell Nucleofection Kit
and the Amaxa Nucleofector I (both Lonza), according to the manufacturer’s
instructions (program B16). The transfected cells were replated onto MEF-coated
plates in hESC medium supplemented with 10mM ROCK inhibitor Y27632 (Ascent
Scientific). From day 2 on, medium was changed on a daily basis. After colony
formation (5–7 days), 250 mgml� 1 G418 (Biochrom) was added to select for
homologous recombined clones. Resistant colonies were transferred to 12-well
plates and expanded on MEFs for further characterization. To confirm gene
correction, genomic DNA was extracted from the gene-targeted clones and
sequenced at the corresponding locus. Final characterization was achieved by
extraction of RNA using the RNeasy kit (Qiagen), transcription into cDNA and
sequencing of the cDNA. See Supplementary Table 4 for primer sequences.

Karyotyping. Karyotyping was performed by G-banding to examine the integrity
of the chromosomes by the Cytogenetics Laboratory at the University of Tübingen.

In vitro differentiation of human iPSCs. To test in vitro pluripotency, embryoid
bodies (EBs) were generated from iPSCs by culturing the colonies in hESC medium
in the absence of b-FGF. After 5 days, EBs were transferred to gelatin-coated plates
and subsequently cultured for another 14 days in N2/B27 supplemented with
10mM SB431542 (Tocris) (ectoderm) or knockout DMEM (Invitrogen) supple-
mented with 20% FBS, 1mM L-glutamine (L-glut), 1% non-essential amino acids,
0.1mM b-mercaptoethanol and 1% penicillin/streptomycin (endoderm/meso-
derm). After 2 weeks, cultures were fixed and stained as indicated.

Teratoma assay. Teratoma assays were performed by Applied Stem Cell (Menlo
Park)62. In brief, 106 iPSCs were injected into the kidney capsule and testis of Fox
Chase SCID-beige mice. Animals were killed B6–12 weeks after injection and
haematoxylin-eosin (H&E) stainings were used to analyse harvested tissues.

Differentiation of iPSCs into midbrain DA neurons. iPSCs were differentiated
into DA neurons following a floor plate-based mDA neuron induction protocol10,
with minor modifications. iPSC colonies were dissociated into a single-cell
suspension using Accutase and 10 mM ROCK inhibitor Y-27632. Cells were
collected by centrifugation and seeded at a density of 1.5� 105 cells per well on
Matrigel (BD Biosciences)-coated 12-well plates. Differentiation was based on
exposure to LDN193189 (100 nM, Stemgent) from days 0–11, SB431542 (10 mM,
Tocris) from days 0–5, SHH C25II (100 ngml� 1, R&D), purmorphamine (2mM,
EMD) and FGF8 (100 ngml� 1, Peprotech) from days 1–7 and CHIR99021 (CHIR;
3 mM, Stemgent) from days 3–13. Cells were grown for 11 days on Matrigel in
knockout serum replacement medium (KSR) containing KO-DMEM, 15%
knockout serum replacement, 2mM L-glutamine and 10mM b-mercaptoethanol.
KSR medium was gradually shifted to N2 medium starting on day 5 of
differentiation. On day 11, media was changed to Neurobasal/B27/L-glut
containing medium (NB/B27; Invitrogen) supplemented with CHIR (until day 13),
BDNF (brain-derived neurotrophic factor, 20 ngml� 1; R&D), ascorbic acid
(0.2mM, Sigma), GDNF (glial cell line-derived neurotrophic factor, 20 ngml� 1;
R&D), TGFb3 (transforming growth factor type b3, 1 ngml� 1; R&D), dibutyryl
cAMP (dbcAMP, 0.5mM; Sigma) and DAPT (10 mM; Tocris,) for 9 days. On day
21, cells were dissociated using Accutase and replated on dishes pre-coated with
poly-L-ornithine (PLO; 15 mgml� 1) and laminin (1 mgml� 1) in differentiation
medium (NB/B27þBDNF, ascorbic acid, GDNF, dbcAMP, TGFb3 and DAPT).

Quantitative Real-Time PCR. Total RNA was extracted with an RNeasy kit and
quantitative RT–PCR reaction was performed using the SYBR GREEN Kit (Qia-
gen). The expression level of each gene was normalized to endogenous HMBS
levels. Fold-change in gene expression was calculated using the 2�DDCT method,
based on biological reference samples and housekeeping genes for normalization.
All the results were obtained from the evaluation of three technical replicates of
three independent experiments. See Supplementary Table 5 for primer sequences.

Flow cytometry. Cells were harvested and gently dissociated using TrypLE (Life
Technologies) to obtain a single-cell suspension of 0.5–2� 106 cellsml� 1 and
resuspended in Ca2þ /Mg2þ free phosphate buffered saline (PBS; PAA Labora-
tories) with 2% FBS and distributed into 1.5ml microcentrifuge tubes. Cen-
trifugation steps were conducted using a refrigerated table microcentrifuge (Peqlab
Perfect Spin 24 R) at 2,400 r.p.m. (542 g) for 3–5min. Surface antigens were
labelled by incubating with the primary antibodies for 30min in the dark at room
temperature. The following conjugated primary antibodies were used in the study:
CD15-FITC, CD29-FITC, CD44-FITC, CD24-PE, CD184-APC. See
Supplementary Table 6 for the list of antibodies. All antibodies were carefully
titrated. The stained cells were analysed on a BD Accuri C6 benchtop cytometer

equipped with FL1 (533/30), FL2 (585/40) and FL4 (675/25) bandpass filters. Data
were analysed and are presented using BD CFlow software version 1.0.227.4.
Neuronal cell sorting was performed on a Beckman Coulter MoFlo instrument
using a 100 mm nozzle and sheath pressure of 20 to 25 psi (ref. 11). Excluding
debris and the minor amount of cells observed to be dead after harvesting, a
primary gate based on forward and side scatter was set to select the overall
population of interest. FSC-peak (height) versus FSC-integral (area) gating was
applied to exclude doublets for cell sorting. Gates for detecting positive staining
were set against unstained controls for surface antigens. Where appropriate,
compensation was applied according to single-stained controls of the same cell type
included in each individual experiment.

Electrophysiology. For whole-cell patch clamp experiments, neurons derived from
iPSCs were plated on 35mm petri-dishes (Greiner-bio-one). Recordings of cultured
neurons were performed at room temperature using an Axopatch 200B amplifier
(Molecular devices). Data were digitized using a DigiData 1320A (Molecular devi-
ces). During electrophysiological recordings, cells were kept in extracellular solution
containing (in mM): 142 NaCl, 8.09 KCl, 6 MgCl2, 1 CaCl2, 10 glucose, 10 HEPES
and a final pH of 7.4. Patch pipettes were pulled from borosilicate glass (Science
products) using a Sutter P97 Puller (Sutter Instruments Company). Their resistance
ranged from 3 to 5MO. Patch pipettes were filled with intracellular solution con-
taining (in mM): 5 KCl, 4 ATP-Mg, 10 phosphocreatine, 0.3 GTP-Na, 10 HEPES,
125 K-gluconate, 2 MgCl2, 10 EGTA with a final pH of 7.2 and an osmolarity of
290mosmol. The sampling rate was 50 kHz and data were low-pass filtered at
10 kHz. Series resistance (o20MO) was monitored during the experiment. Cells
showing unstable series resistance or resting membrane potential were discarded.

HPLC analysis. Differentiated neuronal cultures at DIV65 of differentiation were
washed once with HBSS and then treated with 56mM KCl in HBSS for 30min;
control cultures were exposed to HBSS. Supernatants were collected, snap-frozen
and stored at � 80 �C until analysis. Concentrations of DA were determined by
column liquid chromatography with electrochemical detection. The HPLC system
(HTEC-500, Eicom Corp.) including a pulse-free microflow pump, a degasser and
an amperometric detector equipped with a glassy-carbon electrode, operating at
þ 0.45V versus an Ag/AgCl electrode, was used. Samples were injected by use of a
CMA/200 Refrigerated Microsampler (CMA/Microdialysis). The chromatograms
were recorded and integrated by a computerized data acquisition system
(DataApex). DA was separated on a 150� 2.1 i.d. mm column (CA5-ODS, Eicom
Corp.). The mobile phase consisted of 0.1M phosphate buffer at pH 6.0, 0.13mM
EDTA, 2.3mM sodium-1-octanesulfonate and 20% methanol. The detection limit
(signal-to-noise ratio¼ 3) for DA was estimated to 0.5 fmol in 15 ml (0.03 nM)
injected onto the column. Well to well variations were adjusted by concentration of
cleared protein lysates.

Glc-Cer and Gal-Cer analysis by mass spectrometry. Quantitative analysis of
Glc-Cer was carried out by LC-MS/MS. In brief, frozen cell pellets were suspended
in 50 ml of water and extracted with 1ml of a solution of acetonitrile: methanol:
water (97:2:1, v v� 1 v� 1) at room temperature. Extracts were injected onto an
Atlantis HILIC silica column (Waters Corp.) for separation of Glc-Cer and Gal-
Cer, and respective molecules were detected using MRM mode tandem mass
spectrometry with an AB Sciex API-5000 mass spectrometer. Analytes were
quantitated against standard curves using standards obtained from Matreya, LLC
(Pleasant Gap).

Enzymatic activity assays. Total cell associated GCase activities were analysed
using 4-methylumbelliferyl-b-D-glucopyranoside (MUB-Glc), b-galactosidase and
b-hexosaminidase activities were assayed using the artificial substrates 4-methy-
lumbelliferyl b-D-galactopyranoside (MUB-Gal) and 4-methylumbelliferyl
N-acetyl-b-D-glucosaminide (MUG) (all Glycosynth)30. Differentiated iPSCs at
DIV65-70 were enriched by FACS and plated into Matrigel-coated 48-well assay
plates in differentiation medium (500 ml per well). Media was changed every 3 days.
Seven days after plating, cells were washed twice with PBS, harvested and lysed in
water containing complete protease inhibitor cocktails (Roche). Total cell protein
was measured using the Micro BCA assay reagent (Pierce). Cell lysates were
transferred to a 96-well microplate and enzymatic assays were performed in
triplicates. The activities of b-galactosidase and b-hexosaminidase were measured
in McIlvaine Buffer (0.1M Citrate/0.2M Phosphate) pH 5.2 using 0.5mM MUB-
Gal and 1mM MUG, respectively. For CBE-sensitive GCase and GBA2 assays, the
cells were pre-incubated for 30min at room temperature in McIlvaine Buffer
(0.1M Citrate/0.2M Phosphate) pH 6.0 containing 5 nM AMP-DNM N-(5-
adamantane-1-yl-methoxy-pentyl)-deoxynojirimycin)24 and 1mM CBE
(conduritol B epoxide, Calbiochem), respectively. GCase and GBA2 activities were
also determined using 150 nM AMP-DNJ (Miglustat, Zavesca) as an inhibitor (no
significant differences were found compared with AMP-DNM). No enzymatic
activity was detected after the concomitant use of CBE and AMP-DNM or AMP-
DNJ. After incubation with the inhibitors, MUB-Glc was added at a final
concentration of 3mM. The reaction mixtures were incubated at 37 �C under
gentle shaking. The fluorescence was recorded after transferring 20 ml of the
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reaction mixtures to a microplate and adding 180ml of 0.25M glycine, pH 10.7.
Data were calculated as pmoles of converted substrate mg� 1 of cell protein h� 1.

Sphingolipid analyses. Fibroblasts, undifferentiated iPSCs, differentiated iPSCs,
sorted neurons and granule cells obtained from the cerebellum of 8-day-old Harlan
Sprague–Dawley rats at DIV 8 were plated on poly-L-ornithine (PLO)/laminin-
coated 48 wells. Two days (fibroblasts, undifferentiated iPSCs and primary granule
cells, unsorted differentiated iPSCs) or seven days (sorted neurons) after plating,
cells were incubated with 3� 10� 8 [1-3H]-D-erythro-C18/C20-sphingosine in the
appropriate culture medium (2-h pulse followed by a 48-h chase). Fresh brains
from three 2-month-old C57BL/6j mice and three Harlan Sprague–Dawley rats
were weighted, minced with a razor blade, homogenized in iced water (500mg of
fresh tissueml� 1), sonicated and then lyophilized. Lipids were extracted from cells
and brains with chloroform/methanol/water in the ratio 2:1:0.1 by volume and
subjected to a two-phase partitioning. Radioactive gangliosides were separated by
mono- or two-dimensional HPTLC carried out with the solvent systems chloro-
form/methanol/0.2% aqueous CaCl2, 50: 42: 11 or 55: 45: 1063. Brain endogenous
gangliosides were recognized using Ehrlich’s reagent64. Radioactive lipids were
identified and quantified with a Beta-Imager 2000 instrument (Biospace) using an
acquisition time of about 48 h. The use of animal models was approved by the
Italian Government (D.M. 33/2004).

Immunofluorescence. Cells were fixed in 4% paraformaldehyde for 10min, rinsed
with PBS and blocked by 10% normal goat or donkey serum in PBST (PBSþ 0.1%
TritonX-100) for 60min62. Alkaline phosphatase staining was performed using the
Alkaline Phosphatase Kit (Millipore), according to the manufacturer’s protocol.
For LC3, LAMP1 and LAMP2 analysis, cells were co-stained for b-TubIII and TH,
and images were acquired with a Zeiss LSM 510 (Carl Zeiss) confocal microscope
using a 63� 1.4NA plan-apochromat oil objective. Images were processed in
ImageJ (NIH) and brightness/contrast was adjusted equally. The particle size and
number in b-TubIII and THþ cells were quantified with the ‘analyse particles’
plug-in in ImageJ (NIH). Quantification was carried out on at least 50 cells per
condition from independent experiments. Co-localization of LC3/LAMP1 in THþ
neurons was quantified in threshold images with the ‘JACoP’ plug-in of the ImageJ
software. See Supplementary Table 6 for the list of antibodies used.

Protein extraction and western blotting. Proteins were extracted using RIPA
protein extraction buffer (50mM Tris pH 8, 150mM NaCl, 0.5% natriumdeox-
ycholate, 1% NP40, 0.1% SDS) containing protease and phosphatase inhibitors
(Roche) on ice. In total, 15–30 mg of the protein lysate was loaded on a 4–12% Bis-
Tris Gel (NuPAGE, Invitrogen) and transferred on a PVDF membrane (Millipore).
Blots were incubated with primary antibodies overnight at 4 �C on a shaker plat-
form and were then probed with anti-mouse (Dianova), anti-rabbit (Dako) or anti-
goat (JacksonLab) IgG-HRP (Hþ L) secondary antibody (all 1:10.000) for 1 h at
room temperature. Visualization was done by using Amersham ECL Western
Blotting Detection Reagent (GE Healthcare). Densitometry analyses on the
immunoblots from multiple experiments were performed by ImageJ software. See
Supplementary Table 6 for the list of antibodies used. Full-length images of
immunoblots are shown in Supplementary Figs 16–18.

Autophagy studies. Where indicated, cells were treated with NH4Cl (20mM) and
leupeptin (200 mM) (EMD, Millipore) for 4 h and then fixed or lysed for western
blot analysis. LC3-II levels were quantified by densitometry and normalized for
b-actin. LC3 flux was quantified by dividing levels of LC3-II after lysosomal
inhibitor treatment for 4 h by the level of LC3-II without treatment.

Calcium imaging. Cells were loaded with Fura-2 acetoxymethyl ester (Sigma) for
30min at RT in recording medium (NaCl 140mM, KCl 4mM, CaCl2 2mM, MgCl2
1mM, Glucose 4mM, HEPES 10mM). KCl (60mM) and caffeine (10mM, Sigma)
were prepared in recording medium. For baseline recordings, scans were acquired
every 10 s for 5min. Fluorescence measurements were obtained on an epi-
fluorescence inverted microscope (Zeiss Axio Observer). All imaging data were
collected and analysed using AxioVision (rel. 4.8) software.

Cytotoxicity assays. After 63–65 days in vitro, cells were plated on PLO/laminin-
coated 96-well plates at a density of 30.000 cells per well. Two days later, cells were
incubated with A23187 (1 to 5 mM, Tocris), or rotenone (50 to 200 nM, Sigma) in
N2 medium for 4 h and 24 h, respectively. Dimethyl sulfoxide (DMSO) was used as
vehicle and control conditions. The LDH assay (Promega) was performed as per
the manufacturer’s instructions. For knockdown experiments, cytotoxicity assays
were performed 72 h after non-targeting shRNA or NECAB2 shRNA lentiviral
infection.

Proteomic analysis. Cells were resuspended in 100 ml lysis buffer (8M urea, 5mM
DTT, 50mM HEPES pH 8.5, 1� Roche Protease Inhibitors, 1� Roche Phos-
phoStop phosphatase inhibitors) and cell debris was removed by centrifugation
(10min, 9,000 g). The clarified lysate was allowed to incubate at room temperature

for 30min for reduction of disulphide bonds. Cysteines were then alkylated with
15mM iodoacetamide (45min, RT, dark). Excess iodoacetamide was quenched
with DTT (15min, RT, dark). The proteins were precipitated using methanol-
chloroform and then resuspended in a small volume of 8M urea, 50mM HEPES
pH 8.5. Before digestion, they were diluted to 1M urea, 50mM HEPES pH 8.5.
The protein concentrations were measured using the BCA assay (Pierce). Samples
were digested overnight at 37 �C with trypsin, which was added at a 1:100 protease-
to-protein ratio. This reaction was subsequently quenched with 1% formic acid, the
sample desalted using C18 solid-phase extraction (Sep-Pak, Waters) and then dried
by vacuum-centrifugation. To perform tandem mass tag labelling, desalted peptides
were resuspended in 35 ml of 100mM HEPES pH 8.5 and 8 ml of acetonitrile. TMT
reagents (0.8mg) were dissolved in anhydrous acetonitrile (40 ml) of which 4 ml was
added to the peptides. The mixture was incubated at room temperature for 1 h. The
labelling reaction was then quenched by the addition of hydroxylamine to a final
concentration of 0.3% (v/v). Each of the TMT-labelled samples were combined at a
1:1:1:1:1:1:1 ratio, dried, desalted and fractionated using high pH reversed-phase
(HPRP). Following fractionating the samples were acidified to 1% formic acid (v/v),
dried, desalted using StageTips, dried and then reconstituted in 5% acetonitrile and
5% formic acid. LC-MS/MS was performed on an LTQ Orbitrap Elite mass
spectrometer (Thermo-Fisher Scientific)65. The total LC-MS run length for each
sample was 180min consisting of a 150min gradient from 6 to 33% acetonitrile in
0.125% formic acid. A recently developed MS3 method was used to overcome the
interference problem in acquisition of TMT data66.

Data analysis. Mass spectrometry data were processed using an in-house software
pipeline67. Raw files were converted to mzXML files and searched using the Sequest
algorithm68 against a composite database containing all sequences from the human
International Protein Index (IPI) database (version 3.6) in forward and reverse
orientations. Database searching matched MS/MS spectra with fully tryptic
peptides from this composite database with a precursor ion tolerance of 20 p.p.m.
and a product ion tolerance of 1Da. Carbamidomethylation of cysteine residues
(þ 57.02146Da) and TMT tags on peptide N-termini (þ 229.162932Da) were set
as static modifications. Oxidation of methionines (þ 15.99492Da) was set as a
variable modification. Linear discriminant analysis was used to filter peptide
spectral matches to a 1% FDR, as described previously67. For analysis of TMT data,
the reporter ion counts of the peptide spectral matches for each protein were
summed, as described previously66,69. Statistical significance was calculated by
t-test analysis adjusted using the Benjamini and Hochberg method to control for
false-discovery rate and filtered for proteins whose levels changed by at least
1.2-fold. Expression changes were considered significantly up- or downregulated
when the P-value was r0.05.

Cerebrospinal fluid enzyme assays. Total protein amounts were measured using
a DC protein assay in triplicate according to the manufacturer’s instructions
(Biorad). b-Glucosidase activities were analysed by using 4-methylumbelliferyl-b-
D-glucopyranoside (MUB-Glc). b-Galactosidase and b-hexosaminidase activities
were assayed by using the artificial substrates 4-Methylumbelliferyl b-D-galacto-
pyranoside (MUB-Gal) and 4-Methylumbelliferyl N-acetyl-b-D-glucosaminide
(MUG). b-Mannosidase, a-mannosidase and a-fucosidase activities were
determined using 4-methylumbelliferyl-b-D-mannopyranoside (MUB-b-Man),
4-methylumbelliferyl-a-D-mannopyranoside (MUB-a-Man) and 4-methyl-
umbelliferyl-a-L-fucopyranoside, respectively (MUB-Fuc) (all Glycosynth). Same
amounts of CSF protein was transferred to a 96-well microplate and enzymatic
assays performed in triplicate. Determination of the b-galactosidase, b-hex-
osaminidase, b-mannosidase, a-mannosidase and a-fucosidase activities were
performed in McIlvaine Buffer (0.1M Citrate/0.2M Phosphate) pH 5.2 using
0.5mM MUB-Gal and 3mM MUG, 3mM MUB-b-Man, 3mM MUB-a-Man and
3mM MUB- Fuc, respectively. For CBE-sensitive b-glucosidase and GBA2 assays,
cells were pre-incubated for 30min at room temperature in McIlvaine Buffer
(0.1M Citrate/0.2M Phosphate) pH 6.0 with 5 nM AMP-DNM and 1mM CBE,
respectively. The activity of the CBE-sensitive b-glucosidase was determined in the
presence of 0.5% Triton X-100. After 30min, MUB-Glc was added at a final
concentration of 6mM. After 30 to 180min of incubation at 450 r.p.m. stirring and
37 �C, fluorescence was detected by transferring 20 ml of the reaction mixtures to a
microplate and adding 180 ml of 0.25M glycine, pH 10.7.

Lentivirus-mediated shRNA. The verified Mission lentiviral plasmids encoding
turbo GFP (SHC003), non-targeting shRNA (SHC016) and NECAB2 shRNA
(TRCN0000056234, TRCN000056236) in pLKO.1-puro vector backbone were
purchased from Sigma-Aldrich. Lentiviral stocks were prepared by calcium phos-
phate transfection and the packaging vectors pLP1, pLP2 and pLP/VSVG using the
ViraPower HiPerform T-REx Gateway Expression System (Invitrogen). In brief,
80% confluent HEK 293T cells were transfected with 3 mg of plasmid DNA and
9 mg of the ViraPower packaging mix using the TransIT-LT1 Transfection Reagent
(Mirus). The following day, the medium was replaced with fresh culture medium
and cells were incubated at 37 �C in a humified 5% CO2 incubator. After 48 h,
medium was changed and the virus-containing supernatant was harvested, filtered
through a 0.45 mm PVDF filter membrane (Millipore) and concentrated by cen-
trifugation in a Vivaspin column (Sartorius Stedim Biotech) at 4,000 r.p.m. at 4 �C
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for 15min. Supernatants were collected over 48 to 60 h and titred used at an MOI
of five to infect cells.

Statistical analysis. The Statistical Package GraphPad Prism version 4.00
(GraphPad Software, San Diego California USA) was used to analyse the data.
Statistical testing involved a two-tailed paired or unpaired Student’s t-test, One-way
Anova with Bonferroni’s multiple comparison test or Mann–Whitney U test, as
appropriate. Data are expressed as meanþ s.e.m. (orþ s.d.) as indicated.
Significance was considered for Po0.05.

References
1. Sidransky, E. et al. Multicenter analysis of glucocerebrosidase mutations in

Parkinson’s disease. N. Engl. J. Med. 361, 1651–1661 (2009).
2. Nalls, M. A. et al. A multicenter study of glucocerebrosidase mutations in

dementia with lewy bodies. JAMA Neurol. 70, 727–735 (2013).
3. Neudorfer, O. et al. Occurrence of Parkinson’s syndrome in type I Gaucher

disease. QJM 89, 691–694 (1996).
4. Bultron, G. et al. The risk of Parkinson’s disease in type 1 Gaucher disease.

J. Inherit. Metab. Dis. 33, 167–173 (2010).
5. Westbroek, W., Gustafson, A. M. & Sidransky, E. Exploring the link between

glucocerebrosidase mutations and parkinsonism. Trends Mol. Med. 17,
485–493 (2011).

6. Sardi, S. P., Singh, P., Cheng, S. H., Shihabuddin, L. S. & Schlossmacher, M. G.
Mutant GBA1 expression and synucleinopathy risk: first insights from cellular
and mouse models. Neurodegener. Dis. 10, 195–202 (2012).

7. Park, I. H. et al. Disease-specific induced pluripotent stem cells. Cell 134,
877–886 (2008).

8. Cooper, O. et al. Pharmacological rescue of mitochondrial deficits in iPSC-
derived neural cells from patients with familial Parkinson’s disease. Sci. Transl.
Med. 4, 141ra190 (2012).

9. Reinhardt, P. et al. Genetic correction of a LRRK2 mutation in human iPSCs
links parkinsonian neurodegeneration to ERK-dependent changes in gene
expression. Cell Stem Cell 12, 354–367 (2013).

10. Kriks, S. et al. Dopamine neurons derived from human ES cells efficiently
engraft in animal models of Parkinson’s disease. Nature 480, 547–551 (2011).

11. Pruszak, J., Sonntag, K. C., Aung, M. H., Sanchez-Pernaute, R. & Isacson, O.
Markers and methods for cell sorting of human embryonic stem cell-derived
neural cell populations. Stem Cells 25, 2257–2268 (2007).

12. Pruszak, J., Ludwig, W., Blak, A., Alavian, K. & Isacson, O. CD15, CD24, and
CD29 define a surface biomarker code for neural lineage differentiation of stem
cells. Stem Cells 27, 2928–2940 (2009).

13. Yuan, S. H. et al. Cell-surface marker signatures for the isolation of neural stem
cells, glia and neurons derived from human pluripotent stem cells. PLoS ONE 6,
e17540 (2011).

14. Turac, G. et al. Combined flow cytometric analysis of surface and intracellular
antigens reveals surface molecule markers of human neuropoiesis. PLoS ONE 8,
e68519 (2013).

15. Jo, E., McLaurin, J., Yip, C. M., St George-Hyslop, P. & Fraser, P. E. Alpha-
Synuclein membrane interactions and lipid specificity. J. Biol. Chem. 275,
34328–34334 (2000).

16. Ngamukote, S., Yanagisawa, M., Ariga, T., Ando, S. & Yu, R. K. Developmental
changes of glycosphingolipids and expression of glycogenes in mouse brains.
J. Neurochem. 103, 2327–2341 (2007).

17. Svennerholm, L. et al. Human brain gangliosides: developmental changes from
early fetal stage to advanced age. Biochim. Biophys. Acta 1005, 109–117 (1989).

18. Yavin, Z. & Yavin, E. Immunofluorescent patterns of dissociated rat embryo
cerebral cells during development in surface culture: distinctive reactions with
neurite and perikaryon cell membranes. Dev. Neurosci. 1, 31–40 (1978).

19. Prinetti, A. et al. Changes in the lipid turnover, composition, and organization,
as sphingolipid-enriched membrane domains, in rat cerebellar granule cells
developing in vitro. J. Biol. Chem. 276, 21136–21145 (2001).

20. Chigorno, V., Sciannamblo, M., Mikulak, J., Prinetti, A. & Sonnino, S. Efflux of
sphingolipids metabolically labeled with [1-3H]sphingosine, L-[3- 3H]serine
and [9,10- 3H]palmitic acid from normal cells in culture. Glycoconj. J. 23,
159–165 (2006).

21. Sciannamblo, M. et al. Changes of the ganglioside pattern and content in
human fibroblasts by high density cell population subculture progression.
Glycoconj. J. 19, 181–186 (2002).

22. Riboni, L. et al. Ganglioside pattern of normal human brain, from samples
obtained at surgery. A study especially referred to alkali labile species.
J. Biochem. 96, 1943–1946 (1984).

23. van Weely, S., Brandsma, M., Strijland, A., Tager, J. M. & Aerts, J. M.
Demonstration of the existence of a second, non-lysosomal glucocerebrosidase
that is not deficient in Gaucher disease. Biochim. Biophys. Acta 1181, 55–62
(1993).

24. Overkleeft, H. S. et al. Generation of specific deoxynojirimycin-type inhibitors of
the non-lysosomal glucosylceramidase. J. Biol. Chem. 273, 26522–26527 (1998).

25. Mazzulli, J. R. et al. Gaucher disease glucocerebrosidase and alpha-synuclein
form a bidirectional pathogenic loop in synucleinopathies. Cell 146, 37–52
(2011).

26. Panicker, L. M. et al. Induced pluripotent stem cell model recapitulates
pathologic hallmarks of Gaucher disease. Proc. Natl Acad. Sci. USA 109,
18054–18059 (2012).

27. Manning-Bog, A. B., Schule, B. & Langston, J. W. Alpha-synuclein-
glucocerebrosidase interactions in pharmacological Gaucher models: a
biological link between Gaucher disease and parkinsonism. Neurotoxicology 30,
1127–1132 (2009).

28. Sardi, S. P. et al. CNS expression of glucocerebrosidase corrects alpha-synuclein
pathology and memory in a mouse model of Gaucher-related synucleinopathy.
Proc. Natl Acad. Sci. USA 108, 12101–12106 (2011).

29. Fuchs, J. et al. Genetic variability in the SNCA gene influences alpha-synuclein
levels in the blood and brain. FASEB J. 22, 1327–1334 (2008).

30. Aureli, M. et al. Cell surface associated glycohydrolases in normal and Gaucher
disease fibroblasts. J. Inherit. Metab. Dis. 35, 1081–1091 (2012).

31. Burke, D. G. et al. Increased glucocerebrosidase (GBA) 2 activity in
GBA1 deficient mice brains and in Gaucher leucocytes. J. Inherit. Metab. Dis.
(2012).

32. Balducci, C. et al. Lysosomal hydrolases in cerebrospinal fluid from subjects
with Parkinson’s disease. Movement Disorders 22, 1481–1484 (2007).

33. Parnetti, L. et al. Cerebrospinal fluid beta-glucocerebrosidase activity is reduced
in Dementia with Lewy Bodies. Neurobiol. Dis. 34, 484–486 (2009).

34. Gegg, M. E. et al. Glucocerebrosidase deficiency in substantia nigra of
parkinson disease brains. Ann. Neurol. 72, 455–463 (2012).

35. Schapira, A. H. Calcium dysregulation in Parkinson’s disease. Brain 136,
2015–2016 (2013).

36. Freestone, P. S. et al. Acute action of rotenone on nigral dopaminergic neurons-
involvement of reactive oxygen species and disruption of Ca2þ homeostasis.
Eur. J. Neurosci. 30, 1849–1859 (2009).

37. Pal, R., Monroe, T. O., Palmieri, M., Sardiello, M. & Rodney, G. G. Rotenone
induces neurotoxicity through Rac1-dependent activation of NADPH oxidase
in SHSY-5Y cells. FEBS Lett. 588, 472–481 (2013).

38. Brockmann, K. et al. GBA-associated PD presents with nonmotor
characteristics. Neurology 77, 276–280 (2011).

39. Kracun, I., Rosner, H., Cosovic, C. & Stavljenic, A. Topographical atlas
of the gangliosides of the adult human brain. J. Neurochem. 43, 979–989 (1984).

40. Israel, M. A. et al. Probing sporadic and familial Alzheimer’s disease using
induced pluripotent stem cells. Nature 482, 216–220 (2012).

41. Velayati, A., Yu, W. H. & Sidransky, E. The role of glucocerebrosidase
mutations in Parkinson disease and Lewy body disorders. Curr. Neurol.
Neurosci. Rep. 10, 190–198 (2010).

42. Goker-Alpan, O., Stubblefield, B. K., Giasson, B. I. & Sidransky, E.
Glucocerebrosidase is present in alpha-synuclein inclusions in Lewy body
disorders. Acta Neuropathol. 120, 641–649 (2010).

43. Xu, Y. H. et al. Accumulation and distribution of alpha-synuclein and ubiquitin
in the CNS of Gaucher disease mouse models.Mol. Genet. Metab. 102, 436–447
(2011).

44. Shachar, T. et al. Lysosomal storage disorders and Parkinson’s disease: Gaucher
disease and beyond. Movement Disorders 26, 1593–1604 (2011).

45. Koga, H., Kaushik, S. & Cuervo, A. M. Altered lipid content inhibits autophagic
vesicular fusion. FASEB J. 24, 3052–3065 (2010).

46. Valaperta, R. et al. Plasma membrane production of ceramide from ganglioside
GM3 in human fibroblasts. FASEB J. 20, 1227–1229 (2006).

47. Boot, R. G. et al. Identification of the non-lysosomal glucosylceramidase as
beta-glucosidase 2. J. Biol. Chem. 282, 1305–1312 (2007).

48. Yildiz, Y. et al. Mutation of beta-glucosidase 2 causes glycolipid storage disease
and impaired male fertility. J. Clin. Investig. 116, 2985–2994 (2006).

49. Hammer, M. B. et al. Mutations in GBA2 cause autosomal-recessive cerebellar
ataxia with spasticity. Am. J. Hum. Genet. 92, 245–251 (2013).

50. Martin, E. et al. Loss of function of glucocerebrosidase GBA2 is responsible for
motor neuron defects in hereditary spastic paraplegia. Am. J. Hum. Genet. 92,
238–244 (2013).

51. Maor, G. et al. Unfolded protein response in Gaucher disease: from human to
Drosophila. Orphanet. J. Rare Dis. 8, 140 (2013).

52. Korschen, H. G. et al. The non-lysosomal beta-glucosidase GBA2 is a non-
integral membrane-associated protein at the endoplasmic reticulum (ER) and
Golgi. J. Biol. Chem. 288, 3381–3393 (2013).

53. Sugita, S., Ho, A. & Sudhof, T. C. NECABs: a family of neuronal Ca(2þ )-
binding proteins with an unusual domain structure and a restricted expression
pattern. Neuroscience 112, 51–63 (2002).

54. Canela, L. et al. The neuronal Ca(2þ ) -binding protein 2 (NECAB2) interacts
with the adenosine A(2A) receptor and modulates the cell surface expression
and function of the receptor. Mol. Cell Neurosci. 36, 1–12 (2007).

55. Ganat, Y. M. et al. Identification of embryonic stem cell-derived midbrain
dopaminergic neurons for engraftment. J. Clin. Investig. 122, 2928–2939
(2012).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5028

16 NATURE COMMUNICATIONS | 5:4028 | DOI: 10.1038/ncomms5028 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.



56. Guzman, J. N., Sanchez-Padilla, J., Chan, C. S. & Surmeier, D. J. Robust
pacemaking in substantia nigra dopaminergic neurons. J. Neurosci. 29,
11011–11019 (2009).

57. Foehring, R. C., Zhang, X. F., Lee, J. C. & Callaway, J. C. Endogenous calcium
buffering capacity of substantia nigral dopamine neurons. J. Neurophysiol. 102,
2326–2333 (2009).

58. Hurley, M. J., Brandon, B., Gentleman, S. M. & Dexter, D. T. Parkinson’s
disease is associated with altered expression of CaV1 channels and calcium-
binding proteins. Brain 136, 2077–2097 (2013).

59. Pelled, D. et al. Enhanced calcium release in the acute neuronopathic form of
Gaucher disease. Neurobiol. Dis. 18, 83–88 (2005).

60. Osellame, L. D. et al. Mitochondria and quality control defects in a mouse
model of Gaucher disease-links to Parkinson’s disease. Cell Metab. 17, 941–953
(2013).

61. Litvan, I. et al. Movement disorders society scientific issues committee report:
SIC Task Force appraisal of clinical diagnostic criteria for Parkinsonian
disorders. Movement Disorders 18, 467–486 (2003).

62. Deleidi, M., Hargus, G., Hallett, P., Osborn, T. & Isacson, O. Development of
histocompatible primate-induced pluripotent stem cells for neural
transplantation. Stem Cells 29, 1052–1063 (2011).

63. Scandroglio, F. et al. Lipid content of brain, brain membrane lipid domains,
and neurons from acid sphingomyelinase deficient mice. J. Neurochem. 107,
329–338 (2008).

64. Partridge, S. M. Filter-paper partition chromatography of sugars: 1. General
description and application to the qualitative analysis of sugars in apple juice,
egg white and foetal blood of sheep. with a note by R. G. Westall. Biochem. J.
42, 238–250 (1948).

65. McAllister, F. E. et al. Mass spectrometry based method to increase
throughput for kinome analyses using ATP probes. Anal. Chem. 85, 4666–4674
(2013).

66. McAlister, G. C. et al. Increasing the multiplexing capacity of TMTs using
reporter ion isotopologues with isobaric masses. Anal. Chem. 84, 7469–7478
(2012).

67. Huttlin, E. L. et al. A tissue-specific atlas of mouse protein phosphorylation and
expression. Cell 143, 1174–1189 (2010).

68. Eng, J. K., McCormack, J. R. & Yates, 3rd J. R. An approach to correlate tandem
mass spectral data of peptides with amino acid sequences in a protein database.
J. Am. Soc. Mass Spectrometry 5, 976–989 (1994).

69. Ting, L., Rad, R., Gygi, S. P. & Haas, W. MS3 eliminates ratio distortion in
isobaric multiplexed quantitative proteomics. Nat. Methods 8, 937–940 (2011).

70. Vizcaino, J. A. et al. The PRoteomics IDEntifications (PRIDE) database
and associated tools: status in 2013. Nucleic Acid Res. 41, D1063–D1069
(2013).

Acknowledgements
We thank Daniela M. Arduino for helping with the autophagy studies; Ann-Kathrin
Hauser for the sequencing analysis; Dr Marie Follo and Klaus Geiger of the Core Facility,
University Medical Center Freiburg for cell sorting; Lindsay Sweet, Genzyme Corpora-
tion for LC-MS measurements. Gaucher’s disease samples were obtained from the ‘Cell
Line and DNA Biobank from Patients affected by Genetic Diseases’ (G. Gaslini Insti-
tute)—Telethon Genetic Biobank Network (Project No. GTB07001)’. We thank the
PRIDE team for assistance in the submission of the mass spectrometry proteomics data.
This work was supported by the Marie Curie Career Integration Grant MC CIG304108
(M.D.), Fritz Thyssen Foundation grant 10.13.1.155 (M.D.), German Research Foun-
dation (D.F.G.) grant KR2119/8-1 (T.G.), Eva-Theers-Stiftung (T.G. and M.D.) and by
German Research Foundation (D.F.G.) grant PR1132/3-1 (J.P.). C.H. and M.D. were each
supported by an Alexander von Humboldt-Foundation Postdoctoral Fellowship.

Author contributions
D.C.S. performed the experiments and analysed the data; M.A. performed the experi-
ments and analysed the data, participated in writing the manuscript; F.E.M. performed
the MS experiments and analysed the data, participated in writing the manuscript; C.J.H.
performed the FACS experiments and analysed the data; F.M. performed experiments;
B.S. performed experiments; S.P.S. provided LC/MS data; M.V. performed experiments;
S.H. performed experiments; L.K.S. performed experiments; U.H. performed experi-
ments; D.B. oversaw patient sample collection; L.S. provided LC/MS data; J.H. designed
calcium imaging experiments; J.P. performed experiments, designed the FACS experi-
ments and participated in writing the manuscript; S.P.G. carried out mass spectrometry;
S.S. participated in designing experiments and writing the manuscript; T.G. supervised
part of the study and wrote the manuscript; M.D. designed and coordinated the study,
performed experiments, analysed the data and wrote the manuscript.

Additional information
Accession codes The mass spectrometry proteomics data have been deposited in
ProteomeXchange via the PRIDE partner repository70 under the accession code
PXD000866.

Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no conflict of interest.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
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SUMMARY

Whilemitochondrial dysfunction is emerging as key in
Parkinson’s disease (PD), a central question remains
whether mitochondria are actual disease drivers and
whether boostingmitochondrial biogenesis and func-
tion ameliorates pathology. We address these ques-
tions using patient-derived induced pluripotent
stem cells and Drosophila models of GBA-related
PD (GBA-PD), the most common PD genetic risk. Pa-
tient neuronsdisplay stress responses,mitochondrial
demise, and changes in NAD+ metabolism. NAD+
precursors have been proposed to ameliorate age-
related metabolic decline and disease. We report
that increasing NAD+ via the NAD+ precursor nicotin-
amide riboside (NR) significantly ameliorates mito-
chondrial function in patient neurons. Human
neurons require nicotinamide phosphoribosyltrans-
ferase (NAMPT) to maintain the NAD+ pool and utilize
NRK1 to synthesize NAD+ from NAD+ precursors.
Remarkably, NR prevents the age-related dopami-
nergic neuronal loss and motor decline in fly models
of GBA-PD. Our findings suggest NR as a viable clin-
ical avenue for neuroprotection in PD and other
neurodegenerative diseases.

INTRODUCTION

Mitochondrial dysfunction has been proposed as a key mecha-

nism in many neurodegenerative diseases. Among others, Par-

kinson’s disease (PD) stands out due to the role of PD-linked

genes in mitochondrial function and dynamics (Exner et al.,

2012). Evidence for mitochondrial dysfunction in PD was first

described in the 1980s by Schapira et al., who showed

complex I (CI) defects in cells and tissues from PD patients

(Schapira et al., 1989). Substantial progress has been made

since, and genetic and biochemical studies now indicate that

mitochondrial dysfunction and cellular energy failure are key to

PD (Jansen et al., 2017). In this respect, recent studies have

shown that the activation of pathways related to mitochondrial

biogenesis and energy metabolism, such as the NAD+/sirtuin 1

(SIRT1) pathway, provides protection against aging-related dis-

ease (Rajman et al., 2018). Similar approaches could be easily

translated into treatment for PD. However, it is still unclear

whether mitochondrial defects are actual disease drivers and

increasing mitochondrial biogenesis provides neuroprotection

in PD. In addition, little is known about NAD+ metabolism and

availability of NAD+ precursors in human neurons. Here, we

have addressed these fundamental questions in an induced

pluripotent stem cell (iPSC) neuronal model of PD bearing muta-

tions in the lysosomal enzyme b-Glucocerebrosidase (GBA)

gene (GBA-PD), themost common genetic risk for PD (Sidransky

et al., 2009). b-Glucocerebrosidase (GCase) activity is reduced

not only in mutation carriers but also in idiopathic PD and healthy

individuals at older age (Gegg et al., 2012; Rocha et al., 2015),

pointing toward a general role for GCase in brain aging and

neurodegenerative processes. Importantly, patients with GBA

mutations represent an etiologically homogeneous subgroup of

PD, therefore providing the ideal cohort for precision medicine

approaches.

The pathogenetic mechanisms involved in GBA-PD are

only partially understood and include autophagic defects,

increased a-synuclein aggregation, calcium dyshomeostasis,

2976 Cell Reports 23, 2976–2988, June 5, 2018 ª 2018 The Authors.
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and endoplasmic reticulum (ER) stress (Migdalska-Richards and

Schapira, 2016). GCase is a lysosomal enzyme that catalyzes the

hydrolysis of glucosylceramide (GlcCer), a membrane glyco-

sphingolipid, to ceramide and glucose, and both loss and gain

of its enzymatic function may contribute to disease. According

to the loss-of-function hypothesis, GCase deficiency causes

substrate accumulation that alters lysosomal function and pro-

motes a-synuclein aggregation (Jo et al., 2000; Velayati et al.,

2010; Mazzulli et al., 2011). GCase is glycosylated and folded

in the ER and subsequently trafficked through the Golgi to the

lysosome. According to the gain-of-function hypothesis, GBA

mutations interfere with the folding process in the ER, leading

to ER-associated degradation, ER stress, and activation of the

unfolded protein response (UPR) (Maor et al., 2013; Fernandes

et al., 2016). Interestingly, mitochondrial dysfunction has been

described in experimental models of GCase deficiency (Osel-

lame et al., 2013; Keatinge et al., 2015; Cleeter et al., 2013). How-

ever, whether mitochondrial function is altered in PD patients

with GBA mutations (GBA-PD) and the mechanisms underlying

such demise are still unknown. Furthermore, whether improving

mitochondrial biogenesis and function represents an effective

therapeutic strategy for PD needs to be investigated.

RESULTS

iPSC-Derived Neurons from GBA-PD Patients Show
Defects in Mitochondrial Function
To investigate whetherGBA is linked to mitochondrial function in

human neurons, iPSC lines from PD patients with heterozygous

GBA mutations (N370S, L444P, and RecNcil), as well as corre-

sponding isogenic gene-corrected (GC) and unaffected controls

(Schöndorf et al., 2014) (Table S1), were differentiated into dopa-

minergic (DA) neurons, and mitochondrial morphology was

examined by transmission electron microscopy (TEM). Morpho-

metric analysis revealed altered cristae morphology in GBA-PD

neurons compared to isogenic GC and healthy controls (Figures

1A, 1B, and S1A). In addition,GBA-PD neurons showed a signif-

icant increase in mitochondrial diameter (Figure 1C). Next, we

measured oxygen consumption rates (OCRs) and found that

GBA-PD neurons displayed significantly reduced basal respira-

tion and decreased maximal OCR as well as ATP-linked OCR

and spare respiratory capacity (SRC) compared to isogenic con-

trols (Figures 1D and 1E). Similarly, basal respiration, maximal

OCR, and ATP-linked OCR and SRC were significantly reduced

in GBA-PD neurons compared to unrelated unaffected controls

(Figure S1B). Western blot analysis revealed an increase in the

level of respiratory chain complex subunits in GBA-PD neurons

compared to isogenic controls, but this increase did not

reach statistical significance (Figures S1C and S1D). We next

measured CI activity in enriched mitochondrial fractions from

GBA-PD iPSC neurons and GC controls. CI activity was signifi-

cantly reduced in GBA-PD neurons compared to isogenic

controls (Figure 1F). Consistent with these findings, GBA-PD

neurons produced significantly higher amounts of mitochondrial

reactive oxygen species (mtROS) than isogenic controls (Fig-

ure 1G). However, mitochondrial membrane potential and mito-

chondrial mass were not significantly changed in GBA-PD

neurons (Figures 1H and 1I). Of note, no significant difference

in the degree of mitochondrial function was observed among

different GBA genotypes, suggesting that the genotypes exam-

ined in this study (RecNcil, L444P, and N370S) equally affect

mitochondria (Figures S1E–S1I). To get further insight into the

mechanisms underlying mitochondrial dysfunction in GBA-PD,

we examined the GCase substrate sphingolipid composition of

mitochondria from GBA-PD neurons and isogenic controls by

high-performance liquid chromatography tandem mass spec-

trometry (HPLC-MS/MS). To this end, mitochondria were iso-

lated from iPSC neurons with a high degree of purity. Western

blot analysis showed high level of enrichment of isolated mito-

chondria with a small amount of non-mitochondrial organelle

contamination (Figure S1J). Quantification of individual species

of GlcCer revealed the absence of GlcCer accumulation in pa-

tient mitochondria with only a significant increase of C16-GlcCer

(Figure 1J).

iPSC-Derived Neurons from GBA-PD Patients Show
Defects in Mitochondrial Dynamics
Next, we examined the level of mitochondrial fission (DRP1 and

Fis1) and fusion (OPA1 andMfn1) proteins inGBA-PD iPSC neu-

rons and isogenic controls. Immunoblot analysis revealed a

Figure 1. Mitochondrial Function in GBA-PD iPSC Neurons

(A–C) Mitochondrial morphology in isogenic gene-corrected (GC) controls and GBA-PD iPSC neurons.

(A) Representative TEM images of mitochondria are shown (L444P GBA-PD and GC controls) (scale bar, 500 nm).

(B) Quantification of mitochondrial cristae morphology in isogenic GC and GBA-PD (N370S, L444P) iPSC-derived neurons (n = 3; two-sided Fisher’s exact test).

(C) Mitochondrial major diameter. Data are presented as mean ± SD (n = 299 GC and n = 264 GBA-PD mitochondria from 3 independent experiments were

analyzed; two-tailed t test).

(D) Oxygen consumption rate (OCR) trace for isogenic GC and GBA-PD (N370S, L444P, RecNcil) iPSC neurons. Data are normalized to cell number and pre-

sented as mean ± SD (n = 8; two-tailed t test).

(E) Quantification of basal, maximal, ATP-linked respiration, and spare respiratory capacity (SRC). Data are normalized to cell number and presented as mean +

SD (n = 8; two-tailed t test).

(F) Complex I (CI) activity in enrichedmitochondria from isogenicGBA-PD (N370S, L444P) and GC iPSC neurons. Data are expressed asmean + SEM (n = 5; two-

tailed t test).

(G) Mitochondrial ROS (mtROS) levels in GBA-PD (N370S, L444P, RecNcil) and GC iPSC neurons. Data are normalized to GC and represented as mean + SEM

(n = 5; two-tailed t test).

(H) Mitochondrial membrane potential in isogenic GC andGBA-PD (N370S, L444P, RecNcil) iPSC neurons. Data are normalized to GC and presented as mean +

SEM (n = 5; two-tailed t test).

(I) Citrate synthase (CS) activities in GC and GBA-PD (N370S, L444P, RecNcil) iPSC neurons. Data are presented as mean + SEM (n = 5; two-tailed t test).

(J) Mitochondrial sphingolipid profile of isogenic GC andGBA-PD (N370S, L444P) iPSC neurons. Data are normalized to inorganic phosphate (Pi) and presented

as mean + SEM (n = 7 independent mitochondrial purifications; two-tailed t test).
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Figure 2. Mitochondrial Dynamics in GBA-PD iPSC Neurons

(A and B) Western blot of DRP1, Mfn1, and Fis1 in isogenic GBA-PD (N370S, L444P) and gene-corrected (GC) iPSC neurons (A). Vinculin was used as a loading

control. Quantification of western blots is shown in (B). Data are normalized to GC and presented as mean + SEM (n = 5).

(C and D) Western blot analysis of OPA-1 processing (C). The L-OPA1/S-OPA-1 ratio is shown in (D). Data are presented as mean + SEM (n = 5; two-tailed t test).

(legend continued on next page)
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reduction in DRP1, OPA1, and Mfn1 levels in GBA-PD neurons

(Figures 2A–2D). On the other hand, there was an increase of

Fis1 in GBA-PD neurons (Figures 2A and 2B). However, these

differences did not reach statistical significance. Interestingly,

the ratio between the long and short form of OPA1 was signifi-

cantly increased inGBA-PD neurons compared to isogenic con-

trols, suggesting an impairment of mitophagy (MacVicar and

Lane, 2014) (Figures 2C and 2D). GBA-PD neurons showed a

significant reduction of mitochondrial-lysosomal co-localization

compared to GC controls, as assessed by confocal microscopy

and Amnis ImageStream flow cytometry (Figures 2E, 2F, S2A,

and S2B). In line with these findings, the expression of the mi-

tophagy adaptor protein BNIP3L/NIX was significantly reduced

in GBA-PD compared to isogenic controls (Figure 2G).

Mitochondrial Function Is Altered in GBA Knockout
iPSC-Derived Neurons
To assess the impact of loss of GCase enzymatic function on

mitochondria in the absence of gain-of-function mechanisms,

we generated GBA knockout (KO) iPSCs using clustered regu-

larly interspaced short palindromic repeats (CRISPR)-Cas9 (Fig-

ures S3A–S3F). GBA was knocked out in two healthy control

iPSC lines and one GBA-PD N370S iPSC line (Table S2). All

GBA KO clones showed complete loss of GCase protein and

its enzymatic activity (Figures S3E and S3F). No significant differ-

ence in DA neuronal differentiation potential was observed

among GBA KO iPSCs and corresponding parental lines as as-

sessed by quantification of bIII-tubulin- and tyrosine hydroxylase

(TH)-positive neurons (>80% neurons, of which on average 40%

of cells in both controls and GBA KO lines expressed TH). GBA

KO iPSC-derived neurons exhibited accumulation of the GCase

substrates GlcCer and glucosylsphingosine as revealed by

HPLC-MS/MS (Figures S3G). A significant increase of C16-gal-

actosylceramide was also observed (Figure S3I). No significant

change in levels of other sphingolipids was detected (Figures

S3H and S3I). Two GBA KO clones were selected from each

parental iPSC line and used for further experiments (Table S2).

As observed in GBA-PD neurons, morphometric analysis re-

vealed ultrastructural abnormalities in GBA KO iPSC-neurons

compared to isogenic controls (Figures 3A and 3B). Similar to

what we observed in GBA-PD neurons, GBA KO neurons

showed significantly reduced basal and maximal respiration as

well as ATP-linked OCR and SRC (Figure 3C). Despite the

consistent trend for decreased CI activity in GBA KO neurons,

the values did not reach statistical significance (Figure 3D).

GBA KO neurons showed elevated levels of mtROS

(Figure 3E). Furthermore, we did not observe significant

changes of mitochondrial membrane potential (Figure 3F).

HPLC-MS/MS analysis of mitochondria purified from GBA KO

iPSC-derived neurons showed a significant accumulation of all

subtypes of the GCase substrates GlcCer and glucosylsphingo-

sine (Figure 3G).

GBA-PD, but Not GBA Knockout, iPSC-Derived Neurons
Show Increased ER Stress and UPR
Interestingly, when comparing OCRs and CI activity in the

isogenic lines (GBA-PD N370S, GC control and GBA KO), no

gene dosage effect was found (Figures S3J and S3K). These

data suggest that different mechanisms contribute to mitochon-

drial defects in heterozygous GBA-PD patient and GBA KO neu-

rons. One of such mechanisms could be the UPR and ER stress

that have been previously observed inGBA-PD (Fernandes et al.,

2016). To dissect the contribution of gain- and loss-of-function of

mutant GCase, we measured the levels of the ER chaperone

immunoglobulin-binding protein (BiP) by western blot in GBA-

PD N370S iPSC-derived neurons as well as isogenic controls

and isogenic GBA KO neurons. Levels of BiP were increased in

GBA-PD neurons compared to isogenic controls and isogenic

GBA KO neurons (Figure 4A). Consistent with these findings,

RNA levels of spliced X-box-binding protein-1 (XBP1s) were

significantly increased in GBA-PD, but not in isogenic GBA KO

neurons, suggesting activation of the IRE1 related branch of

ER stress (Figure 4B). Healthy control-derived GBA KO neurons

showed levels of BiP similar to their isogenic controls (Fig-

ure S3L). In addition, levels of phospho-eIF2a were significantly

increased in GBA-PD, but not in isogenic GBA KO neurons, as

compared to GC controls (Figure 4C). Consistent with these find-

ings, levels of phospho-PERK were increased only in GBA-PD

neurons as compared to GC controls (Figure 4D).

NAD+ Metabolism Is Altered in GBA-PD iPSC-Derived
Neurons
Mitochondrial dysfunction and increased oxidative stress are

hallmarks of aging and have been linked to the decline of intra-

cellular levels of NAD+ (Mouchiroud et al., 2013). To examine

whether GBA mutations lead to changes in NAD+ metabolism,

we measured the expression of the NAD+ biosynthetic enzymes

nicotinamide mononucleotide adenylyltransferases (NMNATs).

mRNA levels of NMNAT2 were significantly decreased in GBA-

PD neurons compared to isogenic controls, whereas levels of

NMNAT1 and NMNAT3 were unchanged (Figure 5A). NMNAT2

levels were unchanged in GBA KO neurons (Figure S3M). Levels

of nicotinamide phosphoribosyltransferase (NAMPT), the rate-

limiting enzyme in the NAD+ salvage synthesis pathway, were

similar in both groups (GBA-PD and GC controls), as assessed

by qRT-PCR (Figure 5A). Next, we measured the adenine and

pyridine nucleotide pool in GBA-PD and isogenic control as

well as GBA KO iPSC-neurons by targeted metabolomics using

liquid chromatography-mass spectrometry (LC-MS). The intra-

cellular NAD+ content was maintained in GBA-PD and GBA

KO neurons (Figure S4). To exclude that the observed absence

of significant changes of NAD+ levels could be linked to the

absence of overt neurodegeneration in our stem cell-based

model system, we also examined the NAD+metabolome in adult

gba+/+, gba�/�, and gba+/� whole zebrafish brains. Adult gba�/�

(E) Immunostaining of differentiated iPSC cultures for MAP2 (magenta), TOM20 (red), and LAMP1 (green). Cell nuclei were counterstained with Hoechst (blue).

Scale bar, 20 mm.

(F) Colocalization between LAMP1 and TOM20. Data are presented as mean + SEM (n = 5; two-tailed t test).

(G) BNIP3L mRNA levels in isogenic GC andGBA-PD (N370S, L444P) iPSC-derived neurons. Data are normalized on Rplp0 and OAZ1 and to GC and presented

as mean + SEM (n = 5; two-tailed t test).
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zebrafish recapitulate the key pathological aspects of PD,

including DA neuronal loss, early microglial activation, and mito-

chondrial dysfunction (Keatinge et al., 2015). Metabolomic ana-

lyses revealed that the NAD+ pool was maintained in brains of

adult gba+/� and gba�/� zebrafish (Figure S5). However, a signif-

icant increase in nicotinamide mononucleotide (NMN) was

observed in gba�/� compared to gba+/+ zebrafish brains as

well as in gba�/� compared to gba+/- brains (Figure S5), suggest-

ing an alteration of NAD+ metabolism. To rule out the possibility

that the heterogeneity of the cell culture and whole brain tissues

influences the results, we then employed the biosensor Peredox

tomonitor the cytosolic NADH/NAD+ ratio in single iPSC-derived

neurons with live-cell imaging (Hung et al., 2011). The NAD+/

NADH redox state was significantly reduced in GBA-PD iPSC

Figure 3. Mitochondrial Function in Human

GBA KO iPSC Neurons

(A and B) Mitochondrial morphology in isogenic

healthy control (CTRL) andGBAKO iPSC neurons.

Representative TEM images of mitochondria (A;

scale bar, 500 nm). Quantification of mitochondrial

cristae morphology in isogenic CTRL andGBA KO

iPSC-neurons (B). Data are presented as mean +

SEM (n = 3; two-sided Fisher’s exact test).

(C) Mitochondrial respiration. Data are presented

as mean + SD (n = 5–7; two-tailed t test).

(D) CI activity in isogenic CTRL and GBA KO iPSC

neurons. Data are expressed as mean + SEM

(n = 5; two-tailed t test).

(E) mtROS levels normalized to CTRL and pre-

sented as mean + SEM (n = 5; two-tailed t test).

(F) Mitochondrial membrane potential. Data are

presented asmean + SEM (n = 5; two-tailed t test).

(G) Mitochondrial sphingolipid profile of CTRL and

GBA KO iPSC-neurons. GlcCer and glucosyl-

sphingosine levels normalized by inorganic

phosphate (Pi). Glucosylsphingosine was below

detection limit in control mitochondria. Data are

presented as mean + SEM (n = 4 independent

mitochondrial purifications; two-tailed t test).

neurons, suggesting reduced level of

available NAD+ (Figure 5B). No significant

change was observed in GBA KO neu-

rons (Figure S3N).

The NAD+ Precursor Nicotinamide
Riboside Rescues Mitochondrial
Defects in GBA-PD iPSC-Derived
Neurons
Next, we tested the ability of different

NAD+ precursors to increase NAD+

levels in human iPSC-derived neurons.

Control iPSC-derived neurons were

treated with nicotinamide (NAM), NMN,

or nicotinamide riboside (NR), and NAD+

levels were measured using a NAD+

cycling assay. NR and NMN showed the

strongest effect in boosting NAD+ levels

(Figure S6A). As NR represents a prom-

ising approach, as shown by pharmacokinetic studies in healthy

subjects (Trammell et al., 2016), we investigated the ability of NR

to rescue GBA-linked mitochondrial defects. NR significantly

increased NAD+ and NADH levels in GBA-PD neurons (Figures

S6B and S6C). NR treatment resulted in an increase in expres-

sion of markers of mitochondrial biogenesis (TFAM) and mito-

chondrial UPR (mtUPR) (HSP60) (Figure 5C). Consistent with

these findings, mitochondrial DNA content and mitochondrial

mass were increased after 48 hr in NR-treated samples (Figures

5D and 5E). The effect of NR was abrogated by EX527, a SIRT1-

specific inhibitor, suggesting that SIRT1 is one of the mediators

of NR function (Figure S6D). Importantly, NR restored mitochon-

drial cristae morphology and significantly reduced mtROS pro-

duction in GBA-PD neurons (Figures 5F–5H). In parallel, NR
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treatment significantly reduced themitochondrial membrane po-

tential (Figure 5I). Similar results were observed when GBA KO

neurons were treated with NR (Figures S6E–S6G). With regard

to the observed defects in mitochondrial dynamics, NR altered

the levels of mitochondrial shaping proteins, with a nonsignifi-

cant increase in DRP1, Mfn1, and OPA1 and a slight decrease

in Fis1 (Figures 5J and 5K). The decreased levels of mitochon-

drial DNA content observed at 24 hr after NR treatment would

suggest an increased mitochondrial clearance (Figure 5D). In

line with these findings, NR was able to increase the levels of

BNIP3L/NIX inGBA-PD neurons (Figure 5L). NR did not enhance

mitochondrial respiration (Figures S6H and S6I). On the contrary,

a significant decrease in basal respiration was observed inGBA-

PD iPSC-derived neurons treated with NR (Figure S6H). In addi-

tion, NR treatment did not alter protein levels of BiP in GBA-PD

neurons (Figure S6J). To confirm that increased NAD+ levels

are responsible for the phenotypic rescue, we treated cells

with the poly(ADP-ribose)-polymerase (PARP) inhibitor PJ34

that, differently from NAD+ precursors, increases NAD+ levels

by inhibiting its consumption. Similar to NR, PJ34 significantly

increased NAD+ levels in human-iPSC-derived neurons and

rescued mitochondrial defects in GBA-PD neurons (Figures

S7A–S7E). Taken together, these results suggest that increasing

NAD+ levels rescues mitochondrial dysfunction via increased

levels of NAD+ in patient-derivedGBA-PD andGBAKOneurons.

Increasing NAD+ Improves Autophagy in GBA-PD and
GBA KO Neurons
GBA mutations affect autophagy and lysosomal function, lead-

ing to autophagic block, defects in autophagosome clearance,

and altered lysosomal recycling (Schöndorf et al., 2014; Magal-

haes et al., 2016). To examine the effects of NR on autophagy,

we treatedGBA-PD andGBAKO neurons with NR and assessed

parameters of autophagic function. NR treatment did not alter

the levels of LC3II at basal conditions; however, it significantly

increased LC3II levels in patient neurons treated with leupeptin

and ammonium chloride, suggesting an increase of synthesis

and clearance of autophagosomes (Figures S7F–S7I). The auto-

phagic flux was significantly increased in GBA KO neurons and

showed a nonsignificant increase in GBA-PD neurons after NR

treatment (Figures S7F–S7I).

NR Metabolism and NAD+ Availability in Human iPSC-
Derived Neurons
To examine pathways of NAD+ maintenance and NAD+ precur-

sors utilization, control iPSC-derived neurons were treated with

the NAMPT inhibitor FK866, and NAD+ levels were measured.

FK866 treatment decreased intracellular NAD+ levels by more

than 90% (Figure 6A). However, FK866 treatment did not alter

the sensitivity of human neurons to NR treatment (Figure 6A),

indicating that NR is metabolized into NAD+ in a NAMPT-inde-

pendent pathway. We next measured the expression levels of

the NAD+ biosynthesis enzymes NR kinase 1 and 2 (NRK1 and

NRK2) (Bieganowski and Brenner, 2004). In undifferentiated

iPSCs, NRK2 showed higher expression levels; on the contrary,

levels of NRK1 were significantly higher in iPSC-derived neurons

(Figure 6B). The role of NRKs in NAD+ metabolism in human

neurons is still unknown. Given its high expression, we aimed

to investigate whether NRK1 is essential for NR metabolism

into NAD+ in human neurons. Of note, mRNA levels of NRK1

were not affected by NR treatment (Figure 6C). Next, we

knocked down NRK1 in control iPSC-derived neurons using

Figure 4. ER Stress Responses in GBA-PD

and GBA KO iPSC Neurons

Analysis of ER stress responses and UPR was

performed in isogenic GBA-PD (N370S), gene-

corrected (GC) controls, and isogenic GBA KO

(clones 4 and 16) iPSC neurons.

(A) Representative western blots showing BiP

levels in isogenic GBA-PD, GC, and GBA KO iPSC

neurons. BiP intensity bands were normalized to

GAPDH and the corresponding isogenic control.

Data are expressed as mean + SEM (n = 5; one-

way ANOVA).

(B) Analysis of XBP1 splicing (XBP1s). mRNA levels

of XBP1s were measured by qPCR. Representa-

tive agarose gel electrophoresis of qRT-PCR

products is shown. For quantification, GAPDH

served as reference gene. Data are expressed as

mean + SEM (n = 5; one-way ANOVA).

(C) Representative western blots showing phos-

pho-eIF2a/eIF2a levels in isogenic GBA-PD, GC,

and GBA KO iPSC-derived neurons. For quantifi-

cation, phospho-eIF2a intensity bands were

normalized to total eif2a and the corresponding

isogenic control. Data are expressed as mean +

SEM (one-way ANOVA). Gel loading as in (A).

(D) Representative western blots showing phos-

pho-PERK/PERK levels in isogenic GBA-PD, GC,

and GBA KO iPSC-derived neurons. Data are ex-

pressed as mean + SEM (n = 5; one-way ANOVA).
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Figure 5. Nicotinamide Riboside Reverts Mitochondrial Defects in GBA-PD iPSC Neurons

(A) NMNAT1, NMNAT2, NMNAT3, and NAMPT mRNA levels in isogenic GC andGBA-PD (N370S, L444P) iPSC neurons. Data were normalized to the level of the

housekeeping genes Rplp0 and OAZ and expressed as fold change over PD. Data are expressed as mean + SEM (n = 5; two-tailed t test).

(B) The NAD+/NADH redox state was measured in iPSC-derived neurons using the biosensor Peredox. Results are presented as mean + SEM (n = 5; two-tailed t

test).

(legend continued on next page)
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lentiviral-mediated short hairpin RNA (shRNA) (Figures 6D and

6E). NRK1 knockdown did not affect basal levels of NAD+ in neu-

rons, as assessed by a NAD+ cycling assay, whereas NR treat-

ment was unable to significantly increase NAD+ levels in NRK1

knockdown neurons (Figure 6F). These data suggest that

NRK1 is essential for exogenous NR metabolism in human neu-

rons. To further examine the metabolism of exogenous NR, we

treated control and GBA-PD iPSC neurons with 0.5 mM NR

and performed LC-MS-based targeted quantitative metabolo-

mics (Figures 6G and S7J). NR treatment significantly increased

the levels of NAD+ in control and patient cells. In addition, we

found a significant increase of NAM in both groups. On the other

(C) iPSC-derived neurons with GBA mutations (N370S and L444P) were treated with NR, and mRNA expression levels of mtUPR and mitochondrial biogenesis

markers were measured by qRT-PCR. Data are normalized to untreated and expressed as mean + SEM (n = 5; two-tailed t test).

(D) qRT-PCR was performed to determine mtDNA content as mitochondrial (16S rRNA and tRNA-Leu) to nuclear (b-2M) DNA ratio in untreated samples or after

24- or 48-hr treatment with NR. Data are normalized to untreated and expressed as mean + SEM (n = 5; two-tailed t test).

(E) Western blot showing TOM70 levels. Protein levels are normalized to GAPDH and the corresponding untreated control. Data are presented as mean + SEM

(n = 3; two-tailed t test).

(F and G) Mitochondrial morphology was assessed by TEM. Representative TEM images of mitochondria inGBA-PD (L444P) iPSC-derived neurons untreated or

treated with NR (F; scale bar 500 nm). Quantification of mitochondrial cristaemorphology in NR treated and untreatedGBA-PD iPSC neurons (G; n = 3; two-sided

Fisher’s exact test).

(H) mtROS in GBA-PD (N370S, L444P) iPSC neurons after NR treatment. Data are normalized to the corresponding untreated control and presented as mean +

SEM (n = 3; Student’s t test).

(I) Mitochondrial membrane potential in GBA-PD (N370S, L444P) iPSC neurons after NR treatment. Data are normalized to untreated samples and presented as

mean + SEM (n = 5; two-tailed t test).

(J and K)GBA-PD (N370S, L444P) iPSC-neurons were treated with NR, and the levels of OPA1, Mfn1, Fis1, and DRP1 were assessed by western blot (J). b-Actin

was used as a loading control. Quantification is depicted in (K). Data are represented as mean + SEM (n = 5).

(L) BNIP3L mRNA levels. Data are normalized on Rplp0 and OAZ1 and expressed as fold changes over untreated. Values are presented as mean + SEM (n = 5;

Student’s t test).

Figure 6. NR Metabolism and Availability in

Human iPSC Neurons

(A) Control iPSC neurons were treated with NR

with or without the NAMPT inhibitor FK866, and

NAD+ levels were measured using a NAD+ cycling

assay. Data are expressed as fold changes over

untreated neurons and presented as mean + SEM

(n = 3; one-way ANOVA). #, significance compared

with FK866-treated neurons.

(B) NRK1 and NRK2 mRNA levels were measured

in control undifferentiated human iPSCs and iPSC-

derived neurons. Data are normalized to Rplp0

levels and expressed as mean + SEM (n = 3; two-

tailed t test).

(C) NRK1 mRNA levels were measured in control

iPSC neurons with or without NR treatment. Data

are normalized to control and presented as

mean + SEM (n = 3).

(D) Knockdown efficiency of NRK1 in iPSC neu-

rons was determined by qRT-PCR and normalized

to non-targeting shRNA. Data are presented as

mean + SEM (n = 3; two-tailed t test).

(E) Representative western blot for NRK1 showing

knockdown efficiency in iPSC neurons.

(F) Scramble (Scrb) or NRK1 knockdown control

iPSC neurons were treated with NR, and NAD+

levels weremeasured using aNAD+ cycling assay.

Data are expressed as fold changes over un-

treated and presented as mean + SEM (n = 3; one-

way ANOVA).

(G) Control and GBA-PD (N370S) iPSC neurons

were treated with 0.5mMNR for 24 hr and LC-MS-

based targeted NAD+ metabolomics was per-

formed. Levels of NAD, NAM, and NMN are

shown. Data are normalized on protein concen-

tration and presented as mean ± SD (n = 7 inde-

pendent differentiations; two-tailed t test).
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hand, levels of NMN, the immediate downstream product of NR,

tended to be higher in NR-treated cells, but this difference was

not statistically significant (Figure 6G).

NR Rescues Motor Deficits in a Drosophila Model of
GBA-PD
To assess the neuroprotective effect of NAD+ precursors in vivo,

we employed a Drosophila model of GBA-PD. Flies expressing

human N370S GBA show increased ER stress, an age-depen-

dent loss of DA neurons accompanied by progressive defects

in climbing activity (Sanchez-Martinez et al., 2016). To explore

neuroprotection, flies expressing wild-type (WT) or N370S GBA

were first raised on normal food, and then adult flies were

aged on food containing NR (500 mM). At 30 days, expression

of N370S GBA caused loss of DA neurons in the protocerebral

posterial lateral 1 (PPL1) cluster. Strikingly, feeding NR signifi-

cantly prevented DA neuronal loss compared to untreated

controls (Figures 7A and 7B). Importantly, NR treatment also

significantly prevented the decline in climbing ability in mutant

N370S GBA flies (Figure 7C).

DISCUSSION

Mounting evidence suggests that mitochondrial dysfunction

plays a key role in PD. Here, we report that neurons from GBA-

Figure 7. Nicotinamide Riboside Prevents

Dopaminergic Neuronal Loss and Rescues

Climbing Deficits in GBA-PD Flies

(A) Representative confocal images of adult

Drosophila brains stained with anti-TH antibody.

Control and transgenic flies expressing human wild-

type (WT) or N370S GBA with and without NR

treatment (500 mM for 30 days) are shown (scale bar,

10 mm).

(B) Graphs show DA cell counts in absence or

presence of NR in PPL1 clusters. Data are presented

as mean + SEM (ns, non-significant, n = 8–12 clus-

ters; Kruskal-Wallis with Dunn’s multiple compari-

sons test).

(C) Analysis of climbing ability in adult flies ex-

pressing N370S GBA variants in the presence or

absence of NR (500 mM for 10 days). Data are pre-

sented as mean + 95% confidence interval (n = �50

animals per condition ;Kruskal-Wallis with Dunn’s

multiple comparisons test).

PD patients and GBA KO neurons exhibit

mitochondrial dysfunction characterized

by morphological changes, reduced respi-

ration, and increased oxidative stress. As

mitochondrial membrane lipid composition

regulates many of these functions (Aufsch-

naiter et al., 2017) and changes in lipid

metabolism have been observed in GBA-

PD (Schöndorf et al., 2014; Fernandes

et al., 2016; Garcı́a-Sanz et al., 2017), we

examined the mitochondrial sphingolipid

profile of GBA-PD and GBA KO neurons.

Lipidomic analysis revealed the absence of a significant accu-

mulation of sphingolipids in patient mitochondria. However, we

observed a significant increase of C16-GlcCer. On the contrary,

the mitochondrial sphingolipid profile of GBA KO neurons was

profoundly altered, with significant accumulation of GlcCer and

glucosylsphingosine. Given the role of sphingolipids in the regu-

lation of mitochondrial properties, substrate accumulation or

even subtle changes in lipid composition of mitochondrial mem-

branes, as observed in patient mitochondria, may interfere with

their biophysical properties and signaling pathways. However,

we are not able to unambiguously define the exact subcellular

localization of these alterations. Even though we have isolated

mitochondria to the highest degree of purity, a small amount of

contamination with lysosomes and ER was still present. The

low degree of non-mitochondrial proteins and the complete

absence of additional lysosomal markers (other than LAMP1)

suggest the residual presence of organelle contact sites in mito-

chondrial preparations. Given the importance of contact sites in

interorganelle communication (Wong et al., 2018), further studies

are needed to investigate the role of distinct sphingolipids in

such inter-organelle communication and mitochondrial

dysfunction.

Overall, we did not observe a gene dosage effect when

comparing mitochondrial function in heterozygous GBA-PD

with GBA KO neurons. Thus, distinctly different mechanisms
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likely contribute to mitochondrial dysfunction in these models.

One such mechanism could be the alteration of mitochondria

sphingolipid composition, which we observed in GBA KO, but

not GBA-PD, cells. Interestingly, in other lysosomal storage dis-

eases, the loss of lysosomal enzymatic function leads to sub-

strate accumulation at the ER membranes and subsequent

activation of the UPR (Tessitore et al., 2004). However, despite

significant substrate accumulation in our model, the complete

loss of GCase enzymatic function in GBA KO neurons is not

sufficient to trigger ER stress responses that were instead

observed in heterozygous GBA-PD neurons. This points toward

a key role of gain-of-function mechanisms in ER stress re-

sponses in GBA-PD. On the other hand, GCase deficiency

results in sphingolipid accumulation and mitochondrial dysfunc-

tion including increased mtROS.

GBA-PD neurons showed an imbalance of mitochondrial

shaping proteins DRP1, OPA1, Mfn1, and Fis1 and an increased

ratio of L-OPA1/S-OPA1. As L-OPA1 processing and impaired

DRP1 activity contribute to the dysfunction of mitophagy

(MacVicar and Lane, 2014), our results would suggest an impair-

ment of mitochondrial clearance in GBA-PD. This was further

supported by the reducedmitochondria-lysosome colocalization

and reduced expression of the mitophagy adaptor NIX/BNIP3L.

Unexpectedly, we did not observe a significant increase of mito-

chondrial content in patient neurons. The mitochondrial mem-

brane potential was also preserved in GBA-PD neurons. As

BNIP3L/NIX plays a role in the loss of mitochondrial membrane

potential (Sandoval et al., 2008), reduced levels of BNIP3L in

GBA-PD neurons could explain the lack of decreased mitochon-

drial membrane potential. Taken together, our data suggest an

imbalance of mitochondrial dynamics in GBA-PD neurons that

leads to mitochondrial dysfunction in the absence of accumula-

tion of damaged mitochondria. As mitophagy occurs locally in

distal neuronal axons, we cannot exclude accumulation of

dysfunctional mitochondria within axons (Ashrafi et al., 2014).

Increasing intracellular NAD+ concentrations has been shown

to be protective against age-related metabolic decline and dis-

ease (Rajman et al., 2018; Katsyuba and Auwerx, 2017). NAD+

is a coenzyme for several enzymes, including SIRT1, which reg-

ulates mitochondrial biogenesis, autophagy, and cellular stress

responses (Chang and Guarente, 2014; Prola et al., 2017).

Several mechanisms lead to NAD+ consumption, including

oxidative stress. To examine whether NAD+ decline is involved

inGBA-PD, we have first used targetedmetabolomics and found

that NAD+ levels were maintained in both GBA-PD and GBA KO

iPSC-derived neurons, as well as whole brains from gba�/� ze-

brafish. As cellular energy metabolism and the cytosolic

NADH/NAD+ redox state differ in various tissues or different cells

within the same tissue, we have employed a genetically encoded

NADH/NAD+ biosensor for live-cell imaging in iPSC-derived

neurons. GBA-PD neurons showed a significant reduction of

the NAD+/NADH redox state. The reduction of NMNAT2 in

GBA-PD neurons further supports an alteration of NAD+ meta-

bolism in GBA-PD. Besides its role in NAD+ synthesis, NMNAT2

also acts as a chaperone to reduce proteotoxic stress and its

levels decline prior to the onset of neurodegeneration (Ali et al.,

2016). Thus, the reduction of NMNAT2 inGBA-PD neurons could

also explain the increased proteotoxic stress observed in these

cells. The zebrafish metabolomics data further support an alter-

ation of NAD+metabolism.GBA deficiency led to a significant in-

crease in NMN in zebrafish brains. This strongly suggests

reduced NMNAT activity in the zebrafish brain when lacking

GBA. We were unable to reliably detect NMN at basal conditions

in iPSC-derived neurons, as NMN is a low abundancemetabolite

in cellular extracts. In conclusion, even though we cannot yet

conclude definitively that NAD+ decline occurs in GBA-PD, our

data suggest alterations of NAD+ metabolism in these models.

Given the existence of different cellular NAD+ pools and the rele-

vance ofmitochondrial NAD+ formitochondrial and cellular func-

tion, an important question remains how these NAD+ cellular

pools communicate with each other andmodulate the aging pro-

cess and disease risk.

Here, we report that human iPSC-derived neurons rely on

NAMPT for maintenance of the NAD+ pool, they are responsive

to NAD+ precursors and utilize NRK1 as the main metabolic

pathway to synthetize NAD+ from exogenous NR in aNAMPT-in-

dependent manner. NR administration caused a significant in-

crease of NAD+. Besides NAD+, levels of NAM were also

increased upon NR treatment, suggesting an increase of the ac-

tivity of NAD+ consuming enzymes that convert NAD+ to NAM.

However, we cannot exclude a partial conversion of exogenous

NR into NAM before synthesis to NAD+. Levels of the immediate

downstream product of NR, NMN, tended to be higher in NR-

treated cells, but this difference was not statistically significant.

This would suggest a rapid conversion of NMN into NAD+. In

our model systems, NR ameliorated mitochondrial function and

rescued mitochondrial quality control. We also observed an

increased expression of BNIP3L/NIX after NR treatment. In line

with this, mitochondrial content decreased after 24 hr of NR

treatment, which points toward increased mitophagy. However,

prolonged NR treatment boosted mitochondrial content and

increased TFAM, which underlines the dual role of NAD+ and sir-

tuins inmaintainingmitochondrial biogenesis and quality control.

Furthermore, supporting an increase in mitophagy, NR positively

regulated autophagic function. Importantly, we found that NAD+

supplementation rescues the age-dependent loss of DA neurons

and decline in motor ability in a GBA-PD Drosophila model.

In summary, our study elucidates the mechanisms involved in

GBA-PD and revealsmitochondrial dysfunction as a key driver of

disease. Our findings show that NAD+ precursors ameliorate

GBA-related defects. Among the available NAD+ precursors,

NR may be a valuable therapeutic approach due to its high

bioavailability, minimal toxicity, and evidence of its ability to

cross the blood-brain barrier (Trammell et al., 2016). Future

studies will explore the potential therapeutic benefits of

combining NAD+ boosters with chaperones and GCase activa-

tors (Migdalska-Richards et al., 2016).

EXPERIMENTAL PROCEDURES

Cell Culture

iPSC lines (Table S1) were previously generated and characterized (Schöndorf

et al., 2014).

Generation of GBA Knockout Human iPSCs

CRISPR-Cas9 constructs were generated as described previously (Ran et al.,

2013).
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Measurement of Mitochondrial Membrane Potential and mtROS

Neuronswerewashed oncewith Hank’s balanced salt solution (HBSS) (Invitro-

gen) following incubation with 200 nM tetramethylrhodamine methylester

perchlorat (TMRM) (Invitrogen). For measurements of mtROS, cells were incu-

bated with 5 mMMitoSOX Red (Invitrogen). Cytofluorimetric analysis was per-

formed using MACSQuant Analyzer 10 (Miltenyi).

Seahorse XFe96 Metabolic Flux Analysis

OCR was analyzed using an XFe96 Extracellular Flux Analyzer (Seahorse

Biosciences).

NAD/NADH Measurements and Metabolomics

NAD+ levels were measured using the NAD/NADH-Glo Assay Kit (Promega).

NADH levels were measured using the NAD/NADH Assay Kit (Abcam). The

cytosolic NADH/NAD+ redox state of iPSC neurons was measured as

described previously (Hung et al., 2011).

Enzymatic Activities

GCase activity was tested using the intact cell lysosomal b-Glu assay (Sawkar

et al., 2006). Citrate synthase and mitochondrial CI activities were measured

following the protocol reported by Spinazzi et al. (2012).

Drosophila Studies

Transgenic Drosophila lines expressing human WT or N370S GBA were previ-

ously generated (Sanchez-Martinez et al., 2016).

Statistical Analysis

The Statistical Package GraphPad Prism version 7.0b (GraphPad Software,

San Diego, CA) was used to analyze the data. Statistical testing involved a

two-sided Fisher’s exact test, two-tailed Student’s t test, one-way ANOVA

with Bonferroni’s multiple comparison test, or Kruskal-Wallis with Dunn’s mul-

tiple comparisons test, as appropriate. Data are expressed as mean + SEM or

SD as indicated.
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aging Flow Cytometry Core Facility, University of T€ubingen for excellent assis-

tance with the Amnis ImageStream. This work was made possible through

funding by theGerman Research Council (DFG; DE 2157/2-1;M.D.), Helmholtz

Association (VH-NG-1123; M.D.), Marie Curie Career Integration Grant

(CIG304108; M.D.), Medical Research Council core funding (MC-A070-

5PSB0; A.J.W.), and the European Research Council (starting grant 309742;

AJW). Research was supported in part by the Medical University of South Car-

olina’s Lipidomics Shared Resource through funding of laboratory space for

the Analytical Unit located in 505 Children’s Research Institute (CRI): Hollings

Cancer Center (P30 CA138313), the Lipidomics Shared Resource in the South

Carolina Lipidomics and Pathobiology COBRE; MUSC Department of

Biochemistry (P20 RR017677), and the National Center for Research Re-

sources and Office of the Director of the National Institutes of Health (C06

RR018823)

AUTHOR CONTRIBUTIONS

M.D. conceived, designed, and supervised the study. A.J.W. designed

Drosophila studies. D.C.S., D.I., P.B., S.D.C., C.Y., L.K.S., G.D.N., V.P., and

J.P. performed in vitro experiments. D.C.S., D.I., P.B., S.D.C., and L.K.S.

analyzed data. S.N. and B.H. performed TEM, A.S.-M. and I.G. performed

Drosophila studies and analyzed data, and M.K. and O.B. performed zebrafish

experiments. T.G. oversaw patient sample collection. M.D. wrote the manu-

script with input from all authors. All authors contributed to proofreading of

the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 7, 2017

Revised: March 5, 2018

Accepted: May 2, 2018

Published: June 5, 2018

REFERENCES

Ali, Y.O., Allen, H.M., Yu, L., Li-Kroeger, D., Bakhshizadehmahmoudi, D.,

Hatcher, A., McCabe, C., Xu, J., Bjorklund, N., Taglialatela, G., et al. (2016).

NMNAT2:HSP90 complex mediates proteostasis in proteinopathies. PLoS

Biol. 14, e1002472.

Ashrafi, G., Schlehe, J.S., LaVoie, M.J., and Schwarz, T.L. (2014). Mitophagy

of damaged mitochondria occurs locally in distal neuronal axons and requires

PINK1 and Parkin. J. Cell Biol. 206, 655–670.

Aufschnaiter, A., Kohler, V., Diessl, J., Peselj, C., Carmona-Gutierrez, D., Kel-

ler, W., and B€uttner, S. (2017). Mitochondrial lipids in neurodegeneration. Cell

Tissue Res. 367, 125–140.

Bieganowski, P., and Brenner, C. (2004). Discoveries of nicotinamide riboside

as a nutrient and conserved NRK genes establish a Preiss-Handler indepen-

dent route to NAD+ in fungi and humans. Cell 117, 495–502.

Chang, H.C., and Guarente, L. (2014). SIRT1 and other sirtuins in metabolism.

Trends Endocrinol. Metab. 25, 138–145.

Cleeter, M.W., Chau, K.Y., Gluck, C., Mehta, A., Hughes, D.A., Duchen, M.,

Wood, N.W., Hardy, J., Mark Cooper, J., and Schapira, A.H. (2013). Glucocer-

ebrosidase inhibition causes mitochondrial dysfunction and free radical dam-

age. Neurochem. Int. 62, 1–7.

Exner, N., Lutz, A.K., Haass, C., and Winklhofer, K.F. (2012). Mitochondrial

dysfunction in Parkinson’s disease: molecular mechanisms and pathophysio-

logical consequences. EMBO J. 31, 3038–3062.

Fernandes, H.J., Hartfield, E.M., Christian, H.C., Emmanoulidou, E., Zheng, Y.,

Booth, H., Bogetofte, H., Lang, C., Ryan, B.J., Sardi, S.P., et al. (2016). ER

stress and autophagic perturbations lead to elevated extracellular a-synuclein

in GBA-N370S Parkinson’s iPSC-derived dopamine neurons. Stem Cell

Reports 6, 342–356.

Garcı́a-Sanz, P., Orgaz, L., Bueno-Gil, G., Espadas, I., Rodrı́guez-Traver, E.,

Kulisevsky, J., Gutierrez, A., Dávila, J.C., González-Polo, R.A., Fuentes,
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