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Chapter 1: Introduction: 
 

Parkinson's disease  
 

Parkinson's disease (PD) is the second most common neurodegenerative disorder 

after Alzheimer's disease, affecting around 6 million people worldwide (Lesage & 

Brice, 2009). PD is, except rare cases of early onset, primarily a disease of the 

elderly which affects 1-2% of the population over 65 and 5% of the population over 

85 years of age (Alves, 2008). It was first described by James Parkinson in 1817 in 

the work "An assay on the Shaking palsy" where he describes the disease as: " 

Involuntary tremulous motions, with lessened muscular power (...) with a propensity 

to bend the trunk forwards, and to pass from a walking to a running pace: the senses 

and intellects being un-injured" (Parkinson, 1817, re-published in 2002). Today the 

clinical representation of PD can be separated in motor and non-motor symptoms. 

Classical motor symptoms include resting tremor, bradykinesia, shuffling gait and 

postural instability. The symptoms are progressive but the age of onset and the rate 

of progression is variable (Hauser, 2012). Besides classical motor symptoms, non-

motor symptoms include cognitive, behavioural or neuropsychatric disturbances 

which are known to accompany 90% of all PD patients during the course of the 

disease (Löhle, 2009). Non-motor symptoms can deteriorate quality of life massively 

since they do not respond as well to current therapies as motor symptoms (Lim & 

Lang, 2010) and include depression or anxiety, which occur in 20% to over 50% of 

all PD cases (J. J. Chen & Marsh, 2014). Further, the risk to develop dementia over 

the course of PD is increased 6 times and occurs usually later in the disease 

(Aarsland, 2001).  

During lifetime, PD is defined on the basis of clinical parkinsonian symptoms of the 

patient but a definite diagnosis is possible only by post mortem analysis of the 

patient brain. The identification of cytoplasmic inclusion bodies, spindle-like Lewy 

neuritis (LNs) or more globular Lewy bodies (LBs), is a mandatory prerequisite for 

the diagnosis. These cellular inclusion bodies consist of protein aggregates 

containing mainly alpha-synuclein (α-syn), neurofilaments and ubiquitin (Spillantini, 

1997). The pathology is not restricted to the midbrain but spreads with time course 
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of the disease. This process affects just certain subtypes of neurons and can be 

divided in six stages starting in the medulla oblongata in the brain stem spreading 

over the midbrain and mesocortex until affecting the neocortex. The progression of 

protein accumulation in different brain areas correlates well with the clinical 

manifestation of symptoms in PD patients (Braak, 2003). In addition to LB pathology, 

PD is defined by a loss of dopaminergic neurons in the substantia nigra pars 

compacta (SNPc) in the midbrain (mDA neurons). Dopaminergic neurons in the 

SNPc are characterized by the production of neuromelanin, which results in dark 

pigmentation of such cells and depigmentation as consequence in PD brains when 

dopaminergic neurons are dying (Marsden, 1983). Loss of these neurons leads to 

a depletion of dopamine (DA) in the areas of their projections, mainly in the putamen. 

This imbalance in dopamine leads to striatal dysfunction and the progression of PD 

related motor symptoms (Kish, 1988). Interestingly, first motor symptoms only occur 

when already 60-70% of dopaminergic cells have died (Sulzer, 2007) which 

indicates compensatory mechanisms such as upregulation of dopamine synthesis 

and downregulation of dopamine transporters in the affected regions of the putamen 

(Nandhagopal, 2011). It is important to notice that neurodegeneration is not 

restricted to dopaminergic neurons, but also affects noradrenergic, cholinergic and 

serotonergic neurons in different brain areas like the olfactory bulb, cerebral cortex 

or hippocampus, which could explain the high rate of dementia and other non-motor 

symptoms accompanying PD (Dauer & Przedborski, 2003).  

The molecular pathomechanisms underlying PD are still not completely understood. 

There is emerging evidence that pathogenic pathways like protein aggregation, 

impairment of the ubiquitin-proteasomal or autophagosomal system, elevated 

oxidative stress and mitochondrial dysfunction could represent common 

mechanisms underlying both familial and sporadic forms of PD (Moore, 2005).  

Initial causes of such defects are not well known, but aging, environmental factors 

or familial genetic predisposition are proposed to contribute to the multifactorial 

etiology of PD. 
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Risk factors for PD:  
 

Neurodegenerative disorders, like PD, are the result of complex interactions 

between aging, which represents the strongest risk factor to develop such diseases, 

environmental factors and genetic predisposition. On a molecular level aging is 

considered to be a partly predictable process of cellular alterations that lead to 

accumulation of unrepaired cellular damage, caused by a weakening of cellular 

repair and compensatory mechanisms (Kirkwood, 2003). Underlying mechanisms 

are for example mitochondrial dysfunction, which in turn leads to excessive 

production of reactive oxygen species (ROS), free radical formation, DNA mutations 

and genomic instability. An age related decline in activity of the proteasomal-

autophagosomal system can lead to an aberrant accumulation of cellular proteins. 

Further associated is an elevation in inflammation, activation of microglia and the 

complement system as well as a reduced response to beneficial neurotrophic 

factors (Cherra & Chu, 2008) (Hindle, 2010).  

Environmental factors such as viral infection have long been proposed to cause PD, 

however even though they can induce parkinsonian like symptoms, clinical and 

pathological characteristics can differ from PD (H. Jang, 2009). This changed in 

1982 when researchers observed cases of acute parkinsonism in patients after 

intake of the meperidine analogue 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP). Importantly MPTP-induced disease fully recapitulated PD characteristics 

which include a dramatic improvement of the symptoms after the application of L-

dopa (Ballard, 1985). Further tests in animal models, using squirrel monkeys, 

revealed a specific destruction of nigral dopaminergic neurons after MPTP 

application (Langston, 1984). Since that time several other compounds, mainly 

pesticides, have been found to induce PD in a MPTP related manner. Such toxins 

include for example Rotenone, Paraquat, organochlorine pesticides or 

hexachlorohexanes. For many substances the mechanisms of action are not 

completely understood, however mitochondrial dysfunction and excessive ROS 

production seem to play a common role, which lead to cell death of dopaminergic 

neurons (Goldman, 2014). Beside pesticides, further environmental factors which 

increase the risk to develop PD have been suggested, including increased exposure 

to certain metals (iron, manganese, mercury), polychlorinated biphenyls (used 

extensively as lubricants and coolants in 1930-1970) or increased levels of air 
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pollution (Goldman, 2014). Interestingly there have been also life style factors 

described which correlate inversely with the risk to develop PD. In this context it has 

been shown that the risk for smokers is approximately half compared to non-

smokers. Further, caffeine and coffee consumption reduce markedly the risk for PD 

(Hernán, 2002). However evidence if and how the risk to develop PD is influenced 

remains still uncertain for many of such factors. One major complication is that the 

impact of acute or long term exposure of factors can lead to the disease many years 

later which makes it very complicated to determine the influence of single events or 

factors during life time on the disease progression.   

 

 

 

Genetics of PD:  
 

In the last decades the view on the etiology of PD has changed considerably. While 

it was thought before that PD as a disease relies almost only on environmental 

factors, it gets more and more clear, that the genetic predisposition plays a major 

role for the risk to develop PD. To our current knowledge > 85% of all PD cases are 

idiopathic or late onset and do not seem to have a familiar background, however by 

studying families with mendelian inheritance pattern of PD (<10%) multiple genes 

could be identified which provides insight into the molecular pathomechanisms of 

PD (Corti, 2011). Up to now at least 16 genetic loci (PARK1-16) have been identified 

to be implicated in familiar forms of PD, or in syndromes where parkinsonism is a 

prominent feature. Besides, there is a constantly growing list of genetic loci which 

contribute risk to develop idiopathic forms of PD (Brug, 2015).  
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SNCA: 
 

The first mapped PD gene was SNCA in 1997 (Polymeropoulos, 1997) coding for 

the α-syn protein. Since then, 2 categories of genomic alterations have been 

discovered in SNCA: point mutations which lead to amino acid alterations or 

multiplications of the whole genomic locus. Consequently it has been found that the 

severity of the phenotype depends on the copy number of the SNCA locus in a dose 

dependent manner (Ibáñez, 2009) (J. Fuchs, 2007). Based on the finding that α-syn 

toxicity increases linearly with the number of copies, a range of overexpression 

models have been created to recapitulate PD pathology (Mochizuki, 2006) (Feany 

& Bender, 2000). The physiological function of α-syn is still not completely 

understood. Intracellular, α-syn was shown to be mainly located at the presynaptic 

nerve terminal, associated to synaptic vesicles (Kahle et al., 2000). It is suggested 

that α-syn plays a major role in proper assembly of the SNARE complex, which 

facilitates synaptic vesicle release (Burré, 2010). Mutations as well as elevated 

expression of α-syn lead to an increase in α-syn oligomerization and the formation 

of insoluble LBs, which are one of the hallmarks of LBD and PD. This suggests 

rather a gain-of-function mechanism then the loss of membrane binding capacity to 

be responsible for the pathology. It is however not fully clear if aggregates of α-syn 

are the toxic species or if this represents a mechanism of the cell to protect itself 

against potentially toxic α-syn intermediate oligomers (Levy, 2009). Exact 

mechanisms linking protein aggregation, cellular dysfunction and cell death in PD 

are still unknown, however there is the hypothesis that α-syn might spread in a 

prion-like manner (Hawkes, 2007). On a cellular level it has been shown that α-syn 

aggregates can be released in exosomes and correspondingly be taken up by 

recipient cells, inducing further α-syn toxicity (Danzer, 2012). The strongest 

evidence for this hypothesis has been observed in PD patients who received 

embryonic cell transplants in an attempt to restore dopaminergic neuronal 

transmission, as Lewy pathology could be observed in the transplanted grafts 

decades later (Li, 2008). 
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LRRK2: 
 

Besides SNCA and VPS35, mutations in Leucin rich repeat kinase 2 (LRRK2), 

which corresponds to the PARK8 locus, have been clearly linked to autosomal 

dominant forms of PD so far (Zimprich, 2004). LRRK2 belongs to the ROCO family 

of proteins because of the presence of a RAS-of-complex (ROC) GTPase domain 

adjacent to a C-terminal-of-ROC (COR) linker. It further consists of a 

serine/threonine protein kinase and a leucine rich repeat (LRR) domain flanking the 

ROCO catalytic region. A lot of research has been done to investigate exact LRRK2 

interaction partners and corresponding molecular pathways ranging from 

translational control, vesicular trafficking, cytoskeletal regulation, neurite outgrowth 

and autophagy (reviewed in Tsika & Moore, 2012). On a cellular level, LRRK2 is 

present in the whole cytoplasm, mainly described to be localized to intracellular 

membranes in particular endosomes, lysosomes, microtubule associated vesicles, 

mitochondrial membranes, or multivesicular bodies (Biskup, 2006), suggesting 

participation of LRRK2 in vesicular transport as well as cytoskeleton organisation. 

This hypothesis was confirmed by quantitative immunoprecipitation experiments 

following mass spectrometry analysis using endogenous LRRK2 expression in 

murine cells where it was shown that the LRRK2 interactome comprises actin 

isoforms as well as other proteins involved in cytoskeletal organization (Meixner, 

2011).  

Many pathogenic genetic variations are described over the whole LRRK2 locus. 

Among those, the G2019S mutation, which is located in the kinase domain, is the 

most common mutation with frequencies of 4% in familial and 1% in sporadic cases 

of PD (Gilks, 2005). Importantly, the clinical features of patients with this mutation 

are almost indistinguishable from sporadic PD cases including late age of onset, 

slow progression and good responsiveness to L-Dopa treatment, making the 

G2019S mutation an interesting target of research also for mechanisms linked to 

sporadic forms of PD (Healy, 2008). This finding proposes modulation of LRRK2 

kinase activity as an attractive target to treat PD and indeed, inhibition of LRRK2 

kinase activity has been shown to ameliorate pathogenic effects of the G2019S 

mutation and to be neuroprotective in models of PD (Ramsden, 2011). It is however 

noteworthy, that other pathogenic mutations in the ROC-COR domain of LRRK2 

like the I2020T or R1441C/G mutation do not show any alterations in kinase activity 
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(Greggio & Cookson, 2009). This contradicts the hypothesis of enhanced kinase 

activity being the major pathogenic output of LRRK2 and rather suggests distinct 

pathogenic mechanisms for distinct mutations in LRRK2.  

 

PINK-1/Parkin: 
 

In addition to the genetically dominant forms of PD, mutations in the genes Parkin 

(PARK2), PINK-1 (PARK 6) or DJ1 (PARK 7) are associated with recessive 

parkinsonism. Patients with such mutations have an earlier onset of the disease 

compared to idiopathic cases, usually show classical symptoms of PD and respond 

well to L-Dopa treatment. Of those genes, mutations in Parkin are the most common 

cause of early onset PD (<40 years of age) and the frequency decreases rapidly 

with increasing age of onset (Lücking, 2000). So far, over 170 different pathogenetic 

alterations have been identified including missense mutations, multiplications and 

small insertions or deletions (Nuytemans, 2010). Functionally, Parkin is part of the 

E3 ubiquitin ligase family consisting of a N-terminal ubiquitin like domain and a C-

terminal ubiquitin ligase domain catalysing the transfer of activated ubiquitin onto 

substrate proteins (Hristova, 2009). This leads to various functional consequences, 

including proteasomal degradation or alteration of cellular location and protein 

interactions of target molecules (reviewed in Pickart & Eddins, 2004). Interestingly, 

mutations in Parkin are hypothesised to rather affect the solubility of the protein then 

resulting in an enzymatic loss of function of the protein (reviewd in Corti & Brice, 

2007).  

Compound heterozygous and homozygous mutations in PINK-1 are the second 

most common cause of autosomal recessive forms of PD. It was first described in 

2001 with patients showing a clinical appearance indistinguishable from sporadic 

PD (Valente, 2002). The 581 amino acid long protein PINK-1 harbours a C-terminal 

kinase domain, as well as an N-terminal mitochondrial targeting sequence 

suggesting mitochondrial localization inside the cells (Valente, 2004). Interestingly, 

both proteins, PINK-1 and Parkin have been associated with mitochondrial integrity 

and are acting in the same pathway even though PINK-1 is located at the outer 

mitochondrial membrane (MOM) whereas Parkin mainly remains cytosolic (Clark, 

2006). Under normal conditions, PINK-1 is rapidly imported through transporters of 
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the outer mitochondria (TOM) and then cleaved by mitochondrial processing 

peptidases (MPP) (Greene, 2012) resulting in a constant low level of PINK-1 on the 

MOM. However upon loss of mitochondrial membrane potential (MMP) due to 

mitochondrial dysfunction, the import is disrupted and PINK-1 accumulates on the 

MOM, where its kinase activity is required for Parkin translocation to mitochondria. 

Parkin then ubiquitinates damaged mitochondria to initiate their selective removal 

by autophagy (mitophagy) (Narendra, 2008). Pathogenic mutations in PINK-1 or 

Parkin however prevent PINK-1 mediated recruitment of parkin, resulting in 

disrupted mitophagy and accumulation of dysfunctional mitochondria in the cell 

(Geisler, 2010) supporting the hypothesis of the involvement of mitochondrial 

dysfunction in the pathogenesis of PD.   

 

 

GBA1: 
 

Besides autosomal dominant and recessive loci, there have also been genetic risk 

factors described to be associated with PD. Interestingly, the most common risk 

factor was identified in clinical studies of patients with the rare lysosomal storage 

disorder Gaucher’s disease (GD). GD, which was first described by Philippe 

Gaucher in 1882, is an autosomal recessive inherited lysosomal storage disorder 

that primarily affects the mononuclear phagocyte system where lysosomes in 

macrophages get overwhelmed with stored lipids, resulting in typical clinical 

manifestations like hepatosplenomegaly, anaemia or thrombocytopenia (Zimran, 

2011). The clinical spectrum of GD is however very heterogenous, which leads to 

the classification into 3 categories upon the absence (type 1) or the involvement of 

neurological symptoms (type 2, 3). Type 1 represents the mildest form of the 

disease with a very wide spectrum of symptoms, which are usually sensitive to 

enzyme replacement therapy (ERT). GD type 2 and 3 progress more severe and 

show neuronopathic features like learning disabilities or myoclonic epilepsy in case 

of type 3 and rapid neurological degeneration, which can lead to death in a few days 

after birth in case of form 2 (Sidransky & Lopez, 2012). It is worth mentioning 

however that the clinical spectrum is considered to be a continuum, ranging from 

asymptomatic patients to prenatal death in utero. The main pathomolecular feature 
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of GD is the loss of activity of the lysosomal enzyme ß-glucocerebrosidase (GCase), 

genetically represented by the GBA1 locus. It is located on chromosome 1 adjacent 

to a GBA1 pseudogene, which shares 96% homology and significantly complicates 

sequencing and detection of pathogenic mutations.  

GCase, an around 60kDa big protein located in the lysosome, has its primary 

function in cleaving the ß-glucosidic bound of glucocerebroside and contributing to 

the glycolipid metabolism. So far about 300 mutations have been detected in GBA1 

where the N370S mutation counts for 70% of the mutant alleles among Askhenazi 

Jews (Beutler,1992). The phenotype – genotype correlation is however incomplete 

suggesting further disease modifying factors to be present. 

Interestingly, a subset of GD patients develop features of parkinsonism similar to 

those of idiopathic PD including LB pathology, dementia and a favourable response 

to levodopa. In 2003 a screening of 17 GD patients with parkinsonian symptoms 

revealed the common GD type 1 mutation N370S in 82% of the cases (Tayebi, 

2003). Following further multiple small genetic screens, a large cooperative study 

was done including 5691 PD patients and 4898 control individuals. Screening for 

the 2 most common GBA1 mutations, the N370S and the L444P mutation, revealed 

a frequency of 3% - 15% of such mutations in PD patients depending on the ethnic 

origin. Sequencing of the whole GBA1 locus in a subset of 1700 PD patients 

revealed in 7% of all cases GBA1 mutations (in controls <1%), confirming that 

mutations in this locus represent a common genetic risk factor to develop PD 

(Sidransky , 2009). PD patients with GBA1 mutations are clinically similar to 

idiopathic cases, however present an earlier age of onset of the disease, a higher 

prevalence of dementia and non-motor symptoms (Brockmann & Berg, 2014). 

Further, GCase activity has been shown to be reduced in the aging brain (Rocha, 

2015) and in sporadic cases of PD (Murphy, 2014). Together with the clinical 

similarity of GBA1 related and idiopathic PD this proposes GBA1 as a very 

interesting target for pathomechanistic and therapeutic related PD research.  
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Using hiPSCs to model PD in vitro 
 

 
Human in vitro models of PD have greatly contributed to our basic understanding of 

PD. Such models enable the study of molecular pathomechanisms in human cells 

involving single genes and proteins very detailed, fast and with a high reproducibility. 

Further, such models comprise a prefect platform for initial chemical compound 

screens to develop drugs for PD.  

Depending on the research question, the choice of the correct in vitro model of PD 

is crucial.  Widely used models of PD are based on the use of neuroblastoma cell 

lines, optimally with the option to display features of neuronal and dopaminergic 

cells such as SH-SY5Y or LUHMES. Such lines however are transformed cell lines, 

which display genomic instability and differentially regulated metabolism compared 

to primary dopaminergic neurons. One further disadvantage is the inability to study 

patient specific mechanisms or single genomic mutations on endogenous level. 

Such questions can be assessed using for example patient derived cells such as 

fibroblasts, which however show again differentially regulated cellular gene 

expression profiling and metabolism compared to neuronal cells.  

 

 

 

Induced pluripotent stem cells: 
 

The way to obtain non-transformed human dopaminergic neurons was cleared by 

the first isolation of human embryonic stem (ES) cells from human embryos in 1998 

(Thomson, 1998). Studying such cells lead to further understanding of human 

development, tissue formation and differentiation and had the potential to model 

diseases or ultimately enable cell therapies.  

The derivation of such cells however led to big ethical controversies in the scientific 

and non-scientific community in the US, ultimately leading to the governmental 

restriction of funding in 2001. Even though since then the regulations were loosened, 

allowing research using the already generated ES lines, the diversity of lines 

available is too small to answer emerging questions related to disease modelling 

and treatment and did not solve the issue of the lack of patient specificity.  
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An elegant alternative came up in 2006 where Takahashi and Yamanaka 

announced the successful generation of induced pluripotent stem cells (iPSCs) by 

the retroviral introduction of the four stem cell markers, the so called Yamanaka 

factors, Oct4, Sox2, Klf4 and c-Myc in mouse fibroblasts. Such cells expressed 

typical ES markers like SSEA-3, SSEA-4, tumor-related antigen (TRA)-1-60, TRA-

1-81, alkaline phosphatase, and NANOG. Further, iPSCs could be differentiated in 

cell types of all three germ layers (mesoderm, ectoderm, endoderm) in vivo and in 

vitro (Takahashi & Yamanaka, 2006). Shortly after, this could be validated in 

different species, including human fibroblasts (Takahashi et al., 2007), resulting in 

the development and refinement of differentiation protocols to generate cell types 

to study various diseases including cardiac disorders, neurodegenerative diseases, 

diabetes and multiple mono-or polygenetic disorders (reviewed in Gunaseeli, Doss, 

Antzelevitch, Hescheler, & Sachinidis, 2010). Such cells harbour a great potential 

on one side to model various diseases and investigate underlying 

pathomechanisms and on the other side provide a personalized source for cell 

replacement therapies (Figure 1).  

 

 
 
Figure1: Potential applications of hiPSCs for disease modelling and therapy. Fibroblasts from diseased patients 

can be reprogrammed to hiPSCs by utilization of the Yamanaka factors (Oct4, Sox2, Klf4, c-myc). Such cells 

can be genetically corrected to obtain isogenic controls and differentiated into various cell types which are 

then either suited for direct transplantation into patients or for disease modelling and disease pathways analysis, 

potentially resulting in the development of novel drugs. 
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Proof that differentiated cells derived from human iPSCs (hiPSCs) can successfully 

integrate in the brain and ameliorate disease associated phenotypes has been 

shown in rat models of PD (Wernig et al., 2008), however there are currently safety 

concerns regarding potential tumorigenicity associated to hiPSC derived 

transplantations which have to be assessed in order to process to human clinical 

trials. 

Basic research on neurological disorders on the other hand has benefited already 

a lot from hiPSC based modelling since affected human cell types, like neurons or 

astroglia, were so far  just available from post-mortem samples. Since PD includes 

mainly the degeneration of mDA neurons, multiple generation protocols to obtain 

such cell types by targeted differentiation have been described and constantly 

refined. Early differentiation protocols produced high numbers of TH+ neurons from 

hES cells grown on stromal feeder cells, however lacking expression of markers of 

regional midbrain specificity like FOXA2 or LMX1A (Perrier et al., 2004). This was 

first achieved by forced overexpression of LMX1A in addition to treatment with the 

growth factors Sonic Hedgehog (SHH), a morphogen defining the ventral region of 

the neural plate and fibroblast growth factor 8 (FGF8), important in setting up the 

midbrain-hindbrain border during early development (Friling et al., 2009). Further, 

an early temporal implementation and recapitulation of morphogenic signals 

important in mDA patterning could be achieved by the use of dual SMAD inhibitors 

in the first days of differentiation, inhibiting TGF-ß, nodal, activin and BMP signalling 

which results in a high level of neural induction without the need of feeder cells 

(Chambers et al., 2009). Finally, completely correct midbrain specification was 

achieved when WNT/ß-catenin signalling pathways were targeted by GSK3-ß 

inhibition, resulting in high levels of FOXA2 and TH+ neurons derived from hESCs. 

Such cells displayed gene expression patterns and electrophysiological activity of 

mature mDA neurons and successfully integrated in the rodent brain (Kriks et al., 

2012).  

In terms of PD research, somatic cells from patients carrying mutations in SNCA, 

LRRK2, PINK1, Parkin and GBA1 mutations have been successfully reprogrammed 

to hiPSCs and differentiated into mDA neurons. For SNCA, Soldner et al. described 

the generation of hiPSCs from fibroblasts of an A53T mutation carrier following 

genetic correction of the mutation by the use of zinc finger nucleases (ZFNs). 

Further, using the same technique it was also possible to introduce the A53T 
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mutation artificially into the wild type genome of hES cells (Soldner et al., 2011).  

Besides, in the same year, the generation of hiPSCs from a patient carrying a SNCA 

triplication was described. Interestingly, when such cells were differentiated into 

mDA neurons, the overall α-syn levels were approximately doubled, recapitulating 

one of the hallmarks of PD (Devine et al., 2011). HIPSC models for LRRK2, mainly 

with focus on the G2019S mutation, have been described by multiple groups, 

focusing on different pathomechanisms and phenotypes. Nguyen et al. described 

the first PD related phenotypes including oxidative and proteasomal stress proofing 

that hiPSCs could indeed serve as an important tool to model PD in vitro. Further 

studies have revealed additional pathomechanisms including mitochondrial 

dysfunction, morphological abnormalities and alterations in macroautophagy (Zhao 

et al., 2014). In 2011, first hiPSCs from patients harbouring PINK1 mutations were 

generated. Derived mDA neurons from such hiPSCs showed impaired recruitment 

of Parkin to depolarized mitochondria, increased PGC1α activation and an increase 

in mitochondrial copy number (Seibler et al., 2011). Further it was shown, that mDA 

neurons with PINK1 mutations show reduced levels of parkin and subsequent 

impairment of mitophagy due to insufficient ubiquitination potential (Rakovic et al., 

2013). Those models are valuable tools for PD research since the molecular 

pathophysiology observed in PD patients with such mutations can be closely 

recapitulated. HIPSC derived neurons from PD patients with Parkin mutations were 

reported to show dysfunction in dopamine uptake and release as well as increased 

intracellular ROS levels due to mitochondrial dysfunction suggesting parkin to play 

a role in the protection from oxidative stress and dopamine transmission (Jiang et 

al., 2012). In addition such cells showed decreased neurite complexity and length 

due to destabilized microtubules, which could be rescued by overexpression of wild 

type parkin and indicating the importance of parkin in neuronal health in PD (Ren et 

al., 2015). In 2012 Panicker et al. described the generation of hiPSCs from patients 

with type 1,2 and 3 GD however with focus on differentiation into macrophages. 

Such cells showed typical hallmarks of GD including low GCase activity, 

sphingolipid accumulation and a defective lysosomal system (Panicker et al., 2012). 

The latter could be reproduced in an elegant study using hiPSC derived mDA 

neurons from GD patients, showing that autophagic dysfunction leads to the 

accumulation of α-syn resulting in neurotoxicity by direct stabilization of α-syn 

oligomers by Glc-Cer. On the other hand, increased levels of α-syn inhibit lysosomal 
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activity of wild type GCase suggesting a bidirectional link between α-syn and GCase 

(Mazzulli et al., 2011). In a follow up study it was shown afterwards that accumulated 

α-syn inhibits intracellular trafficking of GCase by disrupting the ER-Golgi 

localization of Rab1a, which is a major mediator of vesicle trafficking in the cell 

(Mazzulli, Zunke, Isacson, Studer, & Krainc, 2016). Such misprocessing of GCase 

associated with ER stress and aberrant cellular lipid profiles could also be shown in 

hiPSC derived mDA neurons from PD patients with GBA mutations compared to 

unrelated controls (Fernandes et al., 2016b).  

 

Gene editing: 
 
 
Overall, the use of patient derived hiPSC gains more and more attention for disease 

modelling purposes, since for the first time it is possible to investigate 

pathomechanisms in human cell types directly affected by the disease. One 

drawback however, compared to working with mouse strains or established cell 

lines, is that the genomic heterogeneity can mask disease specific effects 

comparing patient derived cells with unrelated controls. To assess this issue, it is 

possible to change single bases in the genome and by this create isogenic perfect 

controls, harbouring the exact genomic background except the mutation of interest. 

This technique named “genome editing” had its beginning in 1996 where the 

endonuclease Fok-I was first described to cut DNA double strands in vitro (Y. G. 

Kim, Cha, & Chandrasegaran, 1996). Combining this chimeric enzyme with zinc-

finger domains, which recognize specific DNA triplets, lead to the generation of zinc-

finger-nucleases (ZFNs) and was the basis of gene editing tools in different cultured 

cells and organisms including animal models, plants and pluripotent stem cells 

(Bibikova, Golic, Golic, & Carroll, 2002) (Townsend et al., 2009) (Hockemeyer et al., 

2009). On a molecular level, the underlying system is based on dimerization and 

subsequent activation of two Fok-I monomers, which leads to the induction of a 

DNA double strand break (DSB) at the genomic site determined by the DNA binding 

motifs. The resulting lesion can be repaired by either non-homologous end joining 

(NHEJ) or homology directed repair (HDR), depending on the presence or absence 

of a repair template in the cell. Even though the cellular DNA repair machinery can 

work quite precisely, NHEJ eventually results in the formation of either small DNA 
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deletions or insertions (indels) resulting in frameshift mutations and subsequently 

either loss of the mRNA due to nonsense-mediated-decay or the generation of 

truncated proteins. In comparison, HDR allows precise modification of the genome 

by cloning and transfection of a custom made DNA template. Such templates 

usually consist of the modified region of interest flanked by two homologous arms 

guiding the template to the site of the DSB. The type of insert specifies the outcome 

of the DSB repair, resulting for example in genetic corrections (Urnov et al., 2005) 

or fluorescent tagging of proteins endogenously (Doyon et al., 2011). The ZNF 

technique however harbours disadvantages limiting the use in in vitro and in vivo 

studies. The construction of protein domains is very laborious and cost-intensive for 

every single genomic locus and usually has to be outsourced. Further, since every 

zinc finger domain targets one fixed DNA triplet, the range in genomic loci 

accessible is restricted. This issue was overcome by the generation of Transcription 

activator – like effector nucleases (TALENs). Similar to ZFNs, TALENs consist of a 

central domain responsible for DNA binding, a nuclear localization signal and a 

fused Fok-I nuclease, which has to be present as a dimer at the site where the DSB 

is induced. In contrast to ZFNs however, the DNA binding domain consist of an 

alignment of single monomers of 34 amino acids, which can bind single specific 

nucleotides over repeat variable residues (RVDs). Such consecutive monomers can 

be cloned easily in vectors containing Fok-I and a nuclear localization signal and by 

this it is possible to target any genomic sequence and induce DSBs at any site of 

interest (Cermak et al., 2011). Similar to ZFNs, multiple cell lines and organisms 

have been genetically edited using TALEN technology, which will not be discussed 

further at that point. Distinct from the site specific nucleases mentioned, an 

alternative way to efficiently edit the genome is the use of clustered regulatory 

interspaced short palindromic repeats (CRISPR) paired with an RNA guided 

endonuclease (eg. Cas9). This system was discovered in bacteria, providing 

acquired immunity against invading foreign DNA by detecting and cleaving the latter 

(Wiedenheft, Sternberg, & Doudna, 2012). In type II CRISPR/Cas systems, short 

fragments of foreign DNA are integrated into the genomic CRISPR locus and 

transcribed into CRISPR RNA (crRNA). Such RNA pieces can directly anneal to 

trans-activating crRNAs (tracrRNA) and guide the Cas9 protein to the pathogenic 

DNA, which is then cleaved and silenced. The only restriction for target recognition 

by Cas9 is the presence of a conserved dinucleotide containing protospacer 



 20 

adjacent motif (PAM) upstream of the crRNA binding site (Jinek et al., 2012). In in 

vitro experiments it was possible to combine crRNA and tracrRNA into one single 

guide RNA (sgRNA), allowing the generation of custom made sgRNA pieces 

targeting and cleaving nearly any DNA sequence of choice. Importantly, the 

CRISPR/Cas system has been shown to be directly transferable into cells by 

delivering all necessary components via plasmid transfection or viral integration 

(Jinek et al., 2013). Since then a range of experimental strategies have been 

implicated using CRIPSR/Cas ranging from targeted HDR in hiPSCs (Mali et al., 

2013), multiplexed gene disruption by simultaneous delivery of multiple gRNAs 

(González et al., 2014) or delivery into zebrafish (Hwang et al., 2013).  

The combination of gene editing technologies and hiPSCs harbours great potential 

for patient specific pathomechanistic research. Genetic corrections or full gene 

knock outs allow the assessment of the impact of one specific SNPs or genes on 

disease pathogenesis in an isogenic genetic background. Endogenous tagging of 

genes enables imaging or purification of single proteins independent of antibody 

associated limitations like specificity and efficiency. Multiple genomic cuts (by eg. 

application of two sgRNAs) can be used to generate truncated proteins or complete 

gene knock outs (Figure 2).  

 

 

 

 

 

 

 

 

 

 
 
 

Figure2: Schematic overview of potential genome editing strategies. Green lines and white boxed represent 
introns and exons respectively, red arrows indicate nuclease cutting sites. a) Genetic correction of a point 
mutation (red bar) is possible by co-application of nuclease and a homologous construct (HC) harbouring the 
wild type sequence. b) Introduction of an endogenous tag (eg. a fluorophore) can be achieved by corresponding 
design of the homologous construct. c) Application of 2 nucleases enables the generation of truncated proteins 
or complete knock outs (d).      
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GBA1 related pathomechanisms  
 

The exact pathomechanisms of GBA1 related parkinsonism still remain elusive. In 

general, autosomal recessive forms of PD (eg. mutations in parkin and PINK1) are 

associated with loss of function mechanisms, whereas dominant forms (eg 

mutations in LRRK2 or SNCA) are considered to follow gain of function pathways 

(Hardy, 2009). Since GBA1 related PD however does not follow a clear mendelian 

pattern and both, gain and loss of function hypothesis have been postulated.  

Loss of function hypothesis are supported by the fact that GBA1 null mutations are 

found in a subset of GBA1 PD patients where GCase is completely absent (Aharon-

Peretz, 2004). Further, inhibition of GCase by the chemical inhibitor condruitol-β-

epoxide (CBE) was shown to induce α-syn accumulation in cell culture models 

(Cleeter, 2013) and mice harbouring GBA1 null mutations showed severe 

mitochondrial phenotypes as well as autophagic dysfunction and α-syn 

accumulation (Osellame & Duchen, 2013). Besides, it was reported that reduced 

GCase activity results in in lysosomal dysfunction, subsequent accumulation of α-

syn and neurotoxicity. Increased levels of α-syn on the other hand compromise the 

function of normal lysosomal GCase leading to further autophagic dysfunction 

(Mazzulli, 2011), forming a pathogenic loop. Loss of GCase function can also alter 

the lipid metabolism of the cell, resulting in dysregulated lipid raft function or 

interference with the membrane curvature with altered affinity to α-syn (Hein, 2008) 

(Auluck, 2010).  

Gain of function hypotheses on the other hand are suggested since just a small 

subset of GD patients actually develops PD despite low GCase activity. Most GBA1 

PD patients harbour heterozygous mutations where one allele is still intact and at 

least 50% of the enzyme activity is preserved. Further, most pathogenic mutations 

in the GBA1 gene are missense mutations leading to misfolded GCase. Such 

misfolded proteins have been shown to directly interact with α-syn, leading to 

accumulation of the latter ( Sidransky & Lopez, 2012) or to be held back in the 

endoplasmic reticulum (ER) leading to ER stress (ERS) burdening the cellular 

proteasomal and lysosomal degradation system (Fernandes, 2016). The exact 

pathomechanisms underlying GBA1 related PD however still remain unclear and 

will be further discussed in this work. 
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Autophagy 
 

Autophagy is an evolutionary conserved mechanism of the cell to react to 

fluctuations of metabolic parameters. It involves sequestration of cytoplasmic 

components including complete organelles (like dysfunctional mitochondria) or 

protein aggregates which makes autophagy a key mechanism in neurodegenerative 

disorders. Structures targeted for degradation are engulfed by a doublemembrane, 

the so-called autophagosome, which fuses with lysosomes for final degradation of 

the cargo. Multiple autophagy-related genes have been identified functioning at 

different stages of the autophagic process, namely initiation, elongation and fusion 

of the phagosome with the lysosome. In the initiation phase, a double membrane, 

derived from the ER, Golgi, mitochondria or the cell membrane, is formed, the so 

called phagophore. This phagophore grows in size during the elongation phase and 

utilizes the microtubule-associated protein light chain 3 (LC3) for lysosomal fusion. 

Generally spoken, autophagy can be induced by conditions like limited ATP 

availability, lack of nutrients or the accumulation of specific metabolites (Galluzzi, 

2014). When ATP is not synthesized by oxidative phosphorylation or glycolysis, 

AMP accumulates, activating AMP activated protein kinase (AMPK) which in turn 

stimulates autophagy (Hardie, 2012). Interestingly, AMPK can also be modulated 

by intracellular Ca2+ levels suggesting multiple levels of regulation (Hawley, 2005). 

When phosphorylated itself, AMPK is a master regulator of autophagy by 

phosphorylating and activating ULK1 (J. Kim, 2011) as well as inhibiting mTORC1 

by phosphorylating components of this enzymatic complex (Hardie, 2012). 

mTORC1 itself is an enzymatic complex which, when activated, positively regulates 

protein translation by phosphorylating eukaryotic translation initiation factor 4E 

binding protein 1 (EIF4EBP1) and ribosomal protein S6 kinase (RPS6K) promoting 

protein synthesis (Shimobayashi & Hall, 2014). Further, activated mTORC1 

suppresses autophagy by phosphorylating and inhibiting ULK1 and transcription 

factor EB (TFEB) (Settembre, 2013). When dephosphorylated on the other hand, 

TFEB can translocate into the nucleus and induce the transcription of lysosomal 

genes by binding to the CLEAR (Coordinated Lysosomal Expression and 

Regulation) element (Sardiello, 2009) (Settembre, 2011). Interestingly, TFEB 

signalling has been shown to be disturbed in mDA neurons form rats expressing the 

parkin Q311X mutation resulting in impaired autophagy and mitochondrial quality 
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control. Further, targeting the TFEB pathway can rescue mDA cells from α-

synuclein pathology (Decressac, 2013) and APP/PS1 mice from Aß accumulation 

and amyloid pathogenesis (Xiao, 2015). In the context of GBA1, TFEB signalling 

has been shown to be disturbed in hiPSC derived neurons from GD patients (Awad, 

2015). Being a lysosomal glucosidase, mutated GBA1 has also been proposed to 

be involved in autophagic dysfunction. Overexpression of the D409A GBA1 

mutation has been shown to lead to accumulation of the lysosomal substrate -syn, 

which importantly could be reversed by application of the autophagy inducer 

rapamycin (Cullen, 2011). Furthermore, in an in vivo mouse model of GD, 

accumulation of the lysosomal marker LAMP2 and the lysosomal cargo protein p62 

suggests an impaired autophagic clearance (Sun & Grabowski, 2010). The 

autophagosomal-lysosomal flux has been reported to be disturbed in primary cells 

of a GBA1 knock out mouse model (Osellame, 2013). Such findings suggest that 

the autophagosomal-lysosomal system is disturbed in models of homozygous 

GBA1 mutations, if this is however also valid for heterozygous PD related GBA1 

mutations we will further investigate in this work.  

 

 

 

ER Stress and UPR 
 

The ER is a highly dynamic organelle fulfilling crucial functions in protein translation, 

protein folding, lipid metabolism and Ca2+ storage. Disturbance of the integrity of 

the ER by perturbations in Ca2+ homeostasis, redox balance or protein folding 

defects can lead to the excessive accumulation of misfolded proteins in the ER 

resulting in ER Stress (ERS). Upon acute ERS, the cell activates an orchestrated 

signalling system including activation of the unfolded protein response (UPR), ER-

associated degradation (ERAD), autophagy or mitochondrial biogenesis. 

UPR is a very well defined response to restore cellular homeostasis following 

accumulation of misfolded proteins (Rutkowski & Hegde, 2010). Three ER 

membrane anchored proteins act as sensitive sensors for UPR induction, RNA-

activated protein kinase like ER kinase (PERK), activating transcription factor 6 

(ATF6) and inositol-requiring enzyme 1 (IRE1). Following well defined signalling 
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cascades, those mediating proteins then directly activate the transcription of 

chaperones, redox enzymes or cell death programs. Under conditions of ER stress, 

the molecular chaperone BIP/GRP78 dissociates from PERK and IRE1 leading to 

phosphorylation of those proteins. Phosphorylated IRE1 then leads to splicing of X-

box protein 1 (Xbp1s) which on the other hand induces expression of proteins 

involved in protein folding, ERAD or lipogenesis. Phosphorylated PERK itself 

phosphorylates and inactivates elongation initiation factor 2 alpha (eIF2α), resulting 

in cellular translational attenuation and the specific translation of ATF4 mRNA. This 

leads to expression of enzymes involved in balancing redox homeostasis and the 

induction of apoptosis in cooperation with C/EBP homologous protein (CHOP). ER 

stress and the subsequent activation of the UPR were reported in various LSDs, 

including GM1-gangliosidosis and infantile neuronal ceroid lipofuscinosis due to 

loss of function of ß-galactosidase or palmitoyl-protein thioesterase respectively 

(Tessitore, 2004) (Z. Zhang, 2006).    

There is evidence that GBA1 mutations can lead to ER stress and the subsequent 

activation of the UPR. In fibroblasts from GD patients and in a Drosophila model 

with homozygous N370S or L444P mutations, elevated expression of UPR related 

genes like ATF6, BIP and Xbp1s, an increase in phospho-eif2 as well as resulting 

locomotor deficits and neuronal cell death was reported (Maor, 2013) (Sanchez-

Martinez, 2016). Similar results could also be shown in a GBA1-PD model using 

hiPSC derived neurons (Fernandes, 2016), however if such observations are a 

result of gain-or loss of function mechanisms of mutant GBA1 still needs to be 

investigated.    

 

 

 

Mitochondria and mitochondrial dysfunction 
 

Mitochondria arose when alpha-proteobacteria was engulfed by eukaryotic 

progenitors around 2 billion years ago (Lane & Martin, 2010). They are comprised 

of 2 functionally distinct doublemembrane layers, namely outer (OM) and inner 

membranes (IM) and their main task in the cell is the production of ATP via oxidative 

phosphorylation (Oxphos). In the Krebs cycle electron carriers like NADH and 
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FADH2 are generated which transfer electrons to the electron transport chain (ETC), 

a series of 5 protein supercomplexes localized in the inner mitochondrial membrane. 

The main task of complex I-IV is to pump hydrogen protons across the inner 

mitochondrial membrane into the inter membrane space generating a difference in 

charge between this compartment and the inner mitochondrial matrix. This 

mitochondrial membrane potential (MMP) is the driving force to generate ATP by 

complex V phosphorylating ADP and producing H2O as a side product (Stock, 1999). 

It becomes more and more clear that besides the production of ATP, mitochondria 

fulfill various different functions necessary for cellular homeostasis. Complex I (C I) 

and III are producing ROS, which  can influence homeostatic signalling pathways, 

control differentiation and proliferation of cells and which can contribute to internal 

stress signalling (Hamanaka & Chandel, 2010). Mitochondrial ROS is generated as 

a side product of oxidative phosphorylation and dysregulation of the latter can 

subsequently lead to excessive generation of free radicals and nitrosative stress, 

causing lipid or protein peroxidation or oxidative DNA damage. The delicate balance 

of pro-and anti-oxidative reactions is therefore crucial in living organisms and 

dysregulation can lead to a variety of diseases (Adly, 2010).   

Besides ROS regulation, mitochondria regulate levels of amino acids, cellular 

metabolites and various enzymes including histone deacetylases. Importantly, 

mitochondria also take part in Ca2+ homeostasis by buffering Ca2+ arising from ER 

or the plasma membrane (De Stefani, 2011). This property is especially useful in 

neurons which have to regulate their Ca2+ levels very tight to control neurogenesis, 

neuronal plasticity and neurotransmitter release. Mitochondrial Ca2+ uptake plays a 

key role in various intracellular functions. A tightly regulated increase in 

mitochondrial Ca2+ can activate mitochondrial respiration and subsequent ATP 

production, prolonged Ca2+ influx however leads to apoptosis by opening of the 

mitochondrial permeability transition pore and cytochrome c release (Giorgi, 2008).  

Importantly, mitochondria carry their own circular genome, of which the biggest part 

was transferred to the eucaryotic nucleus during evolution. The mitochondrial 

genome encodes for 13 proteins, corresponding to approximately 1% of all 

mitochondrial genes. Nuclear encoded proteins required for proper mitochondrial 

function must therefore be imported mainly by translocases of the outer and inner 

mitochondrial membrane (Wiedemann, 2004). Mitochondrial DNA is mainly 

transmitted maternally in a non-mendelian mechanism, since paternal mitochondria 
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are actively destroyed immediately after fertilization probably by proteolysis 

(Cummins, 2000). Mutations in mitochondrial DNA can be linked to various diseases 

in all fields of medicine. Related disorders are very heterogeneous and mutations 

in the same mitochondrial complexes can lead to different clinical manifestations. 

Deficiency in C I for example can lead from isolated myopathy up to neonatal death 

(Kirby, 1999). This phenotypic variability linked to mitochondrial DNA mutations can 

be explained by the high copy number of mitochondria in eukaryotic cells. When 

cells are dividing during embryogenesis, healthy and diseased mitochondria might 

be apportioned asymmetrically to their daughter cells. This situation, called 

heteroplasmy (Holt, 1988), can subsequently result in tissue specific phenotypes of 

mitochondrial DNA mutations.  

Mitochondria undergo a variety of dynamic alterations including fusion, fission and 

mitochondrial motility. Such processes can regulate mitochondrial shape, recruit 

mitochondria to specific subcellular compartments or favor exchange of content, 

including ROS or mitochondrial DNA,  between mitochondria (H. Chen & Chan, 

2009). Besides, alterations in dynamics are important for mitochondrial quality 

control. Fission is a key mechanism preceding translocation of dysfunctional 

mitochondria to lysosomes and subsequent degradation (Kim, 2007). Mitochondrial 

fusion on the other hand might buffer and therefore compensate partially for intra-

mitochondrial defects or transient stress. Loss of function of such dynamic 

processes can lead to dysfunctional mitochondria and related disorders (H. Chen, 

2007).  

Due to their high energy demand and post-mitotic character, neurons are dependent 

on proper mitochondrial functioning and are vulnerable to dysfunction of respiration. 

Accordingly, various neurodegenerative disorders have been linked to 

mitochondrial dysfunction including AD, PD, HD or ALS. In aging, homeostasis of 

oxidative stress responses is disturbed leading to increased ROS levels generated 

by defective mitochondria (Wang, 2013). In case of PD, post mortem brain tissue 

shows markedly reduced C I activity in the substantia nigra (Schapira, 1989). 

Dopaminergic neurons are especially exposed to elevated levels of ROS due to 

their dopaminergic character itself. Dopamine is a very unstable neurotransmitter 

undergoing auto-oxidation producing ROS as a result (Slivka & Cohen, 1985). That 

mitochondrial dysfunction is closely linked to PD pathogenesis is proven by the fact 

that the neurotoxin MPTP, which inhibits specifically C I, leads preferentially to 
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cytotoxicity in dopaminergic neurons in animal models (Betarbet, 2002). Further 

evidence comes from genetic analyses linking the mitochondrial associated 

proteins DJ-1, Parkin and PINK-1 to familial forms of PD. Lastly it was shown that 

dopaminergic neurons in the substantia nigra pars compacta of PD patients show 

elevated levels of mitochondrial DNA mutations (Bender, 2008) and that mutations 

in the enzyme polymerase gamma (POLG), which replicates the mitochondrial 

genome, can lead to forms of parkinsonism (Luoma, 2004).   

Very little has been reported about mitochondrial dysfunction in GBA1 related PD. 

In loss of functions models, loss of GCase activity in SH-SY5Y cells by CBE 

treatment and knock down of GBA1 using shRNA increased ROS formation, 

decreased the MMP and consequently inhibited ADP phosphorylation (Cleeter, 

2013). A GBA1 knock out mouse model was showing similar phenotypes including 

reduction of the activity of mitochondrial C I, II/III, decrease in oxygen consumption 

and fragmentation of mitochondria (Osellame, 2013). In case of GBA1 mutations,  

fibroblasts from homozygous  L444P-GD patients showed impaired respiration, 

reduced ATP levels and increased ROS formation (de la Mata, 2015). Accordingly, 

in a homozygous D409H mouse model of GD similar phenotypes could be observed 

including loss of mitochondrial cristae (Xu, 2014). Such findings suggest 

mitochondrial function to be affected in GD pathogenesis, however if the same is 

true for GBA1 PD remains however still elusive and will be object of the current work. 

 

 

 

Targeting the oxidative metabolism by NAD+ modulation 
 

Nicotinamide dinucleotide (NAD+) first came in the spotlight of research when it 

became clear that a deficiency of the latter is responsible for the disease pellagra 

due to malnutrition. Under normal conditions, NAD+ can be synthesized from 

multiple precursors, for example tryptophan (Trp) over an eight step de-novo 

pathway and nicotinamide (NAM), nicotinic acid (NA) or nicotinamide riboside (NR) 

over salvage pathways. In mitochondria, the oxidized form NAD+ or NADP is 

recycled back and forth to the reduced forms NADH or NADPH feeding the 

respiratory chain with electrons. Further, NAD+ is an important co-substrate for 
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multiple NAD+ consuming enzymes. Such enzymes break the glycolytic bond 

between NAM and the ADP ribose residue resulting in various downstream 

processes. The enzyme poly-ADP-ribose-polymerase (PARP) for example 

transfers NAD+ derived ADP-ribose to histones and other proteins at sites of DNA 

damage, facilitating genomic stability and integrity (Chambon, 1963). The 

ectoenzymes CD38/157 hydrolyze NAD+ extracellularly by generating cyclic 

ADPribose which acts as a strong Ca2+ inducer (De Flora, 2004). However, the best 

described class of enzymes utilizing NAD+ as a co-substrate is the deacetylase 

family of sirtuins (Sirt). Here, NAD+ cleavage facilitates the removal of acetyl groups 

from lysine residues of target proteins, accompanied by their transfer to ADP-ribose 

(Imai, 2000). Sirtuins are described to play major roles in multiple metabolic 

processes such as dietary restriction or oxidative stress. Sirt1 has been shown to 

deacetylate and activate the transcription factor proliferator-activated receptor 

gamma coactivator 1 alpha (PGC1α) (Rodgers, 2005), which is a key regulator of 

glucose production in the liver through activation of the glucogenic pathway (Yoon, 

2001). PGC1α itself modulates the activity of multiple metabolic associated genes 

such as estrogen related receptors (ERRs) (Schreiber, 2003), myocyte enhancer 

factor-2 (MEF2) (Michael, 2001) and the family of forkhead O-box (FOXO) 

transcription factors (Puigserver, 2003) and is induced by situations where energy 

is required such as cold, exercise, or fasting (Puigserver, 1998) (Mootha, 2004). 

Interestingly, an increase in NAD+ levels (or subsequent decrease in NADH) was 

shown to mediate an extension of life span induced by caloric restriction (Lin, 2004). 

Further, enhancing NAD+ levels and subsequent Sirt1 activity was protective 

against metabolic abnormalities in a mouse model of obesity (Cantó, 2012). Sirt1 

has been described to have an impact on mitochondrial function and biogenesis. 

An increase in PGC1α activity drastically increases the expression of mitochondrial 

uncoupling protein 1 (UCP1) (Puigserver, 1998) and mitochondrial biogenesis 

mainly by modulating the transcriptional activity and downstream expression of 

targets of nuclear respiration factors (NRFs). NRF1 and PGC1α can act as co-

activators to regulate expression of transcription factor A, mitochondrial (TFAM), 

which is mainly responsible for replicating genes from the mitochondrial genome 

(Wu, 1999). Interestingly, the expression of UCP2 has also been linked to increased 

PGC1α levels (Calegari, 2011), providing an intracellular mechanism to reduce 

mitochondrial ROS formation and sustain mitochondrial health. 
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Besides improving mitochondrial biogenesis and function, Sirt1 has also been 

shown to be able to enhance autophagy by activating the FOXO pathway 

(Hariharan, 2010) or directly interacting with components of the autophagic 

machinery like Atg5, Atg7 or Atg8 where Sirt1 is able to directly deacetylate such 

proteins in a NAD+ dependent manner. To further confirm this discovery, it has been 

shown that autophagy is impaired in Sirt1 knock-out mice, which leads to an 

aberrant accumulation of dysfunctional organelles including mitochondria (Lee, 

2008). 

Interestingly, activated AMPK also positively influences mitochondrial biogenesis 

through PGC1α and NRF1 (Bergeron, 2001). Additionally, AMPK has also been 

shown to indirectly regulate Sirt1 activity by enhancing transcription of nicotinamide 

phosphoribosyltransferase (NAMPT), an enzyme involved in the production of 

NAD+ (Cantó, 2009). Viceversa, Sirt1 activity is required for AMPK activation and 

the subsequent beneficial effects on mitochondrial function (Price, 2012).  

Aging remains as the strongest risk factor for the development of neurodegenerative 

diseases associated with metabolic changes including mitochondrial dysfunction 

and disturbance in autophagy (Shigenaga,1994) (Brunk & Terman, 2002). A decline 

in Sirt1 activity has been reported to be accompanied with aging (Chang & Guarente, 

2013) (Gomes, 2013) (Ramsey, 2008) and respectively, reduced NAD+ levels have 

been found in mouse and C.elegans models of aging (Mouchiroud, 2013). Moreover, 

reduced NAD+ levels were also reported in models of methylmercury induced 

toxicity (Caito & Aschner, 2016), high fat high sucrose diet (Gariani, 2015) and 

mitochondrial myopathy (Khan, 2014). Accordingly mitochondrial dysfunction has 

been described in corresponding models such as increase in mitochondrial 

oxidative stress (Caito & Aschner, 2016), disturbance in respiration (Long, 2015), 

O2 consumption (Gariani, 2015), cristae structure (Khan, 2014) and upregulation of 

the mitochondrial unfolded protein response (mtUPR) (Gariani, 2015).  

Importantly, such dysregulations could be reversed by increasing intracellular NAD+ 

concentrations. Genetic knock out of NAD+ consuming enzymes like CD38 

(Barbosa, 2007) or PARP1 (Bai, 2011) result in increased NAD+ levels and 

subsequent activation of the Sirt1-PGC1α-axis leading to increased mitochondrial 

biogenesis.   

Pharmacological approaches to modulate NAD+ levels for disease treatment 

include the application of NAD+ boosting compounds such as the NAD+ precursors 
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NMN or NR or even NAD+ directly. The application of NR (Vitamin B3) displays a 

very high potency of increasing intracellular NAD+ levels by up to 270% of untreated 

controls in different cellular models (Yang, 2007). NR was used in multiple studies 

to investigate the effect of NAD+ boosting agents for a variety of diseases. 

Improvements were described in different C.elegans, cell culture and mouse models 

and were not restricted to disease predispositions but also improved wild type 

conditions. In a mouse model of obesity, NR had the potential to activate the Sirt1 

and Sirt3 pathway resulting in lower cholesterol levels and increased oxidative 

function including expression of mitochondrial markers and an increased 

mitochondrial cristae density (Cantó, 2012). In a model of mitochondrial myopathy, 

NR was shown to increase mitochondrial biogenesis in muscle, reverse 

mitochondrial ultrastructure abnormalities and abolished the hallmarks of the 

disease (Khan, 2014). Beneficial effects of NAD+ replenishment have also been 

shown in models of neurodegeneration, in particular in AD. Gong reported an 

increase of NAD+ in brains of transgenic mice after NR application, providing 

evidence that NR is potent to penetrate into the brain. PGC1α induced degradation 

of BACE1 leadsto decreased Aß production resulting in an improvement in cognitive 

function and synaptic plasticity in AD mice (Gong, 2013). In a second study, 

administration of NAM resulted in improved mitochondrial functioning and a fission-

fusion shift of mitochondria in an APP/PS1 transgenic mouse model (Long, 2015).  

Further, modulating NAD+ metabolism has been shown to improve autophagic 

defects. Elevating NAD+ levels by application of NAM proved to decrease the 

mitochondrial content and increase LC3 positive punctae and mitochondrial 

fragmentation in human fibroblasts ( Jang, 2012). This effect is accompanied by a 

decrease in levels of Complex V and an increase in LC3-II. Blocking autophagy by 

pharmacological inhibition was able to reverse such effects (Kang & Hwang, 2009). 

Further, in a model of xeroderma pigmentosum group A (XPA), where patients show 

besides dermatological symptoms signs of neurodegeneration and a decrease of 

the NAD+-Sirt1-PGC1α axis triggered defective mitophagy which could be reversed 

by application of NAD+ precursors (Fang, 2014).  

Such results combined with the finding that even prolonged administration of high 

doses of NR do not lead to toxicity in rodent models (Conze, 2016) make NR an 

interesting candidate for clinical trials to treat diseases like muscular dystrophy or 

neurodegenerative disorders. First promising test in healthy controls have shown 
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that even a single dose of orally administrated NR can increase the level of NAD+ 

almost 3 fold in the blood (Trammell, 2016), however long term effects and 

especially the impact on disorders in humans still have to be investigated.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2: Using patient fibroblast derived hiPSCs and 
gene editing tools to model LRRK2 related PD  
 
Reinhardt, Schmid et al. Cell Stem Cell, 2013  
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Mutations in the LRRK2 gene represent the most common genetic cause for familiar 

forms of PD, the exact mechanisms however how mutations in LRRK2 are 

contributing to the disease are not fully understood. Multiple pathomolecular 

pathways were described in the context of LRRK2 ranging from translational control 

and vesicular trafficking over cytoskeletal regulation to neurite outgrowth and 

autophagy (reviewed in Tsika & Moore, 2012). One reason for this ambiguity might 

be the use of non-suited model-systems to study LRRK2 related pathogenesis. On 

this basis we decided to generate human iPSCs (hiPSCs) from PD patients who 

harbour the G2019S mutation which represents the most frequent LRRK2 mutation 

up to date. 2 patient and 4 healthy control fibroblast lines were transduced with the 

“Yamanaka factors” Oct4, Sox2, Klf4 and c-myc to obtain patient specific hiPSCs. 

Immunocytochemical staining revealed that such cells are positive for pluripotency 

markers like NANOG, OCT4, SSEA4 and TRA1-81. Further quantitative PCR 

proved that reprogrammed hiPSCs express stem cell markers on a level 

comparable to hESCs and that the exogenously introduced Yamanaka factors are 

silenced in expression. Further, all lines were tested for the ability to differentiate 

into all three germ layers in vitro via embryoid body mediated differentiation and in 

vivo by teratoma formation in immune-compromised mice, proving the successful 

generation of bona fide hiPSCs. Multiple genetic variants are associated with PD, 

explaining partly the variety in phenotypes associated with PD patients who harbour 

LRRK2 G2019S mutations (Simón-Sánchez, 2009). To overcome this problem and 

to investigate exclusively mechanisms related to the LRRK2 G2019S mutation we 

further generated genetically isogenic control by ZFN technology. In this context, a 

donor construct was cloned, homologous to the wild type genomic sequence 

located at exon 41 of the LRRK2 gene. Co-application of this plasmid together with 

vectors encoding two ZFN monomers which generate a DSB in exon 41, lead then 

to HDR of the DNA strand at the site of mutation, generating gene corrected controls 

from G2019S mutated hiPSCs. Additionally, we generated a plasmid for 

homologous recombination containing the G2019S mutation itself, enabling us to 

integrate this mutation in healthy hiPSCs using the same strategy. Importantly, 

global gene expression profiling revealed that such isogenic lines cluster much 

closer together with their parental hiPSCs then with unrelated gender and aged 

matched controls, underlining the importance of using genetic corrections for 

disease modelling. Phenotypic analysis revealed that correcting the G2019S 
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mutation results in amelioration of defects in neurite outgrowth, autophagy and the 

sensitivity to oxidative stress observed in hiPSC derived mDA neurons. Further, 

gene corrected neurons displayed reduced levels of -syn and tau which are prone 

to aggregate in the disease. In summary, our study shows the importance of using 

patient derived hiPSCs in combination with gene editing approaches to model PD, 

to study underlying disease mechanisms and to investigate potential treatment 

possibilities.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3: hiPSC-derived neurons from GBA1-associated 
Parkinson’s disease patients show autophagic defects 
and dysregulation of Calcium homeostasis 
 

Schöndorf et al, Nature Communications, 2014 

 

Mutations in the GBA1 gene represent the most common genetic risk factor to 

develop PD. Recent animal and cell culture models, including hiPSC derived cells 
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of GD patients show pathomechanistic features like reduced GCase activity, 

sphingolipid and α-syn accumulation as well as aberrant microglial activation 

(Mazzulli, 2011) (Panicker, 2012) (Keatinge, 2015). For GBA1 related PD however, 

no patient derived neurons had been generated yet at this point and it was largely 

unknown if such cells would recapitulate PD related features in vitro. The objective 

of our study was to generate hiPSC derived neurons from PD and GD patients with 

GBA1 mutations, to characterize such cells in regard to disease related features 

and to investigate underlying pathomechanisms. 

 

 

Generation of hiPSCs, gene corrected lines and differentiation into 
mDA neurons 
 

We obtained fibroblasts from 2 healthy controls, 4 Parkinson’s disease patients with 

heterozygous GBA1 mutations (N370S, L444P, RecNcil) as well as 4 homozygous 

GD patients (N370S, L444P). Cells were reprogrammed to hiPSCs, using retroviral 

transduction of the Yamanaka factors. After 2-4 weeks first stem cell colonies 

formed which were then characterized by immunostaining for the stem cell markers 

SSEA4, TRA1-81, TRA1-60, OCT4, LIN28 and NANOG. Further, such cells did not 

show any transgene expression after multiple passages but an upregulation of 

expression of endogenous stem cell markers and the potential to differentiate into 

all 3 germ layers (meso-, ecto-, and endoderm) in vitro and in vivo after 

transplantation into kidney and testis of immunodeficient mice.  

Since multiple genetic variants can be associated to the development of PD (Simón-

Sánchez, 2009) it is very challenging to assign disease relevant phenotypes to 

single mutations in PD related genes. Genetic corrections using gene editing 

technologies such as ZFN, TALEN or CRISPR/Cas provide a valuable tool to study 

single genetic mutations in diseased and control cells with identical genetic 

background. In our study we corrected all 3 PD relevant mutations in GBA1 using a 

single ZFN pair and a homologous wild type construct. The ZFN introduces a double 

strand break between exon 9 and 10 of GBA1 where all three pathogenic mutations 

used in our study are located. By application of a homologous wild type construct 

spanning exon 9 and 10 is was possible to correct the mutations.     
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Since PD is mainly affecting dopaminergic neurons in the substantia nigra pars 

compacta in the ventral midbrian, we differentiated the generated hiPSC to mDA 

neurons following a published protocol (Kriks, 2011). This protocol is based on the 

induction of floor plate precursors by dual SMAD inhibition and subsequent 

activation of Wnt and SHH signalling which leads to around 70% ßIII-tub+ and 15-

20% TH+ cells at DIV 65 which co expressed typical mDA markers like FOXA2, 

NURR1, GIRK2 or VMAT2. Importantly, such cells showed punctate synapsin 

immunofluorescence staining indicating the establishment of synaptic connections. 

Due to the heterogeneity of differentiation efficiency we included an additional 

neuronal enrichment step using FACS. Sorting for the markers CD24+, CD29-, 

CD184-, CD44- and CD15- resulted in a highly enriched neuronal population, which 

could be kept in vitro for 3 weeks, showed electrophysiological activity and released 

dopamine in the medium supernatant.  

 

 

Characterization of hiPSC derived mDA neurons 
 

In order to verify that hiPSC derived neurons are a suitable model system to study 

disorders related to sphingolipid accumulation we assessed the polyganglioside 

content in differentiated neurons. The content and composition of polygangliosides 

changes over embryonal development and the highest contents can actually be 

found in the brain (Svennerholm, 1989). After metabolic labelling and subsequent 

radio imaging analysis, parental fibroblasts and hiPSCs showed low levels of mainly 

the monosialic ganglioside GM3. This pattern however changed upon differentiation 

with an increase in the overall levels of gangliosides and a shift to a more diverse 

pattern. Neuronal FACS enrichment further specified the ganglioside pattern 

comparable to what can be observed in the human and rodent CNS (Ngamukote, 

2007). Different expression patterns and activity of glycohydrolases can be 

attributed to specific levels of sphingolipids. In hiPSC derived mDA neurons at DIV 

65 the activities of the hydrolases GCase, GBA2 (non-lysosomal), ß-galactosidase 

and ß-hexosaminidase, which all represent major hydrolases involved in glycolipid 

metabolism, were increased compared to fibroblasts and hiPSC. As expected, 

mRNA expression and protein levels of such hydrolases were upregulated in 
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neurons compared to hiPSC. Taken together, the sphingolipid metabolism in hiPSC 

derived mDA neurons is comparable to the adult brain, which makes such neurons 

a powerful tool to study glycosphingolipid related disorders and associated 

neurodegeneration in vitro.      

 

 

Disease associated phenotypes in mutant GBA1 hiPSC derived 
neurons 
 

In order to model PD using GBA1 mutant hiPSC derived mDA neurons, disease 

relevant phenotypes were investigated. In hiPSC based models for GD, it has been 

shown that macrophages and neurons derived from homozygous mutant GBA1 

hiPSCs show deficiency in GCase activity and subsequently accumulation of 

glycosphingolipids (Panicker, 2012). Liquid chromatography and tandem mass 

spectrometry (LC-MS/MS) revealed an increase in Glc-Cer in hiPSC derived 

neurons from GD and PD patients with GBA1 mutations. Importantly, gene 

corrected lines showed reduced level of Glc-Cer. Correspondingly, protein levels 

and the enzymatic activity of GCase were significantly reduced in mutant hiPSC 

derived neurons but not in corresponding isogenic controls. Interestingly, the 

enzymatic activities of the hydrolases GBA2 and ß-galactosidase were reduced as 

well in mutant neurons compared to gene corrected controls suggesting a molecular 

crosstalk of such enzymes with GCase as suggested before (Körschen, 2013).  

There is evidence linking GBA1 mutations to an increase in α- syn accumulation. In 

the absence of GCase or in the presence of GBA1 mutations in GD models 

accumulation of α-syn was reported (Manning-Boǧ, 2009). In hiPSC derived 

neurons from GBA1 PD or GD patients we found an increase in overall levels of α-

syn. Interestingly such differences were just significant when comparing GBA1 

mutants to corresponding gene corrected controls but, except for L444P mutated 

GBA1, not comparing mutants to unrelated controls. This finding reflects the 

heterogeneity of basal α-syn levels in the overall population due to genetic variation 

(Julia Fuchs, 2008) and further underlines the importance of using isogenic controls 

for modelling of synucleinopathies.   

Since α-syn is also partly degraded by the autophagosomal-lysosomal system, 

lysosomal dysfunction has been reported being associated to α-syn accumulation 
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(reviewed in Bourdenx, 2014). Immunofluorescent staining of the lysosomal marker 

LAMP1 revealed an increased accumulation of lysosomes in GBA1 mutant hiPSC 

derived neurons. Number as well as average size of lysosomes was significantly 

increased compared to isogenic and unrelated controls suggesting a defective 

clearance of lysosomes in such cells. Further, assessment of macroautophagy by 

immunocytochemical staining revealed a significant increase in LC3-II positive 

particles in hiPSC derived neurons from GBA1-PD patients. This finding could be 

confirmed by Western blot analysis, showing accumulation of LC3-II at basal 

conditions as well as disturbance in the autophagic flux after inhibition of lysosomal 

degradation by Leupeptin/NH4Cl. Further, co-staining of LC3-II and LAMP1 

revealed a decreased co-localization of those markers suggesting a disturbed 

autophagosomal-lysosomal fusion in GBA1-PD cells compared to controls.  

Taken together hiPSC derived neurons from PD patients with GBA1 mutations and 

GD patients show decreased hydrolase activities and associated dysregulated 

sphingolipid metabolism. Further we observed an increase in α-syn accumulation in 

mutant cells and dysfunction of the autophagosomal-lysosomal system. Those 

findings suggest potential interactions of loss of GCase function, lipid metabolism, 

α-syn accumulation and autophagic dysfunction on multiple levels contributing to 

GBA1 related pathogenesis in PD. 

 
 

Dysfunction of Calcium homeostasis in GBA1 mutated hiPSC 
derived mDA neurons 
 

In an unbiased experimental approach, we used LC-MS/MS comparing GBA1 

mutant neurons to controls in order to identify dysregulated genes and pathways, 

which might be implicated in GBA1 associated pathogenesis. Overall, 7069 proteins 

were identified in FACS enriched neurons. The top hit NECAB2 was 1.9 fold higher 

expressed in GBA1 mutated neurons compared to controls. NECAB2 is part of the 

family of the EF-hand calcium binding proteins with a mainly neuronal expression 

pattern (Sugita, 2002). On a molecular level it can interact with the A2A receptor 

(Canela, 2007) and has been reported to potentially regulate mGluR5 signalling 

(Canela, 2009). Dysregulation of calcium (Ca2+) homeostasis and related 

excitotoxicity has been proposed to play a role in the pathogenesis of PD ( Surmeier, 
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2012). Further, mDA neurons possess pacemaker activity which is dependent on L-

type Ca2+ currents responsible for depolarization (Harris, 1989).   

By performing calcium-imaging analysis using the Ca2+ sensitive dye Fura2, we 

observed an increase in basal Ca2+ levels in GBA1 mutated neurons.  

In post mortem brain it has been described that agonist induced Ca2+ release by 

stimulation of RyR resulted in elevated Ca2+ release from the ER in GD patients 

compared to controls (Pelled, 2005). Therefore, we applied Caffeine, which is a RyR 

agonist and releases Ca2+ from the ER into the cytoplasm to hiPSC derived neurons 

with GBA1 mutations and controls. Interestingly we observed a significantly 

elevated cytoplasmatic Ca2+ burst in cells derived from PD and GD patients 

compared to isogenic and unrelated controls. This suggests GBA1 having an 

influence on regulating intracellular levels of Ca2+. Interestingly, this finding could 

be replicated recently in fibroblasts derived from PD and GD patients with GBA1 

mutations. However, pure loss of GCase activity by pharmacological inhibition did 

not lead to an increase of ER related Ca2+ suggesting a gain of function mechanism 

of mutated GBA1 (Kilpatrick, 2016).  Importantly, dysregulation of Ca2+ homeostasis 

in GBA1 mutated neurons was associated with an increase in vulnerability to cellular 

stressors. Compared to isogenic controls, mutated cells showed increased release 

of lactate dehydrogenase (LDH) release after application of A23187, which is a Ca2+ 

ionophore inducing ER stress by elevating cytosolic Ca2+ concentrations, or 

rotenone. Besides, knock down of NECAB2 further potentiated the cellular toxicity, 

suggesting a protective effect by its potential Ca2+ binding properties.   

Taken together, we show that intracellular Ca2+ homeostasis is dysregulated in 

hiPSC derived neurons from PD and GD patients compared to controls and that this 

is accompanied by increased susceptibility to ER stress of such by intracellular 

elevation of Ca2+.   
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Chapter 4: The NAD+ Precursor Nicotinamide 
Riboside Rescues Mitochondrial Defects and 
Neuronal Loss in iPSC and Fly Models of Parkinson’s 
Disease 

 
Schöndorf et al. Cell Reports 2018 

 

Mitochondrial dysfunction is one of the major molecular pathologic hallmarks of PD 

and especially the contribution to GBA1 related PD remains unclear. In this context 

it is unclear whether mitochondria are actual disease drivers and if boosting 

mitochondrial function and biogenesis might have beneficial effects in PD 

pathogenesis. Further, the potential involvement of gain and loss of function of 

mutated GBA1 in such PD pathogenic mechanisms is still not fully understood. 

Interestingly, in a global unbiased gene transcription analysis comparing hiPSC 

derived mDA neurons of PD patients with GBA1 mutations with controls, pathways 

associated to the phagosomal system, mitochondrial function and protein synthesis 

were significantly dysregulated. The aim of our study was to elucidate the 

involvement of gain and loss of function mechanisms of mutant GBA1, also in the 

context of mitochondrial function and dysfunction. To this end we generated GBA1 

knockout (-/-) cells and included such cells in the study. Further, we investigated the 

NAD+ metabolism in GBA1-PD cells and, in order to assess potential treatment 

possibilities for mitochondrial dysfunction, applied the NAD+ precursor NR on GBA1 

PD cells and in in vivo models of GBA1 PD. 

 

 

Generation and characterization of GBA1-/- hiPSC derived neurons 
 

To elucidate the question if gain or loss of function mechanisms of mutated GBA1 

associated mutations are present in PD and how such mechanisms are contributing 

to mitochondrial dysfunctions in PD pathogenesis, we generated GBA1-/- hiPSCs 

by CRISPR/Cas9 technology. Previous groups addressing this question in 

fibroblasts from GD patients described impaired oxygen consumption, increased 

formation of ROS as well as reduced MMP (de la Mata, 2015). In context of PD, this 
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model however has the major drawback of using a non-affected cell type in the 

disease. Further, homozygous GBA1 mutated cells show remaining GCase activity 

and accumulation of misfolded GCase in the ER, mimicking as well gain of function 

mechanisms then purely loss of function phenotypes. In a different study, a GBA1-

/- mouse model was generated and mitochondrial dysfunction could be observed in 

neurons and astrocytes including increased mitochondrial fragmentation and 

impaired mitochondrial respiration (Osellame, 2013). First evidence for the 

implication of loss of function mechanisms in human cells was derived from a study 

where SH-SY5Y cells were treated with the chemical GCase inhibitor CBE. These 

cells showed reduction of the MMP, increase in ROS production and mitochondrial 

fragmentation (Cleeter, 2013). The findings could be replicated using shRNA 

mediated knock down of GCase in the same cell model system. Artificial chemical 

or shRNA mediated knock down systems however are not fully precise, leaving 

residual GCase activity which might be sufficient to sustain basic physiological 

functions of the enzyme. Due to such reasons we decided to generate GBA1-/- 

hiPSC using CRISPR-Cas technology. 2 different guide RNAs were delivered in the 

cell causing a genomic deletion between exon 3 and 4 of the GBA1 gene leading to 

a coding frameshift and an early stop codon. The cells showed complete ablation 

of GBA1 protein and GCase enzyme activity. Further, analysis of dopaminergic 

differentiation potential revealed that dopaminergic differentiation of GBA1-/- hiPSC 

result in similar number of ßIII-tubulin and TH positive cells compared to maternal 

control hiPSCs. We recently described accumulation of α-syn in hiPSC derived 

neurons after GCase inhibition due to CBE application (Schöndorf, 2014). As 

expected, neurons derived from GBA1-/- hiPSC showed elevated levels of α-syn 

compared to their maternal lines. 

 

 

GBA1-PD neurons display intraorganellar defects including ERS 
and mitochondrial dysfunction with involvement of gain and loss 
of function mechanisms 
 

Transcriptomic analysis comparing GBA1 PD and control hiPSC derived neurons 

revealed phagosome formation, mitochondrial function as well as eif2 signalling 

dysregulated in GBA1 PD. eif2 is closely linked to protein translation and 
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interestingly, translational attenuation can be a result of elevated induction of ERS 

and has been described in models of neurodegeneration (Moreno, 2012). The 

induction of ERS and activation of the UPR on the other hand have been described 

in various models of GD and GBA1 related PD (Sanchez-Martinez, 2016) 

(Braunstein, 2016) (Fernandes, 2016). However if GCase loss of function is 

sufficient for GBA1 related ERS induction in this context is not clear. Interestingly, 

GBA1 PD but not gene corrected or GBA-/- neurons showed elevated ERS including 

increased levels of BIP, elevated expression of phosphorylated eif2 and 

phosphorylated PERK as well as Xbp1s transcription, assigning this effect for the 

first time to a potential gain of function mechanism of mutant GBA1 in PD. 

Importantly, we also observe a reduction in the expression of the mitophagy adaptor 

protein NIX/BNIP3L in GBA1 PD cells. This is in line with reduced TFEB 

translocation in GBA1 PD cells and the above described dysfunction in the 

autophagosomal-lysosomal system (Schöndorf, 2014). According to the reduced 

expression of NIX/BNIP3L, transcriptomic analysis revealed mitochondrial 

dysfunction as a major dysregulated pathway in GBA1 PD, which can also be a 

result of impaired mitophagy. In order to study mitochondrial dysfunction in GBA1 

PD and GBA1-/- cells, we first compared the overall mitochondrial mass of the cells. 

Citrate synthase activity measurements showed that the mitochondrial mass was 

similar in GBA1 PD, GBA1-/- as well genetic control neurons. Deficiency of activity 

of the mitochondrial electron transport complex I can be observed in post mortem 

tissue of PD patients (Schapira, 1989). Interestingly, GBA1 PD and GBA1 -/- hiPSC 

derived neurons showed a reduction in C I activity compared to isogenic controls in 

a biochemical assay. Dysfunction of the mitochondrial electron transport chain can 

lead to impaired respiration and ROS production. Excessive generation of ROS was 

described in models of GBA1 inhibition (Cleeter, 2013) and GD (de la Mata, 2015). 

Using FACS analysis we found that GBA1 PD and GBA1-/- neurons exhibited 

increased levels of MitoSox fluorescence corresponding to increased generation of 

mitochondrial ROS (mROS) compared to isogenic controls. Disrupted mitochondrial 

cristae structure was observed in nigral neurons form PD patients (Anglade, 1997) 

and it has been shown that elevated levels of α-syn can trigger mitochondrial cristae 

rearrangement (Martin, 2006) but an association to GBA1 related PD has not been 

described yet. Electron microscopy analysis revealed that the morphology of the 
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inner mitochondrial cristae of GBA1-PD and GBA1-/- mitochondria presented higher 

levels of disorganization whereas cristae of isogenic control mitochondria appear to 

be more lamellar. Mitochondrial dysfunction can also occur as a result of impaired 

clearance of dysfunctional mitochondria. Comparing mitochondrial lysosomal co-

localization we found that mitophagy is impaired in GBA1 PD and GBA1-/- neurons 

compared to isogenic controls. This finding is in line with results of the 

transcriptomic analysis presenting phagosomal pathways dysregulated in GBA1 PD 

and findings of our previous work describing dysfunction of the autophagosomal- 

lysosomal system in such cells (Schöndorf, 2014). Measurement of the cellular 

oxygen consumption rate (OCR) by a Seahorse XF analyzer revealed deficits of 

GBA1 PD and GBA1-/- neurons in mitochondrial respiration. The spare respiratory 

capacity (SRC) was significantly lower in such cells compare to isogenic controls. 

Importantly GBA1 PD neurons further showed reduced levels of basal and maximal 

respiration as well as ATP production compared to GBA1-/- neurons and isogenic 

controls. Considering this discrepancy together with the lack of a gene-dose effect 

on mitochondrial function parameters, this finding suggests different implicated 

pathomechanisms in GBA1 PD compared to GBA1 -/- cells. Taken together our 

results show for the first time that GBA1 PD hiPSC derived neurons show 

mitochondrial dysfunction and results from GBA1-/- cells suggest that loss of GBA1 

function and subsequent lysosomal dysfunction and α-syn accumulation might play 

a role in this observation. Further, due to the implication of ERS exclusively in GBA1 

PD not in GBA1-/- hiPSC derived neurons, an involvement of both gain and loss of 

function mechanisms in GBA1 PD pathology is likely.  

In summary we observe multi-organelle dysfunction in GBA1 PD including the 

autophagosomal and mitochondrial system as well as the ER. In a mechanistic 

context of mutant GBA1 both, gain- and loss of function models could be involved 

in the mitochondrial dysfunction observed.  
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Treatment with the NAD+ precursor NR restores pathogenic 
phenotypes and neuroprotection in GBA1 PD hiPSC derived 
neurons and in a Drosophila model of PD. 
 

Decline of intracellular NAD+ levels have been associated to ageing and 

mitochondrial dysfunction and elevation of intracellular levels of NAD+ have been 

shown to ameliorate such defects (Mouchiroud, 2013) (H. Zhang, 2016) (Khan, 

2014). Nicotinamide Riboside (NR) is a potent NAD+ precursor which has been 

shown to improve deficits related to mitochondrial dysfunction in mouse models of 

mitochondrial disease (Cerutti, 2014), myopathy (Khan, 2014) or high fat related 

obesity (Cantó, 2012). The exact role of NAD+ metabolism in, and the effect of NR 

on neurodegenerative disorders modelled by hiPSC derived neurons however is 

unknown. Given the potential role of GBA1 mutations in ageing, we investigated 

effects of mitochondrial dysfunction and ERS on NAD+ metabolism in GBA1 PD 

and GBA1-/- hiPSC derived neurons. We found that mRNA levels of the enzyme 

mononucleotide adenylyltransferase 2 (NMNAT2), which is involved in NAD+ 

biosynthesis, are significantly reduced in GBA1 PD compared to isogenic controls 

and GBA1-/- cells. LC-MS analysis revealed unaltered levels of NAD+ in all GBA1 

variants. To rule out the possibility however, that the heterogeneity of the cellular 

composition might influence this result, we also applied the fluorescent sensor 

Peredox to measure the NAD+/NADH ration in neuronal cells specifically (Hung, 

2011). Importantly, the NAD+/NADH ratio was significantly reduced in GBA1 PD 

hiPSC derived neurons suggesting an alteration of NAD+ metabolism and 

subsequent reduced levels of available NAD+.   

To investigate potential beneficial effects of elevating NAD+ levels, we applied NR 

to GBA1 PD cells. Measuring the NAD+ content after treatment, we found that 

application of 24h 250µM NR increased intracellular levels of NAD+ approximately 

2.7 fold, proving that NR can be taken up by cells in vitro and can be effectively 

further converted to NAD+ intracellularly.   

In animal models, multiple studies describe an increase in Sirt1 dependent 

transcription of mitochondrial biogenesis related genes like TFAM and ERR-alpha 

or mitochondrial chaperones like HSP60 or ClpP (Cerutti, 2014) (Mouchiroud, 2013) 

(Mootha, 2004). Q-RT-PCR analysis in GBA1-PD hiPSC derived neurons revealed 

that treatment with NR upregulates the expression of markers like TFAM, ERR-
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alpha and Hsp60 significantly. These effects can mainly be attributed to an increase 

in Sirt1 and subsequent PGC1α activity, which serve as direct transcriptional 

regulator of those genes (Onyango, 2010). Importantly, in accordance with the 

literature, the expression of Sirt1 and PGC1α itself stays unaltered (Cerutti, 2014) 

(Cantó, 2012) ,suggesting that NR might influence Sirt1 activity by increasing the 

bioavailability of NAD+ leading to a direct deacetylation following activation of 

PGC1α (Rodgers, 2005). Mitochondrial mass was increased after NR treatment in 

GBA1-PD hiPSC derived neurons as shown by Western Blot and mitochondrial 

copy number analysis. Next we analyzed the mitochondrial ultrastructure of GBA1 

PD neurons after NR treatment. EM analysis revealed a significant increase in the 

number of mitochondria with lamellar cristae in NR treated GBA1 PD cells, whereas 

the inner structure of untreated cell was more disorganized, suggesting also 

functional improvement of mitochondria, which is in accordance with previously 

published work (Cantó, 2012). Indeed, measurement of mitochondrial ROS 

production revealed a significant decrease of the latter in cells treated with NR, 

suggesting improved functionality of mitochondria and consequently reduced 

oxidative stress.  

Interestingly, in mouse embryonic fibroblasts it has been shown that Sirt1 activation 

increases expression of members of the ATG family resulting in an increase of the 

autophagic potential (Lee, 2008) which could be confirmed by a study in human 

fibroblasts showing that elevation of the NAD+/NADH ratio results in an increase in 

the autophagic flux (Jang, 2012). In hiPSC derived neurons from GBA1 PD patients, 

NR treatment lead to lower expression but to an increase of translocation of TFEB 

from the cytoplasm to the nucleus indicating an increase in lysosomal homeostasis 

and consequently autophagic induction. Indeed, NR treated cells showed increased 

levels of LC3-II after lysosomal inhibition suggesting an increase in lysosomal 

generation.  

Importantly, the increase in autophagy could also be linked to increased levels of 

degradation of mitochondria shown by an increase in mitochondrial-lysosomal co-

localization after treatment of GBA1 PD neurons with NR.  

After proving the efficiency of NR treatment in hiPSC derived neurons on 

mitochondrial dysfunction, we were interested if NR treatment could also ameliorate 

GBA1 related pathology in vivo.  
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Recently, Sanchez-Martinez published the generation of a Drosophila model of 

mutant GBA1 describing loss of dopaminergic neuronal loss, induction of ERS and 

impaired locomotor function (Sanchez-Martinez, 2016). Interestingly, feeding of NR 

significantly reduced neuronal loss and improved locomotor function, confirming 

protective effects of NAD+ elevation in vivo.   

Taken together, our results show that an increase of intracellular NAD+ levels has 

beneficial effects in hiPSC derived neuronal as well as in Drosophila models of 

GBA1 related PD. Our data suggest that multiple mechanisms might contribute to 

the beneficial effects of NR on hiPSC derived neurons. Besides increasing 

mitochondrial mass and functionality and the induction of markers of the 

mitochondrial UPR, clearance of dysfunctional mitochondria by elevated mitophagy 

might also contribute to decreased levels of mitochondrial ROS production and due 

to this to an improved intracellular oxidation status.   
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Chapter 5: Discussion 
 

Choosing the right cell type is crucial for modelling neurodegenerative disorders in 

vitro. Existing models like patient fibroblasts or neuroblastoma cell lines, however 

do not represent the disease relevant cell type or lack patient specificity. The 

generation of hiPSCs and subsequent neuronal differentiation enables researchers 

for the first time to investigate neurodegenerative disorders in a patient and cell type 

specific context.  

We show that hiPSC derived neurons from PD patients recapitulate disease 

relevant phenotypes including high levels of -syn or increased sensitivity against 

toxins. The choice of proper controls is very important in this context. Due to the 

different genetic background of individuals, physiological functions are variable and 

the expression of -syn for example varies significantly in the population. mRNA 

expression profiling revealed that gene corrected hiPSCs cluster in terms of gene 

expression much closer to their parental diseased lines compared to unrelated age 

and gender matched controls which are often used in studies.  

Underlining the potential of hiPSCs to model neurodegenerative disorders we show 

that over the time course of differentiation from hiPSCs to mDA neurons, the 

polyganglioside pattern of cells is changing, recapitulating the shift in gangliosides 

observed during brain development. Comparing the ganglioside composition in 

sorted and unsorted neurons, we found that unsorted cultures contain high levels 

of GM3 and GD3 which is mainly present in the early developing brain but decrease 

during development (Ngamukote, 2007). FACS sorted neurons on the other side 

displayed a higher abundance of gangliosides found in the developed brain such as 

GM1, GD1a, GD1b, GT1b (Kracun, 1984). This underlines the importance of sorting 

neuronal populations differentiated from hiPSC cultures to reduce background and 

misinterpretation of data due to the presence of non-neuronal or undifferentiated 

cell types. However, due to high cell quantities required for certain biochemical 

assays, it is not always applicable to FACS sort neurons. An alternative hereby is 

the investigation of single cells from heterogeneous cultures for example by 

immunofluorescent staining. Corresponding to the shift in the ganglioside pattern 

over differentiation we could also observe an increase in the expression of 

glycohydrolases GCase, GBA2, ß-hexosaminidase or ß-galactosidase, proposing 

expression of such enzymes as a key in neuronal development.  
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As a result of decrease and loss of GCase enzymatic activity in GBA1 PD and 

GBA1-/- hiPSC derived neurons respectively, we find an increase in accumulation 

of Glc-Cer by LC-MS/MS analysis. This has also been shown in post mortem tissue 

of GD patients, in a neuronopathic mouse model of GD as well as in a RNAi GBA1 

knock down model (Nilsson & Svennerholm, 1982) (Enquist, 2007) (Mazzulli, 2011) 

but not in models of GBA1 PD before.  

Physiologically, GCase is a lysosomal enzyme which fulfils important functions in 

the sphingolipid metabolism of the cell. Correspondingly, and in accordance with 

our observations, loss of GCase function leads to autophagic dysfunction and 

dysregulation of the lipid metabolism. It has been shown that the intracellular lipid 

content can also influence  the autolysosomal system (Koga, 2010) and 

sphingolipids and ceramide have been proposed to regulate autophagy (Harvald, 

2015) connecting lipid accumulation and autophagic dysfunction on a functional 

level.  

We find α-syn accumulated in GBA1 PD and GBA1-/- neurons. Interestingly, α-syn 

accumulation, dysregulation of lipid homeostasis and lysosomal dysfunction can be 

linked in common pathways. α-syn has been shown to interact with cellular 

membranes (Kamp & Beyer, 2006) and lipid rafts can induce α- syn aggregation 

(Drescher, 2010). It also has been suggested that loss of GCase activity can trigger 

-syn accumulation as a secondary effect of lysosomal dysfunction, which on the 

other hand can inhibit trafficking of GCase to the lysosome, forming a pathogenic 

loop (Mazzulli, 2011).  

It was reported that pharmacological inhibition of GCase results in accumulation of 

-syn in vitro and in vivo (Cleeter, 2013) (Manning-Boǧ, 2009) linking -syn 

accumulation to a loss of function mechanism of GBA1 in PD. Contrarily, in a gain 

of function manner, misfolded GCase has also been shown to directly interact with 

-syn, enhancing its aggregation, and is besides present in LBs (Goker-Alpan, 

2010). In our model GBA1-PD hiPSC derived neurons show already increased α-

syn levels compared to isogenic controls and interestingly such an elevation was 

even more evident in isogenic GBA1-/- cells suggesting a gene dose dependent 

effect and contribution of loss of function mechanisms of GBA1 in our findings. 
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Investigating lysosomal dysfunction in GBA1 mutations carriers on a mechanistic 

level, we found that the nuclear translocation of the lysosomal master gene TFEB 

was reduced in GBA1 PD neurons compared to isogenic controls. Interestingly, the 

mRNA levels of TFEB were higher in GBA1 mutant cells suggesting an effort of the 

cell to compensate for reduced TFEB induction. Importantly, TFEB is directly 

regulated by mTOR activity, which has been described to be dysregulated in post 

mortem brain tissue of PD patients (Wills, 2012) and further, reduced stability of 

TFEB has been shown in a hiPSC model of GD (Awad, 2015). Consequently, 

modulation of TFEB could be a potent strategy to ameliorate lysosomal dysfunction 

in various neurodegenerative disorders. Interestingly, TFEB signalling has been 

shown to be disturbed in mDA neurons form rats expressing the parkin Q311X 

mutation resulting in impaired autophagy and mitochondrial quality control (Siddiqui, 

2015). In line with such results we observe reduced mitochondrial-lysosomal co-

localization as well as reduced expression of the mitophagy adaptor protein 

NIX/BNIP3L suggesting defective mitophagy in GBA1 PD hiPSC derived neurons.  

 

Mitochondrial dysfunction is one of the key pathological features of PD. In post 

mortem brain tissue of PD patients  Complex I activity in the substantia nigra was 

found to be markedly reduced (Schapira, 1989). Further, mitochondrial dysfunction 

has been described in various models of PD and ultimately it has been shown that 

mutations in mitochondrial related genes such as PINK1 or parkin can lead to the 

development of familiar forms of PD. For the first time we describe the involvement 

of mitochondrial dysfunction in GBA1 related PD. Mitochondrial respiration 

parameters like basal respiration, SRC and ATP production were reduced in GBA1 

PD neurons compared to isogenic controls. These findings suggest that 

mitochondria in GBA1 PD or GBA1-/- neurons lack the capacity to upregulate ATP 

production under stress situations potentially resulting in increased vulnerability to 

cellular stress (Hill, 2009). Accordingly, by electron microscopy analysis, we 

observe disorganized mitochondrial cristae structure, which is the site of respiratory 

chain supercomplex assembly. In line with our results, structural alteration in the 

shape of this inner mitochondrial membranes has been linked to impaired 

respiration (Cogliati, 2013). Further we observe an increase in mitochondrial ROS 

production in GBA1 PD. UCP2 expression was shown to reduce mROS production, 

however at the cost of ATP production (Garlid, 2000) ( Zhang, 2001). Interestingly 
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GBA1 PD cells showed reduced levels of UCP2, which might be a cellular response 

to enhance defective respiration observed in such neurons and consequently 

results in increased mROS production. In this context we also observed reduced C 

I activity in both GBA1 PD and GBA1 -/-, which can be reason as well as result of 

increased levels of ROS (Tretter, 2004) and is in line with results described by 

Schapira et al.  

 

Transcriptomic analysis further revealed eif2 signalling as one of the major 

dysregulated pathways in GBA1 PD neurons. Dysregulation of protein translation 

has been described in various disorders including prion neurodegeneration (Moreno, 

2012) and is closely related to increased ERS in such cells. In various other 

lysosomal storage disorders it has been shown that loss of glycohydrolase activity 

and subsequent substrate accumulation is sufficient to trigger ERS (Tessitore, 2004) 

(Zhang, 2006). Comparing GBA1 PD and GBA1 -/- neurons, we show however for 

the first time that mechanisms linked to ERS induction are uniquely linked to GBA1 

PD associated mutations and are absent upon deletion of GCase. The ER is one of 

the major Ca2+ stores in the cell and ERS has been shown to potentially lead to 

alteration in Ca2+ homeostasis and subsequent apoptosis by dysregulation of IP3R 

assembly (Higo, 2010). Importantly, proteomic analysis revealed increased 

expression of the Ca2+ binding protein NECAB2 in GBA1 PD neurons compared to 

isogenic controls suggesting dysregulated Ca2+ homeostasis in GBA1 PD. 

Dysregulated Ca2+ homeostasis has been described in various neurodegenerative 

disorders including PD (Surmeier, 2012). We find elevated basal levels of Ca2+ in 

GBA1 PD neurons, which are raising even higher after application of Caffeine, 

which releases Ca2+ from the ER by activation of the RyR receptor. This is in line 

with previous results showing that in neuronopathic models of GD, Glc-Cer leads to 

over-activation of the RyR receptor on the ER (Pelled, 2005). Importantly, this is 

also linked to increased neuronal toxicity after application of Rotenone or the ER 

stressor A23187. NECAB2 knockdown aggravates such toxicity, suggesting a novel, 

protective role of NECAB2 by its Ca2+ binding properties. ER and mitochondria are 

also connected on a cellular functional level by the exchange of Ca2+ and lipids, and 

we propose that this connection might be disturbed in GBA1 PD. PERK, which we 

find enhanced phosphorylated in GBA1 PD cells is an important component of the 
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MAMs and has been shown to modulate ER mitochondrial connectivity (Verfaillie, 

2012). Further, both BNIP3L and UCP2 are linked to this intracellular 

communication and are dysregulated in GBA1 PD hiPSC derived neurons. BNIP3L 

can propagate mitochondrial associated cell death signals residing at the ER (Kitsis 

& Molkentin, 2010) and UCP2 has been described to be essential for mitochondria 

Ca2+ uptake from the ER (Trenker, 2007). Direct evidence however that 

mitochondrial dysfunction results from ERS and disturbed mitochondrial ER 

interaction in GBA1 PD still has to be obtained. Electron micrographs can give 

information about the physical distance between ER and mitochondria. Changes in 

the MAM composition can lead to altered distance between ER and mitochondria, 

which on the other side has an influence on mitochondrial Ca2+ loading from the ER 

which can be measured by mitochondrial localized Ca2+ sensitive dyes such as 

Rhod2 AM. Mitochondrial Ca2+ is crucial for proper mitochondrial homeostasis 

including respiration and the regulation of apoptosis (reviewed in Rizzuto, 2009). 

Further, a defined distance between ER and mitochondria is crucial for the 

generation and transfer of phospholipids, which is fundamental for proper 

mitochondrial membrane composition and homeostasis (Tatsuta, 2014). Lipidomic 

analysis of mitochondria from GBA1 PD and gene corrected neurons, which 

however requires high amounts of purified mitochondria, might give information 

about the composition of mitochondrial membranes in this context.  

 

In summary, data from transcriptomic analysis as well as functional assays suggest 

multi-organelle dysfunction in GBA1 PD hiPSC derived neurons including ER, 

mitochondria and autophagosomes/lysosomes. All of such organelles were 

described to play a role in PD and importantly, all 3 organelles can be connected 

on a functional level. ER derived Ca2+ for example is important in lysosomal 

functioning and ER stress can lead to the modulation of autophagic induction 

(reviewed in Sano & Reed, 2013). Further, ER and mitochondria form MAMs, which 

are required for the transfer of Ca2+, which is necessary for proper mitochondrial 

homeostasis. The lipid composition of MAMs is highly dependent on orchestrated 

mitochondrial – ER interactions (Raturi & Simmen, 2013), resulting in the generation 

of lipid rafts highly enriched in glycosphingolipids. This can also have an important 

impact on mitochondrial metabolism as it has been shown in yeast models (Birner, 

2001). Mitochondria and lysosomes on the other hand are connected on different 
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levels in terms of signalling (Baixauli, 2015) or the clearance of defective 

mitochondria (Youle & Narendra, 2011) assuring proper cellular homeostasis.  

In a mechanistic context of mutant GBA1 both, gain- and loss of function models 

could be involved in the multi organelle dysfunction observed. Loss of GCase 

activity leads to substrate accumulation in lysosomes and subsequently to 

autophagic-lysosomal dysfunction. Further, loss of GCase is associated with 

disturbed sphingolipid metabolism, which can disturb ER-mitochondrial connections 

and affect various cellular functions such as Ca2+ signalling, lipid homeostasis, 

mitochondrial dynamics or apoptosis. Further, autophagic impairment resulting from 

loss of GCase function can lead to the accumulation of -syn, dysfunctional 

mitochondria and subsequent elevation in ROS production. Gain of function 

mechanisms of misfolded GCase on the other hand can lead to ERS and activation 

of the UPR, which in turn can result in pathological modulation of MAMs and 

impaired ER-lysosomal interactions. Further, ER retention of mutant GBA1 could 

also change the lipid composition of the ER resulting in similar, MAM related effects.  

Our data suggest the involvement of both gain and loss of function mechanisms of 

mutant GCase in GBA1 PD. GBA1 PD but not GBA1 -/- iPSC derived neurons show 

ERS and subsequent activation of the UPR. This could be linked mechanistically to 

mitochondrial dysfunction, which however is also evident in GBA1 -/- cells, 

suggesting an influence of loss of function mechanisms. Supporting this, a-syn 

accumulation and also mROS productionis more aggravated in GBA1 -/- cells 

compared to GBA1 PD and isogenic controls. On the other side, no gene dose effect 

is evident when comparing GBA1 PD and GBA1 -/- on the level of mitochondrial 

phenotypes like cristae arrangement or mitophagy. Contrarily, GBA1 PD neurons 

show the highest cellular respiration deficiency when comparing all 3 genotypes. 

These findings suggest the involvement of both gain and loss of function of mutant 

GCase in PD. In this context however, the exact influence of gain of function 

mechanisms in GBA1 PD still have to be investigated. Artificial expression of 

wildtype GBA1 or application of recombinant GCase (Imiglucerase) in the 

background of hetero- or homozygous GBA1 mutations could give exclusive 

information of potential gain of function mechanisms of misfolded GCase. 
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Alterations in the intracellular NAD+ levels have been associated to various ageing 

related disorders (Imai & Guarente, 2014). LC-MS/MS analysis revealed that in 

GBA1 PD and GBA1-/- heterogenous hiPSC derived neuronal cultures and brain 

homogenates from GBA1+/- and GBA1-/- zebrafish, NAD+ levels were maintained. 

The intracellular NAD+ content however can be highly variable in different tissues 

and in different cell types inside the same tissue. Therefore we analysed the 

NAD+/NADH ratio in hiPSC derived neurons using a fluorescent NADH sensitive 

sensor. Interestingly, GBA1 PD neurons showed decreased NAD+/NADH ratios. 

Such reduced NAD+/NADH levels can be explained by increased oxidative stress, 

which was shown to lead to an increase in the activity of NAD+ consuming enzymes 

such as PARP (Luo & Kraus, 2012), reducing the cellular bioavailability of NAD+. 

Further, dysfunction of the NADH dehydrogenase Complex I leads to a reduction of 

the NAD+/NADH ratio, which has been shown to reduce the activity of Sirt3 

(Karamanlidis, 2013). The reduced levels of NMNAT2 expression further support 

an important role of the alteration of NAD+ metabolism in GBA1 PD. Besides its 

crucial role as an enzyme involved in cellular NAD+ synthesis, NMNAT2 also 

displays chaperone function and its overexpression has been shown to be 

beneficial in models of AD (Ali, 2016). Reduced NMNAT2 levels can therefore be 

involved in the increase in proteotoxic stress observed in GBA1 PD neurons. NAD+ 

is an important coenzyme in the regulation of the activity of the sirtuin family, which 

is implicated in regulating cellular homeostasis including autophagy, mitophagy, 

mitochondrial function, biogenesis and ERS (Tang, 2016) (Ng & Tang, 2013) 

(Fiorentino, 2015). We therefore suggest that reduced levels of NAD+ might play a 

crucial role in the development of GBA1 PD related pathogenesis and that NAD+ 

boosting strategies might have beneficial impact on the latter. Elevation of NAD+ 

levels has been shown to be beneficial in various disease models, including 

mitochondrial myopathy and metabolic disorders (Khan, 2014) (Cantó, 2012). 

Further, application of NAD+ precursors has been described to increase lifespan 

and to ameliorate ageing associated phenotypes in C.elegans (Mouchiroud, 2013) 

but if elevation in NAD+ is beneficial in models of PD is not known. Due to its high 

bioavailability and its potency to cross the blood brain barrier, we decided to apply 

NR in hiPSC derived neurons. Importantly, NR increased mitochondrial biogenesis 

and function and reduced mitochondrial ROS production. An elevation in NAD+ 

levels has been shown to improve expression and activity of single mitochondrial 
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complexes as well as to increase the mitochondrial UPR and expression of 

antioxidant related genes such as SOD2 (Cerutti, 2014) (Cantó, 2012) (Pirinen, 

2014). If a single mechanism or a combination of such is contributing to the 

observed effects of NR treatment in GBA1 PD hiPSC derived neurons has still to 

be elucidated. Further, application of NR increased autophagic capacity and 

consistent with those findings we also observed increased mitophagy after NR 

application. Furthermore we also observe reduced TFEB expression and an 

increase in nuclear translocation of the latter. This is implicating that NR treatment 

is normalizing dysregulated TFEB signalling and is boosting autophagy in hiPSC 

derived GBA1 PD neurons. To underline the protective effects of NAD+ elevation, 

we further show that NR improves locomotor deficits and mDA neuronal cell survival 

of a Drosophila in vivo model of GBA1 related PD. 

Contrary to the beneficial effects of NR application on mitochondrial function and 

autophagy, we could not observe and effect on ERS in hiPSC derived neurons. 

Even though ERS and UPR activation have been described to play a role in various 

neurodegenerative diseases (Lindholm, 2006), the exact role in disease 

pathogenesis is unknown. In this context it is important to emphasize that UPR 

induction has also been shown to regulate important physiological functions in 

neuronal development and plasticity (Hayashi, 2007) or neuroprotection upon 

cellular stress (Valdés, 2014). 

 

To conclude, we present GBA1 PD hiPSC derived neurons as a powerful tool for 

PD research, recapitulating major hallmarks of the disease like -syn accumulation 

and autophagic-lysosomal dysfunction. Genetic modifications of such cells enables 

the investigation of novel GBA1 related disease pathomechanisms such as 

disturbed Ca2+ homeostasis and mitochondrial dysfunction and implicates the 

involvement of both gain and loss of function mechanisms of mutated GBA1. 

Further, our findings suggest a key role of NAD+ metabolism in the 

neurodegenerative process. Given the clinical similarity of GBA1 PD and sporadic 

PD patients, elevating NAD+ levels by application of NAD+ precursors can be 

adapted as a therapeutic strategy not only for genetic but also sporadic PD as well 

as other neurodegenerative disorders.     
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Figure3: Potential mechanisms how mutations in GBA1 can contribute to disease pathogenesis in PD. 

Following gain of function mechanisms, misfolded GCase remains in the ER which leads to induction of ER 

Stress and might be responsible for dysregulation of calcium homeostasis. This on the other side might affect 

mitochondria by disturbed exchange of lipids or Calcium which then leads to mitochondrial dysfunction. 

Following loss of function mechanisms, loss of GCase function leads to lysosomal dysfunction, which as a 

result can disturb mitophagy or lead to accumulation of a-syn. Further misfolded GCase has been reported to 

interact physically with a-syn which enhances aggregation. Either single pathways or combined effects of 

multiple mechanisms might be responsible for GBA1 related disease progression in PD. 
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Neurodegeneration to ERK-Dependent Changes in Gene Expression” (Cell Stem 
cell, 2013) 
 
 
D.S took part in characterization and gene editing of hiPSC lines. Further D.S 
performed Western Blot experiments. 
 
 
“iPSC-derived neurons from GBA1-associated Parkinson’s disease patients show 
autophagic 
defects and impaired calcium homeostasis” (Nat. Comm., 2014) 
 
D.S. performed gene editing of hiPSCs,measured GBA activity, performed 
Western Blot experiments, Immunofluorescent stainings, Toxicity assays and 
NECAB knockdown experiments. Further, D.S. took part in data analysis and 
writing of the manuscript.  
 
 
“The NAD+ Precursor Nicotinamide Riboside Rescues Mitochondrial Defects and 
Neuronal Loss in iPSC and Fly Models of Parkinson’s Disease” (Cell Reports, 
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SUMMARY

The LRRK2 mutation G2019S is the most common
genetic cause of Parkinson’s disease (PD). To better
understand the link between mutant LRRK2 and PD
pathology, we derived induced pluripotent stem
cells from PD patients harboring LRRK2 G2019S
and then specifically corrected the mutant LRRK2
allele. We demonstrate that gene correction re-
sulted in phenotypic rescue in differentiated
neurons and uncovered expression changes asso-
ciated with LRRK2 G2019S. We found that LRRK2
G2019S induced dysregulation of CPNE8, MAP7,
UHRF2, ANXA1, and CADPS2. Knockdown experi-
ments demonstrated that four of these genes
contribute to dopaminergic neurodegeneration.
LRRK2 G2019S induced increased extracellular-
signal-regulated kinase 1/2 (ERK) phosphorylation.
Transcriptional dysregulation of CADPS2, CPNE8,
and UHRF2 was dependent on ERK activity. We
show that multiple PD-associated phenotypes
were ameliorated by inhibition of ERK. Therefore,
our results provide mechanistic insight into the
pathogenesis induced by mutant LRRK2 and
pointers for the development of potential new ther-
apeutics.

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurode-

generative disease worldwide and affects an estimated 1 in

1,000 people in Europe (European Brain Council, 2011).

Although most cases of PD are sporadic, about 5%–10% of

patients have familial PD (fPD) following an autosomal-recessive

or -dominant inheritance pattern (Schiesling et al., 2008). These

two inheritance forms appear to have different pathologies

(Schiesling et al., 2008). Unlike patients with autosomal-reces-

sive fPD, patients with autosomal-dominant fPD typically show

extensive formation of Lewy bodies in different parts of the brain.

Alpha-synuclein (aSYN), the protein encoded by the geneSNCA,

is the major component of Lewy bodies, indicating that aSYN

plays a central role in the pathogenesis of PD (Spillantini et al.,

1997). SNCA was the first gene identified as being mutated in

patients with fPD (Polymeropoulos et al., 1997).

In 2004, two research groups simultaneously discovered

mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene in

patients with fPD (Paisán-Ruı́z et al., 2004; Zimprich et al.,

2004). Like SNCA mutations, LRRK2 mutations result in auto-

somal-dominant fPD. Mutations in LRRK2 have been found in

about 2% of patients with sporadic PD (Berg et al., 2005), with

much higher prevalence rates in some populations, e.g., Ashke-

nazi Jews (Ozelius et al., 2006). Patients with PD with LRRK2

mutations most often exhibit Lewy body pathology, and experi-

ments in the mouse model have suggested a link between

LRRK2 and SNCA (Lin et al., 2009; Ross et al., 2006). G2019S
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is the most common mutation of LRRK2, and mutations in

LRRK2, including G2019S, have been suggested to lead to

increased expression of SNCA (Carballo-Carbajal et al., 2010;

Nguyen et al., 2011). Therefore, LRRK2 mutations are thought

to confer susceptibility to PD through SNCA (Cookson, 2010).

However, it should be noted that although most patients with

PD harboring LRRK2 mutations manifest alpha-synucleinop-

athy, patients with nigral degeneration without aSYN aggrega-

tion have been reported (Cookson et al., 2008).

Several lines of evidence suggest a role for TAU in PD

pathology. Genome-wide association studies have demon-

strated that polymorphisms at the Microtubule-associated

protein TAU (MAPT) locus, which encodes TAU, are associated

with PD. In addition, it has been shown that theMAPT haplotype

influences age at onset in LRRK2 mutation carriers (Golub

et al., 2009), and there has been at least one documented case

of a LRRK2 G2019S carrier having TAU pathology (Rajput

et al., 2006). Interestingly, it has been suggested that TAU may

colocalize with aSYN in a subset of Lewy bodies (Ishizawa

et al., 2003).

Human induced pluripotent stem cell (hiPSC) technology

offers a unique opportunity to study the mechanism of PD path-

ogenesis induced by LRRK2 G2019S, which could enable the

development of new therapies. In 2006, Shinya Yamanaka

demonstrated that expression of four genes in fibroblasts

induced the formation of pluripotent stem cells, with the same

self-renewal and differentiation potential as embryonic stem

cells (Takahashi and Yamanaka, 2006). Nguyen et al. (2011) first

demonstrated that this technology could be used to generate

iPSC lines from patients with PD harboring LRRK2 G2019S. It

was reported that differentiated midbrain dopaminergic (mDA)

neurons, which are preferentially lost in patients with PD, were

more susceptible to oxidative stress and had increased levels

of aSYN. Subsequently, Sánchez-Danés et al. (2012) showed

increased aSYN and aberrant autophagy in mDA neurons differ-

entiated from iPSC lines of PD patients with and without LRRK2

G2019S. However, PD phenotypes are affected by polymor-

phisms at multiple loci. For example, patients with LRRK2

mutations will exhibit variable phenotypes when additional poly-

morphisms are present in either SNCA or MAPT (Botta-Orfila

et al., 2012; Golub et al., 2009). As a result, it is unclear whether

these observed phenotypes in iPSC-derived neurons were

specifically due to LRRK2 G2019S. Because of the large vari-

ability in the genetic background between individuals, it is very

difficult to detect and study molecular changes resulting from

a specific allele such as LRRK2 G2019S.

Gene correction of iPSCs from patients with known genetic

mutations is a powerful tool for overcoming this limitation of

the use of iPSCs. Here, we report mechanistic insights for

mDA neurodegeneration induced by LRRK2 G2019S by using

cultures of mDA neurons differentiated from isogenic iPSC lines.

We show that targeted correction of LRRK2G2019S ameliorated

a deficit in neurite outgrowth and a defect in basal autophagy

and increased aSYN, TAU, and susceptibility to oxidative stress.

In addition, we demonstrate that targeted insertion of LRRK2

G2019S into iPSCs from a healthy donor was sufficient to reca-

pitulate the disease phenotypes. With isogenic cultures, we

were able to detect dysregulation of Copine VIII (CPNE8),

Annexin A1 (ANXA1), Microtubule-associated protein 7 (MAP7),

Calcium-dependent activator protein for secretion 2 (CADPS2),

and Ubiquitin-like with PHD and ring finger domains 2 (UHRF2),

which are involved in other neurodegenerative pathologies but

have not previously been associated with PD. Pharmacological

inhibition of LRRK2 kinase activity corrected these gene expres-

sion changes and rescued PD-associated phenotypes. Knock-

down experiments demonstrated that dysregulation of four of

these genes significantly contributed tomDA neurodegeneration

under oxidative stress. Finally, we demonstrate that LRRK2

G2019S was associated with increased activation of ERK and

that inhibition of ERK ameliorated mDA neurodegeneration, neu-

rite outgrowth, and the dysregulation of CADPS2, CPNE8, and

UHRF2. Therefore, these results reveal molecular details for

the pathogenesis of mutant LRRK2 and possible new targets

for the development of new therapeutics for patients with PD.

RESULTS

Generation and Gene Correction of iPSCs
We derived iPSCs from two patients harboring the LRRK2muta-

tion G2019S (Table S1 available online). The samples used in this

study were derived from two female patients with PD born in

1958 and 1931 (designated L1 and L2, respectively). As noniso-

genic healthy controls, we used iPSC lines derived from four

healthy women born in 1959, 1931, 1943, and 1932 (designated

C1, C2, C3, and C4, respectively) (Table S1). Dermal fibroblasts

from skin punch biopsies of patients with PD or healthy controls

were expanded and infected with retroviral expression vectors

containing the genes indicated and iPSCs were generated

(Takahashi et al., 2007). Individual clonal iPSC lines derived

from L1 and L2 were designated L1-1 and L2-1, respectively

(Table S1).

Multiple assays were used to confirm the reprogramming of

fibroblasts into all the iPSC lines used in this study. Immunostain-

ing demonstrated that the iPSC lines expressed the pluripotent

markers NANOG, OCT4, SSEA4, and TRA1-81 (Figures 1A and

S1A). Real-time quantitative PCR (qRT-PCR) analysis showed

that iPSCs expressed pluripotency markers at levels compa-

rable with human embryonic stem cells (hESCs) (Figures 1B

and S1B) and silencing of the retroviral vectors, which is a hall-

mark of bona fide iPSCs (Figure S1C; Hotta and Ellis, 2008).

Pluripotent differentiation potential of each iPSC line was tested

in vitro via embryoid body (EB)-mediated differentiation and

in vivo via teratoma formation (Figures 1C, 1D, S2A, and S2B).

Each line was verified to be euploid via microarray profiling of

single-nucleotide polymorphisms.

Genome-wide association studies have revealed that multiple

genetic variants are associated with PD (Simón-Sánchez et al.,

2009). Therefore, given the variable phenotypes associated

with specific LRRK2 mutations, it is very likely that variants in

other genetic loci modify the phenotype induced by LRRK2

G2019S. To account for this, we gene-corrected iPSC lines

from both patients to obtain three isogenic lines per patient

that differed only in this mutation. A correction vector was

inserted site specifically by cotransfecting it with zinc finger

nucleases (ZFNs) designed to introduce a double-strand break

adjacent to the G2019S mutation of the LRRK2 gene. Because

LRRK2 mutations are inherited dominantly, our patients with

PD are heterozygous for the G2019S mutation. As such, only
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half of the targeted cell lines would be expected to target

the correct allele. We used DNA sequencing of iPSCs and

differentiated neurons to confirm correction of the G2019S

mutation (Figures S2C and S2D). As an additional experimental

control, the ZFNs were used to introduce the G2019S mutation

into one of the LRRK2 loci of the control iPSC line C4,

whichwas derived from a healthy individual. Appropriate expres-

sion of the artificially mutated allele was confirmed through

quantification by pyro-sequencing with cDNA (Figure S2E).

Therefore, through both patient selection and gene targeting,

we have a complete set of iPSC lines to study the mechanisms

of PD pathogenesis induced by mutant LRRK2 (Table S1). All
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Figure 1. iPSC Line Derivation and Differentiation into Functional mDA Neurons

(A) Immunostaining for the indicated markers was performed along with nuclear counterstaining by Hoechst. See also Figure S1A.

(B) qRT-PCR analysis of the indicated iPSC lines for the expression of the indicated pluripotency markers relative to HUES6 hESCs. Fibroblasts from patient 1 at

4 days after retroviral infection are also shown. See also Figures S1B and S1C. Error bars give variation from using GAPDH and BACT as housekeeping genes.

(C) Teratomas formed from subcutaneous injection of iPSCs into immunodeficient mice were isolated and stained with hematoxylin and eosin. N, neural rosettes;

E, gut-like epithelium; B, bone; M, muscle. See also Figure S2.

(D) iPSCs were differentiated in vitro via embryoid bodies and immunostained for AFP (endoderm), alpha-SMA (mesoderm), and TUBBIII (ectoderm). See also

Figure S2.

(E) Thedifferentiation protocol efficiently producesmidbrain dopaminergic neurons, shownby immunostaining for TH,MAP2, andFOXA2.See alsoFiguresS3–S5.

(F) qRT-PCR for the indicatedmarkers on the indicated days of differentiation of the iPSC line C3. Error bars show the variation of duplicate experiments. See also

Figure S3.

(G) Differentiation efficiencies for all lines, given as percentage of cells, identified by nuclei, positive for the indicated marker. n = 3–5 for each line, error bars

indicate SEM.

(H) Exemplary recording of spontaneous firing of APs in current-clamp mode. See Figure S5 for further characterization.

(I) mDA neuron cultures contain mature dopamine-producing neurons, shown by dopamine release upon stimulation of the given lines. Error bars show the

variance between two independent differentiation cultures. See also Figures S1–S5 as well as Tables S1 and S2.

All scale bars represent 100 mm.
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gene-targeted subclones were fully characterized and con-

firmed to be euploid and pluripotent in vitro and in vivo (Figures

S1 and S2).

Gene Correction Ameliorates PD-Associated
Phenotypes in mDA Neurons
Because PD is characterized by the degeneration of mDA

neurons, we directed the differentiation of iPSCs into this

neuronal subtype. After 10 days of differentiation, we observed

efficient formation of OTX2 and FOXA2 double-positive cells,

which are markers of mDA neural progenitors (Figures S3A and

S3B). Additional developmental markers associated with the

specification of mDA neurons were detected by qRT-PCR after

13, 30, and 60 days of differentiation, including TH, FOXA2,

AADC, MSX1, LMX1A, PITX3, and NURR1 (Figures 1F, S3C,

and S3D). Immunostaining demonstrated frequent formation of

FOXA2 and TH as well as TH and LRRK2 double-positive cells

(Figures 1E and S4). The efficiency of mDA neuron formation

was approximately 20% of the total cells and 50% of all neurons

after plating them as single cells on day 30 of differentiation (Fig-

ure 1G). Cultures of differentiated mDA neurons stained posi-

tively for NURR1, which is a marker of mDA neurons, as well

as NeuN, MAP2, and SYNAPTOPHYSIN, which are markers of

mature neurons (Figures 1E, S5A, and S5B). Analysis of electro-

physiology and dopamine release upon chemical stimulation

confirmed that the differentiated neurons were functionally

mature after 30–35 days of differentiation (Figures 1H, 1I, and

S5C–S5G).

Next, we sought to determine whether the gene correction of

LRRK2 G2019S resulted in functional phenotypic correction.

Neurite shortening and sensitivity to neurotoxins are phenotypes

associated with LRRK2 G2019S (MacLeod et al., 2006; Nguyen

et al., 2011; Sánchez-Danés et al., 2012). We observed a statisti-

cally significant (p < 0.001) reduction in the velocity of

outgrowing neurites harboring LRRK2 G2019S compared to

wild-type controls (Figures 2A–2C). Targeted gene correction

of LRRK2 G2019S rescued this phenotype to a level equal to

the wild-type controls (Figures 2A and 2B). Immunostaining

showed that about 20%of outgrowing neurites were TH positive,

suggesting that this is a general neuronal phenotype and not

specific to mDA neurons (Figure 2D).

Previously, Sánchez-Danés et al. (2012), reported that LRRK2

G2019S was associated with aberrant autophagy in neurons

differentiated from iPSCs. Consistent with this report, we found

that basal autophagy was significantly reduced by about 20%

(Figures S6A and S6B) and increased numbers of autophago-

somes were observed in cultures harboring LRRK2 G2019S

(Figures S6C). Similarly, cultures of differentiated mDA neurons

were significantly more sensitive to oxidative stress when

cultured in N2 medium without the supplement B27 (Figures 3

and 4A), which contains antioxidant proteins such as Catalase

and Superoxide Dismutase (Brewer et al., 1993). Addition of

the neurotoxins rotenone or 6-hydroxydopamine (6-OHDA)

resulted in a small increase in the number of TH and cleaved

CASPASE3 double-positive cells in differentiated cultures

harboring LRRK2G2019S compared to gene-corrected isogenic

controls (Figures 3, 4A, 4B, S6D, and S6E). Immunostaining

showed that more than 80% of the cells positive for cleaved

CASPASE3 also expressed TH (Figure 4C). To further assess

the specificity of neurodegeneration, we differentiated iPSCs

into peripheral sensory neurons (Greber et al., 2011), cultured

them under conditions of oxidative stress, and immunostained

for cleaved CASPASE3 and BRN3A, which mark apoptotic

sensory neurons. Compared to mDA neurons, fewer sensory

neurons were positive for cleaved CASPASE3, and there was

no increase associated with LRRK2G2019S (Figure S6F). These

results demonstrate that apoptosis was preferentially induced in

mDA neurons. In another experiment, we tested whether LRRK2

G2019S is sufficient to increase sensitivity of mDA neurons to

B27 withdrawal and to 6-OHDA- and rotenone-induced toxicity.

To do this, we repeated the above assays with neurons derived

from the iPSC lines C4 and C4+G2019S, in which we had in-

serted the G2019S mutation into the LRRK2 locus of an iPSC

line derived from a healthy control. The increase in cytotoxicity

was comparable in magnitude with the decrease in cytotoxicity

observed after gene correction for mutant LRRK2 iPSC lines

(Figures 3A and 4A). We conclude that mutant LRRK2 is suffi-

cient to induce increased sensitivity of human mDA neurons to

oxidative stress.

To address the question of whether the G2019S mutation

results in a gain or loss of function, we repeated the cytotoxicity

experiments in the presence of LRRK2-IN1, which is a small

molecule inhibitor of LRRK2 kinase activity. We observed

a statistically significant increase in mDA neuron survival as

measured by cleaved CASPASE3 and TH in the presence of

the inhibitor compared to controls (Figures 4D and S6G). A

similar trend was observed when cell death was quantified by

lactate dehydrogenase (LDH) release (Figures 4E and S6H).

These data suggest that LRRK2 G2019S results in a gain of

kinase function, which is consistent with previous reports

(Gloeckner et al., 2006; West et al., 2005). Therefore, multiple

phenotypic assays confirm that gene correction of LRRK2

G2019S resulted in functional phenotypic correction.

LRRK2 G2019S Causes PD-Associated Changes in TAU
and aSYN
Because multiple lines of evidence suggest a role for TAU in PD

pathogenesis, we characterized MAPT transcription and TAU

protein levels. qRT-PCR analysis on triplicate samples on day

30 of differentiation demonstrated that MAPT was significantly

downregulated by 39% in cultures of mDA neurons containing

wild-type LRRK2 compared with isogenic cultures with

G2019S LRRK2 (Figure 5A). Western blotting confirmed that

TAU protein and phospho-Thr181 TAU were significantly lower

in cultures of mDA neurons harboring gene-corrected LRRK2

compared to isogenic cultures with LRRK2 G2019S (Figures

5B, 5C, and S7A). Immunostaining confirmed that neurons ex-

pressing TH were also positive for TAU and phospho-TAU (Fig-

ure S7B). These data are consistent with previously published

data showing a link between patients with PD, MAPT, and

LRRK2. Interestingly, it has been shown that TAU enhances

aSYN aggregation and toxicity (Badiola et al., 2011). It is also

significant to note that increased levels of Thr181-phosphory-

lated TAU correlate with neurite retraction (Maldonado et al.,

2008, 2011), and, as such, could contribute to the neurite

outgrowth phenotype in LRRK2 G2019S neurons.

Because aSYN pathology is present in most patients with PD

harboring mutant LRRK2, we assessed the level of SNCAmRNA
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and aSYN protein by mDA neurons that had been differentiated

from iPSCs. qRT-PCR showed that isogenic cultures of mDA

neurons differentiated for 30 and 60 days expressed comparable

levels of SNCA (Figure 5D). Immunostaining showed that aSYN

protein in neurons differentiated for 30 days displayed a punctate

staining pattern that colocalized with SYNAPTOPHSYIN, which

is a marker of mature neurons (Figure S5B). Western blots

confirmed the presence of monomeric aSYN protein in cultures

of differentiated mDA neurons (Figure 5E). Because it has been

suggested that LRRK2 G2019S results in increased levels of

aSYN protein (Nguyen et al., 2011), we quantified the level of

aSYN normalized to GAPDH protein levels (Figure S7A). When

we initially compared all cultures of mDA neurons with either

wild-type or G2019S LRRK2 without taking into account match-

ing lines from gene correction, we found no significant difference

in aSYN protein levels between groups. In contrast, when the

data was reanalyzed directly comparing the level of aSYN

present in gene-corrected cultures to the respective isogenic

cultures with LRRK2 G2019S, we found that cultures of mDA

neurons harboring gene-corrected LRRK2 contained about

30% less aSYN protein, which was statistically significant,

compared to cultures differentiated from isogenic G2019S

LRRK2 lines (Figure 5F). This is in agreement with human patho-

physiological data, which shows extensive aSYN pathology in

PD patients carrying LRRK2 G2019S (Schiesling et al., 2008).

These results are also in agreement with previously published
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Figure 2. Gene Correction of LRRK2 G2019S Ameliorates Neurite Outgrowth Phenotype

(A) Sample pictures from a neurite outgrowth experiment for neurons differentiated from the indicated isogenic wild-type (left) and G2019S (right) LRRK2 iPSC

line. Red dots indicate the end of the neurite, which was determined every 5 min. Scale bars represent 50 mm.

(B) Individual neurite outgrowth speeds for the indicated lines measured from triplicate cultures, Error bars represent the standard error of the mean (SEM).

*p < 0.05, ***p < 0.001.

(C) When combined, the results show a significantly lower neurite outgrowth speed in neuron cultures with LRRK2 G2019S compared to wild-type. Error bars

indicate SEM.

(D) The neurite outgrowth reduction is a general neuronal phenotype, as only about 20% of the fastest outgrowing neurons are positive for TH.
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results (Nguyen et al., 2011; Sánchez-Danés et al., 2012).

However, we found that the difference in the level of aSYN was

not significant when comparing nonisogenic cultures because

of the high variation within the ‘‘healthy’’ neurons. This suggests

that the increase in aSYN protein levels induced by LRRK2

G2019S cannot reliably be distinguished from the variance

already present in our cultures from patients without PD.

Gene Correction Enables Identification of Novel Genes
Dysregulated by LRRK2 G2019S
To identify possible changes in gene expression caused by

LRRK2 G2019S, we compared the global gene expression

profile of cultures after 30 days of differentiation. Three indepen-

dent hiPSC lines harboring LRRK2 G2019S were differentiated

alongside their isogenic gene-corrected hiPSC lines. In addition,

two hiPSC lines derived from age- and sex-matched control

patients were differentiated. RNA was harvested and analyzed

with Illumina gene expression microarray on day 30 of differenti-

ation. The cluster dendrogram demonstrated that the gene

expression profiles of cultures differentiated from a hiPSC line

with LRRK2 G2019S was most closely related to its isogenic

gene-corrected culture in each of the three cases (Figure 6A).

In addition, we found that cultures of mDA neurons differentiated

from the healthy control hiPSC line C1-1 clustered more closely

to cultures differentiated from hiPSC lines derived from patient 2

than to those from patient 1. This was unexpected because the

donor for hiPSC line C1-1 was age and gender matched to

patient 1. Moreover, the gene expression of cultures differenti-

ated from control line C2, which was derived from a patient

age and gender matched to patient 2, was significantly different

from all other samples. This clearly shows that derivation of

hiPSC lines from patients that are age and gender matched

does not result in closely related gene expression patterns after

differentiation even though the overall differentiation efficiencies

were comparable between all hiPSC lines. In contrast, gene

correction resulted consistently in extremely similar expression

patterns with the isogenic LRRK2G2019S hiPSC line after differ-

entiation. Given the large effect of genetic background on gene

expression, our data suggest that it is possible to detect changes

specifically associated with LRRK2 G2019S only through gene

correction.

To gain further mechanistic insight into the development of

LRRK2-related phenotypes, we sought to identify genes whose

expression levels were changed by the presence of LRRK2

G2019S. By using our previous global gene expression profiles,

we filtered for genes that were expressed at a minimum

threshold level and either up- or downregulated by at least 1.2-

fold in the same direction in all three cultures of mDA neurons
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Figure 3. LRRK2 G2019S Causes 6-Hydroxydopamine Sensitivity in Human mDA Neurons

(A) Relative frequency of cleaved CASPASE3 and TH double-positive cells after treating the mDA neurons differentiated from the indicated iPSC line with the

indicated concentration of 6-OHDA in N2medium (n = 2). Error bars represent the variation. Data are presented after normalization on the LRRK2WT isogenic line

that was treated with N2 medium only to correct for basal level of cell death caused by replating and N2 medium alone. For individual primary results, see

Figure S6. mDA neurons harboring LRRK2G2019S weremore susceptible to apoptosis compared to wild-type when cultured only in N2medium. Themagnitude

of the difference increased when 6-OHDA was added.

(B) All results together, after normalization by setting all mutant LRRK2 cultures to 100, show that LRRK2 G2019S causes a higher sensitivity to cytotoxic stress

when comparing mutant to their isogenic wild-type samples. Error bars show the standard deviation. ***p < 0.001 according to t test.

(C) Treatment with 10 mM6-OHDA leads to a faster increase of cell death in LRRK2 G2019S DA neurons, compared to the isogenic LRRK2WT controls. *p < 0.05,

according to the t test. Error bars indicate SEM.
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differentiated for 30 days from hiPSCs containing LRRK2

G2019S compared to gene-corrected LRRK2. Subsequently,

we differentiated these and additional hiPSC lines in indepen-

dent triplicate cultures for 30 days followed by qRT-PCR valida-

tion. Six genes could be corroborated by further samples

by qRT-PCR as significantly and consistently dysregulated
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Figure 4. Gene Correction of LRRK2 G2019S Ameliorates Sensitivity of Human mDA Neurons to Rotenone

(A) Relative frequency of cleavedCASPASE3 and TH double-positive cells after treating themDAneurons of the indicated lines with the indicated concentration of

rotenone in N2medium (n = 2). Error bars represent the variation. Data are normalized to the LRRK2WT isogenic line treatedwith N2medium alone. mDA neurons

harboring LRRK2 G2019S were more susceptible to apoptosis compared to wild-type when cultured in only N2 medium. The magnitude of the difference

increased when rotenone was added.

(B) LRRK2 G2019S causes a higher sensitivity to cytotoxic stress when compared with the wild-type isogenic line caused by rotenone. Error bars show the

standard deviation. These are combined data for isogenic lines L1-1, L1-2, L2-2, L2-3, and C4 at all concentrations used.

(C) Cleaved CASPASE3 was preferentially in cells expressing TH after treatment with the indicated conditions. Error bars indicate variation.

(D and E) 1.5 mM LRRK2-IN1, which inhibits LRRK2 kinase activity, rescued mDA neurons from apoptosis. Cultures were differentiated in triplicate from L1-1Mut

and C4+G2019S, stressed with 50 nM rotenone, and immunostaining for cleaved CASPASE3 and TH double-positive cells (D) and LDH release (E) compared to

DMSO-treated controls. Error bars indicate SEM.

**p < 0.01 and ***p < 0.001 according to t test. See also Figure S6.
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by LRRK2G2019S in cultures of mDA neurons. The first four that

we identified were CPNE8, ANXA1, MAP7, and CADPS2, which

were downregulated by about 38%, 40%, 30%, and 29%,

respectively, in cultures of mDA neurons harboring gene-cor-

rected LRRK2 compared to isogenic cultures with the G2019S

mutation (Figure 6B). In addition, we identified UHRF2 as signif-

icantly upregulated by 16% in cultures of mDA neurons

harboring gene-corrected LRRK2 compared with the isogenic

cultures with the G2019S mutation (Figure 6B). To confirm the

effect of LRRK2 G2019S on the expression of these genes, we

repeated the experiment with cultures differentiated from the

hiPSC line C4, which was derived from a healthy control patient,

and from the hiPSC line C4-G2019S, in which the mutation

G2019S had been specifically introduced into one endogenous

LRRK2 allele. The results were consistent with the gene-cor-

rected cultures (Figure 6C). Western blotting demonstrated

that protein levels of CPNE8, CADPS2, ANXA1, and MAP7

were significantly altered in cultures with mutant LRRK2

compared with isogenic controls (Figures 6D and 6E). UHRF2

was lower in LRRK2 G2019S samples compared with isogenic

controls with a p value of 0.0533 (Figures 6D and 6E). Inhibition

of LRRK2 kinase activity with LRRK2-IN1 rescued the dysregu-

lation of these genes (Figure S6I). Therefore, isogenic cultures

enabled the detection of multiple genes that were specifically

dysregulated by LRRK2 G2019S.

Knockdown experiments were used to assess the contri-

butions of CPNE8, ANXA1, MAP7, CADPS2, and UHRF2 to

mDA neurodegeneration under oxidative stress. Cultures of

mDA neurons differentiated from iPSC line L1-1Mut were treated

with Accell siRNASMARTpool targeting one of the identified dys-

regulated genes. qRT-PCR demonstrated that the target gene

expression was decreased by 50%–80% (Figure 6F). After expo-

sure to oxidative stress via B27 withdrawal alone or in combina-

tion with 50 nM rotenone, neurodegeneration was assessed by

LDH release and double-immunostaining for cleavedCASPASE3

and TH. We found that knockdown of CPNE8, CADPS2, and

MAP7 resulted in a statistically significant decrease in the

number of cleaved CASPASE3 and TH double-positive neurons

(Figures 6G and 6H). In contrast, we found that knockdown of

UHRF2 resulted in small, but significant, increase in the number

of cleaved CASPASE3 and TH double-positive neurons (Figures

6G and 6H). No significant change was observed with the knock-

down of ANXA1 (Figures 6G and 6H). Knockdown of CPNE8,

CADPS2, and MAP7 was also protective when we used LDH

release as a measure of cytotoxicity (Figures S6J and S6K).

These results demonstrate that the upregulation of CPNE8,
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Figure 5. LRRK2 G2019S Mutation Leads to Increased Expression of MAPT mRNA and TAU Protein as well as Increased aSYN Protein

(A) MAPT mRNA levels are significantly decreased when comparing triplicate cultures differentiated from LRRK2 wild-type to isogenic mutant lines. n = 6 lines

wild-type, n = 5 mutant, including C4 and C4+G2019S.

(B) Representative western blot results for the given mDA neuron cultures. Independent replicate experiments are shown for lines L2-3Mut and L2-3GC.

(C) Reduced TAU and phospho-TAU (Thr181) protein is found in cultures differentiated from LRRK2 wild-type compared to isogenic mutant lines. This is an

average of individual results shown in Figure S7.

(D) No change in expression is detected by qRT-PCR analysis of SNCA expression in mDA neuron cultures differentiated in independent replicate cultures

comparing all targeted lines to their isogenic mutant line. n = 3–5 for each line at day 30, n = 2–3 for each line at day 60 of differentiation.

(E) Representative western blot results for the given mDA neuron cultures for aSYN protein showing lower levels in wild-type compared to isogenic mutant

samples. aSYN protein levels were normalized using GAPDH as a housekeeping gene.

(F) Average aSYN protein abundance showing a significant decrease in gene-corrected lines compared to their mutant isogenic lines. n = 9, individual results are

shown in Figure S7.

Error bars indicate SEM in all panels. *p < 0.05, **p < 0.01, ***p < 0.001 according to t test.
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Figure 6. Identification and Validation of Novel Genes Contributing to PD-Associated Phenotypes Induced by LRRK2 G2019S

(A) Cluster analysis of the whole-genome expression profile after 30 days differentiation of the indicated cell lines. Only isogenic iPSC lines give extremely

comparable differentiation outcome. Interestingly, C1 clusters closer to L2 and C2 closer to L1, which is opposite to their matches based upon age and gender.

(B) Candidate genes dysregulated by LRRK2G2019S from themicroarray data were validated by qRT-PCR onmDA neuronal cultures differentiated for 30 days in

triplicates from isogenic hiPSC lines L1-1Mut with L1-1GC1 and L1-1GC2, L1-2Mut and L1-2GC, L2-2Mut and L2-2GC, L2-3Mut and L2-3GC.

(C) hiPSC line C4 and the isogenic line C4+G2019S were differentiated and analyzed by qRT-PCR for the candidate genes. Error bars represent SEM.

(legend continued on next page)
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CADPS2, andMAP7 by LRRK2 G2019S contributes to the mDA

neurodegenerative phenotype observed. The small, but signifi-

cant, increase in mDA degeneration resulting from UHRF2

knockdown is consistent with the small decrease in UHRF2

expression observed in cultures with LRRK2 G2019S. Western

blotting after knockdown of MAP7 reduced aSYN by about

50% in cultures differentiated from iPSCs harboring LRRK2

G2019S (Figures S7C and S7D). Knockdown of CADP2 and

CPNE8 had mildly reduced aSYN, but knockdown of UHRF2

and ANXA1 had no effect (Figures S7C and S7D).

Higher Sensitivity of LRRK2 G2019S Neurons to
Oxidative Stress Involves the Activation of ERK
Previously, it was shown that LRRK2 G2019S causes abnor-

malities in basal autophagy in fibroblasts through activation of

ERK1/2 (ERK) (Bravo-San Pedro et al., 2013). In addition, neu-

rite shortening by LRRK2 G2019S has been linked to ERK

signaling (Plowey et al., 2008). For these reasons, we per-

formed western blotting to quantify the level of phosphorylated

ERK1/2 (pERK), which is the active form of ERK. Cultures of

mDA neurons had increased pERK levels after B27 withdrawal

compared to controls, and addition of rotenone further

increased levels of pERK (Figure 7A). Untreated mDA cultures

harboring wild-type LRRK2 had 50% less pERK compared to

isogenic cultures with LRRK2 G2019S (Figures 7B and 7C).

When cultures of mDA neurons were treated with LRRK2-IN1,

pERK levels were significantly decreased by more than 40%

(Figures 7D and 7E). Treatment with PD0325901 (hereafter

ERK-IN), an inhibitor of ERK phosphorylation, rescued cultures

of mDA neurons from degeneration and reduced overall

(D) Representative western blot pictures for the newly identified genes from the indicated lines taken at day 30 of duplicate differentiation cultures from the

indicated isogenic lines. TBP and a-TUBULIN (TUB) were used as loading controls.

(E) Densitometric quantification of the western blots from (D). For ANXA1 and CADPS2, duplicate cultures differentiated from L2-2Mut and L2-3Mut were

additionally used. Error bars indicate SEM.

(F) Knockdown efficiency was determined by qRT-PCR for the indicated genes normalized to nontargeting controls in mDA neuron cultures differentiated for

30 days from the line L1-1Mut. Error bars show the variance from two parallel cultures.

(G and H) Knockdown of CADPS2, CPNE8, MAP7, and UHRF2 but not ANXA1 had a significant effect on the sensitivity of mDA neurons when treated with N2

medium alone (G) or N2 supplemented with 50 nM rotenone (H), as measured by the amount of cleaved CASPASE3 and TH double-positive neurons. Error bars

represent SEM.

*p < 0.05 and **p < 0.01 according to t test.
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Figure 7. LRRK2 G2019S Causes Increased ERK Phosphorylation that Is Responsible for Some of the Observed Phenotypes

(A)Western blot for phosphorylatedERK1/2 (pERK) and ERK1/2 (ERK) on neurons differentiated for 30 days and cultured under the indicated conditions for 2 days.

(B) Representative western blot images of pERK and ERK of mDA neuronal cultured differentiated in duplicate for 30 days from the indicated lines.

(C) Quantification of the data from (B) showing significantly increased pERK in cultures harboring LRRK2 G2019S compared to isogenic controls.

(D) Representative western blot for the indicated marker for differentiated cultures from the indicated lines treated for 6 days with 1.5 mM LRRK2-IN1 alongside

the DMSO-treated control.

(E) Quantification of the effect of LRRK2-IN1 on pERK with lines L1-1Mut, L2-2Mut, L2-3Mut, and C4+G2019S in duplicates of treatment, alongside their DMSO-

treated controls for 6 days.

(F and G) mDA cultures of the line L1-1Mut at day 30 of differentiation were treated for 2 days with PD0325901 (ERK-IN), an ERK phosphorylation-inhibitor, at the

given concentrations, which reduced cytotoxicity from stress with 50 nM rotenone as measured by LDH release (F) and cleaved CASPASE3 and TH double-

positive cells (G) compared to DMSO-treated controls.

(H) Neurite outgrowth assay on neurons differentiated for 30 days and treated with the indicated compounds compared to DMSO-treated controls.

(I) qRT-PCR for the indicated genes on neurons differentiated for 30 days and treated with ERK-IN relative to DMSO-treated controls.

*p < 0.05, **p < 0.01, ***p < 0.001 according to t test. Error bars represent SEM in all panels.
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cytotoxicity when treated with oxidative stress (Figures 7F

and 7G). Finally, ERK-IN and LRRK2-IN1 increased neurite

outgrowth of differentiated neurons compared to DMSO-

treated controls (Figure 7H). Therefore, LRRK2 G21019S leads

to activation of ERK, which contributes to the mDA neurode-

generative phenotype observed in vitro.

We next tested whether activation of ERK contributed to the

dysregulation of our newly identified genes. To do this, qRT-

PCR was performed on cultures of mDA neurons treated with

ERK-IN for 4 days. We observed that expression of CADPS2,

CPNE8, and UHRF2 was significantly altered by ERK inhibition

in the opposite direction compared to that induced by LRRK2

G2019S (Figure 7I). Taken together, these results suggest that

CADPS2, CPNE8, and UHRF2 expression is dysregulated by

LRRK2 G2019S through aberrant ERK activation. However,

the results for ANXA1 and MAP7 suggest that LRRK2 G2019S

might also contribute to PD phenotypes through additional

mechanisms.

DISCUSSION

Reprogramming is a breakthrough technology that enables the

generation of patient-specific stem cells. By using patients

with PD-causing mutations, such as LRRK2 G2019S, it is

possible to derive iPSCs that recapitulate aspects of PD

pathology (Nguyen et al., 2011; Sánchez-Danés et al., 2012).

However, because of variance in genetic backgrounds, which

is likely to arise from polymorphisms in other genes, each indi-

vidual might behave differently with respect to a given mutation.

Recently, Liu et al. (2012) reported the derivation of iPSCs from

PD patients harboring LRRK2 G2019S as well as isogenic

gene-corrected controls. The authors demonstrated phenotypic

changes in the nuclear envelope. Although interesting, these

changes lack a clear causal link to PD pathogenesis. In addition,

the authors studied primitive neural stem cells, which are most

closely related to cells present in early post-implantation-stage

embryos that are not present in fetuses, neonates, or adults

(Hitoshi et al., 2004; Liu et al., 2012). Therefore, there is still sig-

nificant potential for gene-corrected iPSCs to elucidate the

molecular mechanisms underlying PD pathogenesis in mDA

neurons.

Here, we have demonstrated that neurons differentiated from

iPSCs derived from patients with PD harboring LRRK2 G2019S

exhibit multiple phenotypes including reduced neurite outgrowth

and increased sensitivity to stress. By using gene-corrected

isogenic cultures and the introduction of the mutation into

a control iPSC line, we show that these phenotypes were specif-

ically associated with LRRK2 G2019S. Because an inhibitor of

LRRK2 kinase activity ameliorated these phenotypes, the

G2019S mutation probably results in increased kinase activity,

which is consistent with previous reports (Gloeckner et al.,

2006; West et al., 2005).

Gene correction enabled the discovery of genes that con-

tribute to PD-associated phenotypes in cultured mDA neurons

induced by LRRK2 G2019S. Expression profiling of multiple

pairs of isogenic cultures resulted in the identification of a handful

of genes that were consistently dysregulated by LRRK2G2019S

including CPNE8, CADPS2, MAP7, and UHRF2. Western blot-

ting confirmed differences in the level of protein, and siRNA

experiments demonstrated that this dysregulation contributed

to mDA degeneration.

Interestingly, these genes have previously been implicated in

neurodegenerative phenotypes in multiple ways. Polymor-

phisms in CPNE8 have been shown to affect the incubation

time of prion disease in mice (Lloyd et al., 2010). Interestingly,

PD has been proposed to be a prion-like disease involving

aSYN (Polymenidou and Cleveland, 2012). We could confirm

previous reports of increased levels of aSYN with mutant

LRRK2 (Nguyen et al., 2011; Sánchez-Danés et al., 2012). It is

possible that the reported defects in autophagy induced by

LRRK2 G2019S contribute to the increased level of aSYN

protein because there is no detectable increase in SNCA

transcription.

UHRF2 is an E3 ubiquitin ligase with the same catalytic activity

as PARKIN. Because loss-of-function mutations in PARKIN

cause PD, the downregulation of UHRF2 in cultures of mDA

neurons containing the PD-associated mutation LRRK2

G2019S is significant. In addition, UHRF2 has previously been

shown to enhance clearance of polyglutamine aggregates,

which cause neurodegeneration in several diseases (Iwata

et al., 2009). It is tempting to speculate that UHRF2 could play

a similar role for aSYN. Consequently, the increased levels of

CPNE8 and aSYN and decreased levels of UHRF2 proteins

suggest that LRRK2 G2019S could act on multiple mechanisms

to increase the initiation of synucleinopathy.

CADPS2 dysregulation also has potentially significant implica-

tions for mDA neurodegeneration. The protein CADPS2 has

been demonstrated to regulate the neurotransmission of mono-

amines, of which dopamine is an example (Brunk et al., 2009).

This is of interest because transgenic mice overexpressing

LRRK2 variants show dysregulation of dopamine release (Li

et al., 2010). Dopamine is thought to increase oxidative stress

in mDA neurons through the formation of reactive metabolites

(Napolitano et al., 2011). Consequently, dysregulation of

CADPS2 by LRRK2 G2019S could result in aberrant formation

of toxic metabolites. Consistent with this idea, increased oxida-

tive stress, for example by administration of rotenone, is known

to induce PD-like pathogenesis and induced mDA-specific neu-

rodegeneration in vitro in our differentiated hiPSC cultures (Inden

et al., 2011).

Because LRRK2 is not a transcription factor, additional

proteins probably mediate the transcriptional dysregulation we

observed. We have shown that LRRK2 G2019S resulted in

increased phosphorylation of ERK in cultures of human mDA

neurons. Inhibition of ERK activity rescued mDA neurons in our

system, which suggests that ERK activity is crucial for the path-

ogenesis of mutant LRRK2. Two previously published reports

could account for the link of LRRK2 with ERK. First, Ste20 family

kinases, which are upstream of ERK and are induced by stress,

are phosphorylated by LRRK2 protein (Zach et al., 2010).

Second, it has been shown that Endophilin A1 is directly phos-

phorylated by LRRK2 (Matta et al., 2012). Consistent with this

finding, knockdown of Endophilin A1 resulted in decreased

ERK activation by BDNF (Fu et al., 2011). It is also significant

to note that the autophagy defect caused by LRRK2 has also

been linked to ERK activity (Bravo-San Pedro et al., 2013). Taken

together, our results suggest possible targets for the develop-

ment of new therapeutics for patients with PD.
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EXPERIMENTAL PROCEDURES

Generation of Induced Pluripotent Stem Cells

Informed consent was obtained from all patients involved in our study prior to

cell donation. The Ethics Committee of the Medical Faculty and the University

Hospital Tübingen previously approved this consent form. Dermal fibroblasts,

obtained from skin biopsies of patients with PD and healthy controls, were

cultured. Reprogramming was adapted from Takahashi et al. (2007). Human

iPSCs were cultured on mitomycin C (Tocris)-inactivated MEFs. Gene correc-

tion was performed by nucleofection of ZFN constructs targeting LRRK2

(Sigma). 50 mg/ml G418 (PAA) 2 mM ganciclovir (Sigma)-resistant colonies

were picked and clonally expanded on MEFs.

iPSC Differentiation into mDA Neurons

mDA neurons were generated via adapted protocol (Chambers et al., 2009;

Nguyen et al., 2011). Confluent iPSCs were cultured with 1 mM dorsomorphin

(Tocris), 10 mM SB431542, and 0.5 mM purmorphamine (PMA, Alexis).

mDA patterning was performed with N2 medium supplemented with 0.5 mM

PMA, 100 ng/ml human FGF8, 20 ng/ml human BDNF (both Peprotech), and

200 mM ascorbic acid (AA, Sigma). Maturation was induced by culturing

with BDNF, AA, GDNF, TGF-b, and dbcAMP. mDA neuron differentiation

cultures were replated as single cells on about day 30 on Matrigel-coated

48-well plates.

Protein Analysis

Cell pellets of differentiated neurons were extracted with RIPA-Buffer contain-

ing protease inhibitors (Mini complete, Roche) on ice. Supernatant were mixed

with 63 Laemmli buffer. 15 mg of the protein lysate were loaded on a 4%–12%

gel (NuPAGE, Invitrogen) after incubation at 95�C for 5 min and then blotted on

a PVDF membrane. The membrane was blocked and incubated with the indi-

cated primary antibodies (listed in Supplemental Information). After 33

washing, the blot was incubated with HRP coupled secondary antibody. The

membrane was washed and then developed with chemiluminescent HRP

substrate solution (Millipore, GE). Protein bands were standardized on

GAPDH, TBP, b-actin, or a-TUBULIN.

Quantification of the Cytotoxicity of 6-OHDA and Rotenone

mDA neuron differentiation cultures on days 27–35 were disaggregated and

plated as single cells. 2 days later, cultures were fed with N2 medium without

supplements for 6 hr. This medium was replaced with warm N2 medium

supplemented with 10 mM 6-OHDA, 2 mM 6-OHDA, 50 nM rotenone, or

100 nM rotenone and incubated for 48 hr. Afterwards, the cell cultures were

fixed and stained.

Quantitative RT-PCR

Total RNA was isolated from cell culture samples with RNeasy columns

(QIAGEN) including on-column DNA digestion. cDNA was prepared with

oligo-dT16 primers (Metabion) and M-MLV reverse transcriptase (USB).

Cycling was carried out on an ABI 7300 Real-Time PCR system. Relative

expression levels were calculated via the 2�2D method, based on biological

reference samples and housekeeping genes for normalization. Primer

sequences are listed in Table S2.

Whole-Genome Expression Analysis

DNA-free total RNA samples (500 ng) to be hybridized on Illumina human-12

V3 expression BeadChips were processed with a linear amplification kit

(Ambion) generating biotin-labeled cRNA (IVT duration: 14 hr). Raw data

were background subtracted and normalized via the ‘‘cubic spline’’ algorithm.

Data analysis was done with MS Excel and R (Bioconductor, pvclust).

Gene Knockdown

Self-transfecting Accell siRNA (nontargeting green fluorescent control,

ANXA1, CADPS2, CPNE8, MAP7, UHRF2; Thermo) SMARTPool are

mixtures of four siRNAs targeting a single gene. siRNA was diluted in matu-

ration medium and added to the cells twice every other day (for RNA extrac-

tion). For the cytotoxicity experiments, siRNA was added starting 2 days

before reseeding, during reseeding, and 2 days later during the stressing

procedure.

Inhibitor Treatment

For RNA and protein sample isolation, mDA neuron cultures were treated with

maturation medium supplemented with 1.5 mM LRRK2-IN1 for 6 days and

0.5 mM PD0325901 (both Merck) for 2–4 days and compared to DMSO alone.

Medium was changed every other day. For determining neural survival,

cultures were treated starting 2 days before reseeding.
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Mutations in the acid b-glucocerebrosidase (GBA1) gene, responsible for the lysosomal

storage disorder Gaucher’s disease (GD), are the strongest genetic risk factor for Parkinson’s

disease (PD) known to date. Here we generate induced pluripotent stem cells from

subjects with GD and PD harbouring GBA1 mutations, and differentiate them into midbrain

dopaminergic neurons followed by enrichment using fluorescence-activated cell sorting.

Neurons show a reduction in glucocerebrosidase activity and protein levels, increase in

glucosylceramide and a-synuclein levels as well as autophagic and lysosomal defects.

Quantitative proteomic profiling reveals an increase of the neuronal calcium-binding protein 2

(NECAB2) in diseased neurons. Mutant neurons show a dysregulation of calcium

homeostasis and increased vulnerability to stress responses involving elevation of cytosolic

calcium. Importantly, correction of the mutations rescues such pathological phenotypes.

These findings provide evidence for a link between GBA1 mutations and complex changes in

the autophagic/lysosomal system and intracellular calcium homeostasis, which underlie

vulnerability to neurodegeneration.
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P
arkinson’s disease (PD) is the second most common
neurodegenerative disorder, with 41% of the population
over 65 years of age affected and 44% affected by the age

of 85 years. Several clues to understanding disease pathogenesis
come from mutations in genes, which have been linked to familial
forms of PD or identified as risk factors. Among these,
heterozygous mutations in the acid b-glucocerebrosidase
(GBA1) gene, which encodes the lysosomal enzyme b-glucocer-
ebrosidase (GCase), have been linked to a higher risk of
developing PD and other synucleinopathies1,2. GCase is a
lysosomal enzyme that catalyses the hydrolysis of
glucosylceramide (Glc-Cer) to ceramide and glucose.
Homozygous mutations of GBA1 are responsible for Gaucher’s
disease (GD), which is the most prevalent lysosomal storage
disorder, characterized by decreased activity of GCase and
subsequent accumulation of Glc-Cer in several organs including
the brain. Different clinical forms are described depending on the
absence (non-neuronopathic forms, GD type 1) or presence
(neuronopathic forms, GD type 2 and 3) of neurological
symptoms. GD type 1 is the most common type and is often
associated with PD and parkinsonism, thus challenging such
classification3. To date, over 300 mutations have been identified
in GBA1 and linked to GD. In recent years, GD and PD have been
connected on account of the clinical observation of parkinsonism
and Lewy Body (LB) pathology in patients with GD3. Compared
with the general population, patients with GD type 1 have a 20-
fold increased lifetime risk of developing parkinsonism4, whereas
individuals carrying heterozygous GBA1 mutations have a five
times greater risk of developing PD than non-carrier individuals1.
The pathological mechanisms through which the mutant enzyme
causes PD still remain elusive and both gain- and loss-of-function
theories have been postulated. Such hypotheses are not mutually
exclusive and include increased a-synuclein (a-syn) protein
aggregation, sphingolipid accumulation and impaired trafficking
as potential mechanisms involved in the pathogenesis of
neurodegeneration5,6.

Recent progress in the induced pluripotent stem cell (iPSC)
technology has allowed the generation of functional dopaminer-
gic (DA) neurons from familial and sporadic PD subjects7–9,
offering a unique opportunity to study the role of genetic
mutations and risk factors in the pathogenesis of PD. Neurons
from PD patients carrying heterozygous GBA1 mutations have
not yet been generated, and it is unknown whether such cells
recapitulate the pathological phenotypes observed in vivo.

In this study, we demonstrate that iPSC-derived neurons from
GD and PD individuals carrying GBA1mutations display relevant
disease phenotypes, including a significant reduction of GCase
enzymatic activity and protein levels as well as increased levels of
a-syn and Glc-Cer. Furthermore, mutant neurons show defects in
the autophagic/lysosomal system and impaired intracellular
calcium homeostasis. Importantly, such phenotypes are reverted
upon gene correction, thus supporting a direct link between
GBA1 mutations and disease-relevant phenotypes.

Results
Generation of iPSCs and isogenic gene-corrected controls. Skin
fibroblasts were obtained from two healthy controls, four PD
patients carrying heterozygous GBA1 mutations (RecNcil/wt;
L444P/wt; N370S/wt) and four GD patients (type 1: N370S/
N370S; type 3: L444P/L444P) (Supplementary Table 1). Fibro-
blasts were reprogrammed by transduction with SOX2, OCT4,
KLF4 and c-MYC retroviruses. After 4 to 5 weeks, iPSC colonies
were isolated and further characterized (Supplementary Table 2).
All generated iPSCs showed human embryonic stem cell
(hESC)-like morphology and expressed alkaline phosphatase and

the pluripotency markers SSEA4, TRA-1-81, TRA-1-60, OCT4,
NANOG and LIN28 (Supplementary Figs 1 and 2a). iPSCs
were genetically matched with their parental cells by PCR-based
DNA fingerprinting analysis, maintained euploid karyotypes over
several passages in vitro and showed effective silencing of the
exogenous transgenes and upregulation of endogenous hESC
markers (Supplementary Fig. 2b–d). All lines tested were
efficiently differentiated to mesoderm, endoderm and ectoderm
in vitro (Supplementary Fig. 3a) and formed teratomas consisting
of the three germ layers when injected into the kidney capsule and
testis of immune-compromised mice (Supplementary Fig. 3b).

Correction of GBA1 mutations in iPSCs was performed by
zinc-finger nuclease (ZFN)-mediated homologous recombination.
Three iPSC lines (PD1-2, PD2-2 and PD4-2) were selected for
gene-targeting experiments. iPSCs were nucleofected with ZFNs,
which were designed to introduce a double-strand brake adjacent
to the N370S and L444P mutations, along with a wild-type (wt)-
GBA1 construct harbouring a neomycin resistance cassette
(Fig. 1a). Single resistant colonies were selected, and corrected
sequences at the mutation site were confirmed by DNA and
RNA sequencing (Fig. 1b). Karyotype analysis revealed that no
translocation had occurred in the clones after ZFN-mediated
insertion.

Differentiation of iPSCs to mDA neurons. iPSCs from controls,
GBA-PD and GD subjects were differentiated to mDA neurons
by using a floor-plate-based neural differentiation protocol10.
This early neural patterning protocol induces 70% FOXA2þ /
OTX2þ floor plate precursors by day 11 (ref. 10 and
Supplementary Fig. 4). By day 40, all iPSC lines generated
b-TubIIIþ neurons and cells expressing tyrosine hydroxylase
(TH). At DIV 65, 15–20% of the cells were THþ and co-
expressed markers of mDA phenotype (FOXA2, NURR1, GIRK2,
VMAT2) (Fig. 2). No significant differences in differentiation
potential were observed among control, GBA-PD, gene-corrected
and GD lines (Supplementary Fig. 5a). Differentiated neurons
showed a punctate staining of synapsin 1, indicating the presence
of synaptically mature neurons (Supplementary Fig. 5b).

Enrichment of neuronal populations from differentiated
iPSCs. To enrich neuronal populations from differentiated
iPSC cultures, we included a neuronal cell isolation step using
fluorescence-activated cell sorting (FACS)11–14. At DIV 65–70,
differentiated neurons from iPSCs were purified based on a
surface marker code of CD24high CD29� CD184� CD44�
CD15� (Fig. 3a). Analysis of post-FACS cell cultures revealed
highly enriched neuronal populations (6.1-fold enrichment
compared with unsorted cells), which expressed mature DA
neuronal markers and could be kept in vitro for 3 weeks after
sorting (Fig. 3b,c and Supplementary Fig. 6). Whole-cell patch
clamp recordings showed that single neurons were able to fire
action potentials (AP) repetitively. Importantly, around 50% of
the patched neurons derived from iPSCs showed spontaneous
firing activity (Supplementary Fig. 7a), whereas in 93% of the
recorded cells AP could be elicited by current injections into the
soma (Supplementary Fig. 7b). The mean resting membrane
potential of all recorded neurons was � 53.1±1.5mV. In
addition, recorded cells showed sodium and potassium currents
(Supplementary Fig. 7c). Importantly, differentiated neuronal
cultures released DA (Supplementary Fig. 7d).

The polysialoganglioside content of iPSC-derived neurons.
Gangliosides are sphingolipids (GSL) particularly abundant
in the neuronal plasma membrane playing an important role in
the pathogenesis of neurological disorders. With respect to
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synucleinopathies, alterations in the neuronal GSL composition
cause impaired a-syn membrane binding and enhanced aggre-
gation in the cytoplasm15. To study the link between GCase and
a-syn and to investigate the pathogenesis of neurodegeneration in
sphingolipidoses, it is therefore crucial to utilize cell models that
resemble the GSL composition and pattern of adult human brain.
The content and pattern of gangliosides markedly change during
brain development16 and the ganglioside concentration is B10
times higher in the brain than in other organs17. The total brain
ganglioside content is very low at the embryonic and fetal stage
and then increases several folds with a shift from gangliosides of
the Lac series, GM3 and GD3, to monosialo-, during
development, and polysialo-species in the adult brain16,17. The
GSL content and pattern are therefore useful markers to follow
neural development both in vivo and in vitro18,19. To investigate
whether iPSCs recapitulate such developmental changes during
in vitro differentiation and whether iPSC-derived neurons have
the GSL composition of developmentally mature neurons, we
metabolically labelled gangliosides by feeding fibroblasts, iPSCs
and iPSC-derived neurons (before and after FACS enrichment)
from control, GBA-PD and GD type 3 subjects with isotopically
tritium labelled [1–3H]sphingosine19. After a 48-hour chase,
gangliosides were purified from the total lipid extract, separated
by HPTLC and analysed by radio-imaging20. As expected, the
ganglioside pattern of fibroblasts was characterized by the
presence of GM3 and a minor quantity of GD3 (Fig. 4a).
Minor differences in the ganglioside pattern and in the GM3/
GD3 ratio among fibroblast cell lines were detected (Fig. 4a),

which have been described to be age and patient specific21. In
iPSC cultures, GM3 still represented the main ganglioside, but
low amounts of GM2, GM1 and GD1a components were
identified (Fig. 4a). By contrast, differentiated iPSCs contained
all the polysialogangliosides found in the CNS, even though high
levels of GM3 and GD3 were still present16 (Fig. 4a and
Supplementary Fig. 8). After FACS enrichment, the levels of GD3
and GM3 were found to be significantly reduced compared with
the total GSL composition and the levels of GM1, GD1a, GD1b
and GT1b were in a percentage distribution similar to that found
in the adult human and rodent brain (Fig. 4a and Supplementary
Fig. 9)22. Importantly, the total ganglioside content in FACS-
enriched iPSC-derived neurons was about 10 times higher than
that in fibroblasts: the radioactivity associated with gangliosides
ranged from 41,250 to 57,500 dpmmg� 1 cell protein in
fibroblasts (control, GD and GBA-PD) and from 330,650 to
415,000 dpmmg� 1 cell protein in sorted neurons.

Glycohydrolases in human iPSCs and enriched neurons. The
developmental changes of GSL content and patterns can be largely
attributed to switches in the expression and activity of several
enzymes involved in their synthesis and catabolism16. We
therefore investigated the activities of enzymes involved in the
catabolic pathway of GSL during human iPSC differentiation.
Control iPSCs were differentiated for 65–70 days in vitro, neurons
enriched by FACS and the activities of the main hydrolases
involved in the metabolism of glycoconjugates (conduritol B
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epoxide (CBE)-sensitive b-glucosidase, non-lysosomal b-glucosyl
ceramidase (GBA2), b-galactosidase and b-hexosaminidase) were
investigated. Two different cellular compartment-specific b-
glucosidase activities were analysed: the lysosomal b-
glucocerebrosidase GCase and the non-lysosomal beta-glucosyl
ceramidase GBA2 (ref. 23). By using CBE, a specific inhibitor of
GCase, it was possible to evaluate the activity associated with GBA2,
whereas, by application of the specific inhibitor N-(5-adamantane-
1-yl-methoxy-pentyl)-deoxynojirimycin (AMP-DNM)24, it was
possible to determine the b-glucosidase activity due to GCase. We
found that the activity of all tested enzymes was significantly
increased in iPSC-derived neurons compared with iPSCs and
fibroblasts, suggesting an important role of such enzymes in
differentiation and maintenance of GSL composition in neurons
(Fig. 4b and Supplementary Fig. 10a). Quantitative RT-PCR and
immunoblot revealed an increase in GBA1, GBA2, b-galactosidase
and b-hexosaminidase mRNA and protein levels in differentiated
cultures compared with iPSCs (Fig. 4c,d).

Increased Glc-Cer and a-syn levels in GBA1 mutant neurons.
Recent studies using iPSC-derived neurons from GD patients
showed that DA neurons accumulate glycosphingolipids25,26. To
examine whether neurons from PD patients carrying
heterozygous GBA1 mutations also display such phenotypes, we
carried out liquid chromatography (LC) and tandem mass
spectrometry (MS) (LC-MS/MS) analysis on differentiated
iPSCs from controls, GBA-PD and GD patients. Both
homozygous and heterozygous GBA1 mutant iPSC-derived
neurons showed elevated levels of Glc-Cer compared with
control cells (Fig. 5a). Importantly, gene-corrected isogenic
controls showed reduced Glc-Cer levels compared with the
parental lines (Fig. 5a).

A direct link between GCase and a-syn accumulation has
previously been shown25,27,28. However, it has not yet been
investigated whether heterozygous GBA1 mutations are linked to
increased levels of a-syn. We therefore sought to examine
the effects of GBA1 mutations on a-syn accumulation in
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Figure 2 | Differentiation of iPSCs into mDA neurons. Immunostaining of indicated differentiated iPSC cultures at DIV65. Cells were stained for TH (red)

and b-TubIII, FOXA2, NURR1, GIRK2 and VMAT2 (all green). Cell nuclei were counterstained with Hoechst (blue). (Bars, 20mm).
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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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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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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.
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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.

SUPPLEMENTAL INFORMATION
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