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1 Summary

1.1 Zusammenfassung

Biallelische Mutationen im Gen GBA1, welches das lysosomale Enzyme Glukozerebrosidase
(GCase) codiert, fihren zu unzureichendem GCase Proteinlevel in der Gaucher-Krankheit
(GD). Vor kurzem wurden Mutationen in GBA1 zum grofdten Risikofaktor fir die Parkinson-
Krankheit (PD) und andere Synucleinopathien identifiziert. Im Lysosom, katalysiert GCase die
Hydrolyse von Glucosylceramid (GlcCer), einem Glycosphingolipid (GLS) der Membran, zu
Ceramid und Glukose, sowie von Glucosylsphingosine zu Glukose und Sphingosine.
Interessanterweise wird eine Reduktion der GCase Aktivitat auch bei sporadischer PD und
beim Altern beobachtet. Bislang ist der Mechanismus, der in Tragern von GBA1 Mutationen
zur Neurodegeneration fuhrt, noch nicht aufgeklart worden. Um diesen Mechanismus zu
untersuchen, haben wir das Interaktom von Wildtyp (WT) und mutiertem GCase untersucht.
Hierfir haben wir ein induzierbares T-Rex HEK Zellen Model fiir die Uberexpression von V5-
Flag-Tag gekennzeichnetem WT, p.E326K, oder p.L444P GCase erstellt. Wir haben diese
beiden Mutationen ausgewahlt, da einerseits die p.L444P eine schwerwiegende Mutation ist,
welche zu einer neuropathischen Form von GD fuhrt und eine der haufigsten GBA71-PD
Mutationen ist. Andererseits, weil die p.E326K zu den weitverbreitetsten GBA 7-PD Mutationen
gehdrt, jedoch im Gegensatz zu anderen GBA1 Mutationen, fuhren p.E326K homozygote
Mutationen nicht zu GD. Das GCase Modell wurde auf Basis der Analyse der GCase
Expressions- und Aktivitatslevel, sowie der Colokalisation mit dem lysosomalen Marker,
LAMP1, validiert. Wir flhrten eine Ko-Immunprazipitation vom Flag-Tag durch und
analysierten die Eluate mit quantitativer Tandem Mass Tag Flussigchromatographie mit
Massenspektrometrie. Interessanterweise sind 13.3% der Interaktoren von GCase
mitochondriale Proteine. Da die mitochondriale Dysfunktion schon zuvor im Zusammenhang
mit GBA1 Mutationen stand, haben wir einen direkten Zusammenhang zwischen den GBA1
Mutationen und der mitochondrialen Dysfunktion untersucht. Als Erstes haben wir die
mitochondriale Lokalisation von GCase durch Split-GFP Experimente bestatigt. Hierbei flihrt
die Interaktion zwischen Matrix gezieltem GFP1-10 und WT oder mutiertem GBA1-GFP-S113
zu einem grun fluoreszierendem Signal. Wir zeigen, dass GCase mit Hilfe von HSC70, dem
Translokase der auReren mitochondrialen Membrane (TOM)- und Translokase der inneren
mitochondrialen Membrane (TIM)-Komplex, in die Mitochondrien importiert wird. Die
Entfernung der internen Mitochondrien Matrix Targeting ahnlichen Sequenz (iMTS-Is)
verhindert den Import von GCase in Mitochondrien. Aufierdem haben wir eine erhdhte
Interaktion zwischen LONP1 und HSP60 mit dem mutierten GCase Protein nachgewiesen.
Dies deutet darauf hin, dass das mutierte Protein in Mitochondrien neu gefaltet oder abgebaut
wird. Des Weiteren gibt es eine reduzierte Interaktion zwischen mutiertem GCase und

TIMMDC1, welches in Mitochondrien in der Komplex | (Cl) Zusammensetzung involviert ist,



Summary

sowie NDUFA10, einer Cl Untereinheit. Um diese Resultate in einem relevanten Modell fir
GBA1-PD zu validieren, haben wir induzierte pluripotente Stammzellen (iPSC) von p.L444P
und p.E326K heterozygoten PD Patienten Fibroblasten generiert. Als nachstes haben wir
mithilfe von Genome Editing (Zinkfingernuklease und CRISPR-Cas9) die dazugehdrigen
isogenen gen-korrigierten Kontrollen erzeugt. Die Gen-Korrektur hat das Proteinlevel und die
Aktivitdt von GCase verbessert. Das Differenzierungspotential zu Mittelhirn-Dopaminergen
(mDa) Neuronen unterschied sich nicht zwischen mutierten Zellen und Gen korrigierten
isogenen Kontrollen. Die Interaktion zwischen HSP60 und LONP1 mit endogenem GCase
wurde per Ko-Immunprazipitation im Lysate von neuronalen Vorlauferzellen (NPCs) verifiziert.
Praliminare Daten deuten darauf hin, dass es Defekte im Cl Zusammenbau in GBA1 mutierten
und Knockout NPCs und mDa Neuronen gibt. Die Migration von GCase in die Mitochondrien
zu verbessern, kénnte ein therapeutisches Ziel darstellen, da die Uberexpression von GCase
die mitochondriale Funktion in T-Rex HEK Zellen verbessert hat. Unsere Daten liefern erste
Beweise flir eine neue Rolle von GCase in Mitochondrien, und zeigen seine potentielle Rolle

in der Erhaltung der Cl Integritat, moglicherweise durch die Stabilisation von TIMMDCA1.

1.2 Summary

Biallelic mutations in the GBA71 gene, which encodes the Ilysosomal enzyme
glucocerebrosidase (GCase), cause the lysosomal storage disease Gaucher's disease (GD).
These mutations have been recently identified as the strongest risk factor for Parkinson’s
disease (PD) and other synucleinopathies. In the lysosome, GCase catalyzes the hydrolysis
of glucosylceramide (GlcCer), a membrane glycosphingolipid (GSL), to ceramide and glucose
and of glucosylsphingosine to glucose and sphingosine. Interestingly, a reduction in GCase
activity has also been observed in sporadic PD as well as with ageing. The mechanisms
leading to neurodegeneration in GBA1 carriers remain unclear. To explore the mechanisms
involved in GBA1-linked neurodegeneration, we assessed the interactome of wild-type (WT)
and mutant GCase. To this end, we developed an inducible T-Rex HEK cell model
overexpressing V5-Flag-tagged WT, p.E326K, or p.L444P mutant GCase. We chose these
two mutants as p.L444P is a severe mutation leading to a neuropathic form of GD and as it is
one of the most common severe GBA7-PD mutations. p.E326K is another common mutation
in GBA1-PD. However, unlike most other GBA7 mutations, p.E326K homozygous mutations
on their own are not linked to GD. The overexpression model was validated by the analysis of
GCase expression and protein level, as well as co-localization with the lysosomal marker
LAMP1. We performed Flag co-immunoprecipitation and analyzed the eluates by quantitative
tandem mass tag liquid chromatography mass spectrometry. Interestingly, we found that
13.3% of GCase interactors are mitochondrial proteins. As mitochondrial dysfunction has
previously been linked to GBA1, we further explored a potential direct link between GCase and

mitochondrial dysfunction. First, we validated the mitochondrial localization of GCase by split-
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GFP experiments, in which the interaction between mitochondrial matrix targeted GFP1-10
and WT and mutant GBA1-GFP-S11R lead to green fluorescence. We demonstrated that the
import of GCase into the mitochondrial matrix is HSC70, translocase of outer mitochondrial
membrane (TOM)-, and translocase of inner mitochondrial membrane (TIM)-complex
dependent. Removal of the internal mitochondrial targeting like sequences prevented import
of GCase into mitochondria. In addition, we found an increased interaction between HSPG0
and LONP1 with mutant GCase, suggesting their potential role in the refolding or degradation
of mutant GCase in mitochondria. Furthermore, we found a decreased interaction of mutant
GCase with the complex | (Cl) assembly factor TIMMDC1 and the CI subunit NDUFA10. To
validate these results in a model relevant to GBA1-PD, we generated induced pluripotent stem
cells (iPSCs) from p.L444P and p.E326K heterozygous PD patients’ fibroblasts. Next we
employed genome editing (zinc finger nucleases and CRISPR-Cas9) to generate
corresponding isogenic gene-corrected controls. Gene-correction rescued GCase protein level
and activity. Mutant and isogenic controls did not show differences in midbrain neuron
differentiation potential. The interaction with HSP60 and LONP1 was validated by co-
immunoprecipitation with endogenous GCase in neural precursor cell (NPC) lysates.
Preliminary data point towards Cl assembly defects in mutant and GBA71 KO NPCs as well as
midbrain neurons. These data confirm the potential involvement of GCase in Cl assembly.
Improving GCase trafficking to mitochondria could be a potential therapeutic target as
overexpression of GCase improved mitochondrial dysfunction in T-Rex HEK cells. Our data
provide evidence for a novel mitochondrial role of GCase, showing its potential involvement in

the maintenance of Cl integrity by modulating the stability of the assembly factor TIMMDCA1.
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2 Introduction

In the following section, an introduction to Parkinson’s disease (PD) is provided and the
mechanisms by which glucocerebrosidase (GCase) mutations contribute to PD with a special
consideration for its effect on a-synuclein aggregation and mitochondrial dysfunction are

described. Then an overview of GCase deficiency models is presented.

2.1 Parkinson’s disease
Parkinson’s disease (PD) belongs to the group of Lewy body (LB) disorders (Clark et al, 2009)

and is one of the most common neurodegenerative diseases (Poewe et al, 2017). In the
population over 65 years of age about 2-3% of the adults are affected by PD (Poewe et al.,
2017), with more males than females being affected (Pavelka et al, 2022; Wooten et al, 2004).
Before diagnosis, some evidence of motor and non-motor symptoms might already be
indicative for the risk of developing PD (Alarcén et al, 2020). In a small cohort, it was observed
that people that were later on diagnosed with PD already showed signs like tremor of a limp,
action dystonia or non-motor symptoms like depression or anxiety before the diagnosis
(Alarcon et al., 2020). These are partially characteristic symptoms of PD. The motor symptoms
of PD include resting tremor, difficulties in the initiation of movement called akinesia, and
rigidity (Caligiore et al, 2016; Dauer & Przedborski, 2003). Furthermore, movements are
carried out more slowly which is called bradykinesia (Dauer & Przedborski, 2003). Higher
motor symptom severity correlates with later age at onset (Pavelka et al., 2022). Some patients
show more severe tremor and others experience a more severe impact on gait and postural
stability (Gong et al, 2018). Both patient groups present decreased GABA levels in the basal
ganglia compared to control, whereas the GABA level is the most reduced in the group
suffering more from tremor (Gong et al., 2018). Furthermore, higher Hoehn and Yahr score
within the first 5 years after diagnosis correlated with faster progression of motor and cognitive
decline and was linked to the development of postural instability (Skidmore et al, 2022). There
is a wide spectrum of non-motor symptoms. Surveys show that non-motor symptoms have a
high prevalence in PD patients (Hermanowicz et al, 2019). Among the non-motor symptoms
are constipation (Edwards et al, 1993; Garrido-Gil et al, 2018; Vascellari et al, 2021) and
problems with swallowing and nausea (Edwards et al., 1993). According to one survey, the
most significant non-motor symptoms are sleep disorders and tiredness as well as cognitive
deficits (Hermanowicz et al., 2019). Furthermore, psychiatric symptoms like hallucinations,
depression and anxiety are other motor symptoms encountered by a majority of PD patients
(Hermanowicz et al., 2019; Rana et al, 2018). Another important non-motor symptom is acute
and chronic pain (Defazio et al, 2008; Négre-Pagés et al, 2008). Non-motor symptoms might
appear early on, within 3 years of diagnosis (Hermanowicz et al., 2019). However, the

frequency of non-motor symptoms increases with the duration of PD (Hermanowicz et al.,
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2019). Early onset of cognitive symptoms might correlate with later age at onset (Pavelka et
al., 2022), low education and male gender (LaBelle et al, 2017). Not only do the non-motor
symptoms impact the quality of life of the PD patient, but these symptoms impact even to a
higher degree the care partners (Hermanowicz et al., 2019). Non-motor symptoms often co-
occur. A study has shown that poor sleep quality often went along with anxiety, depression,
and pain (Rana et al., 2018). There might be a link between severity of motor and non-motor
symptoms. A small study in a Chinese cohort correlated bradykinesia with defects in the

visuospatial and memory related tasks (Wang et al, 2017).

2.1.1 PD brain pathology
Pathologically, brains of PD patients present LBs and Lewy dendrites, which are mainly formed
by a-synuclein aggregates but contain many other components as well as lipids, ubiquitin,
enzymes and neurofilaments (Shahmoradian et al, 2019; Wakabayashi et al, 2013). In
addition, mainly dopaminergic neuron degeneration is observed in the midbrain region called
substantia nigra pars compacta (SNpc) (Caligiore et al., 2016; Dauer & Przedborski, 2003),
but it is not limited to degeneration of dopaminergic neurons (Dauer & Przedborski, 2003).
Furthermore, pathology is not only limited to the central nervous system, but as well in the
peripheral nervous system including a-synuclein deposition, reduction in nerve fibers and
neuroinflammation (Ma et al, 2021). At the PD diagnosis, only approximately 30-50% of

functional SNpc dopaminergic neurons are left (Dauer & Przedborski, 2003; Wen et al, 2020).

2.1.2 Genetics of PD
Familial PD counts only for 10-15% of PD patients (Ross et al, 2008). Already in 1997, an o-
synuclein mutation leading to the exchange of the alanine to a threonine at position 53 (p.A53T)
was discovered as cause for familial PD (Polymeropoulos et al, 1997). Triplication and
duplication of the SNCA gene, coding for a-synuclein were next linked to PD (Chartier-Harlin
et al, 2004; Singleton et al, 2003). Familial PD originating from a-synuclein mutations or
multiplication causes early onset PD (Chartier-Harlin et al., 2004; Polymeropoulos et al., 1997;
Singleton et al., 2003). Some SNCA mutations are linked to cognitive decline (Puschmann et
al, 2009). In individuals with a multiplication of SNCA, there seems to be a dosage effect
between copy number and PD severity (Ross et al., 2008). Some of the proteins associated
with familial PD participate in the endocytic pathway. Mutations in LRRK2, like p.G2019S,
p.R1441C, p.12020T, p.12012T, have been linked to autosomal dominant familial PD
(Tomiyama et al, 2006; Zimprich et al, 2004). A mutation causing the change of an aspartate
to an asparagine at position 620 in VPS35 is linked to autosomal dominant late-onset PD
(Zimprich et al, 2011). VPS35 is part of the complex responsible for the transport from
endosomes back to the trans-Golgi network (Zimprich et al., 2011). Furthermore, a point

mutation in the gene encoding synaptojanin-1, important for the recycling of vesicles after
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endocytosis, is linked to a recessive form of early onset PD (Quadri et al, 2013). Another
protein causing hereditary recessive PD is ATP13A2, which is important for lysosomal function
(Ramirez et al, 2006). In this case, the mutant protein is most likely retained in the ER and then
undergoes proteasomal degradation (Ramirez et al., 2006). Proteins that are important for
mitochondrial function are as well linked to hereditary PD. Two of these proteins associated
with autosomal recessive PD, are PINK1 (Hatano et al, 2004) and Parkin (Ltcking et al, 2000).
Homozygous deletion and point mutation in DJ-1 lead to early-onset familial PD (Bonifati et al,
2003). It was observed that the DJ-1 point mutation p.L166P results in a disturbed localization
of cytosolic DJ-1 (Bonifati et al., 2003). The DJ-1 p.L166P mutant is associated mainly with
mitochondria (Bonifati et al., 2003).

Not only are mutations in certain genes related to familial PD, many mutations are as well
observed to increase the risk for PD (Chang et al, 2017; Simén-Sanchez et al, 2009). A
genome wide association study on sporadic PD patients showed a correlation between
variability in the SNCA, LRRK2, MAPT and PARK16 loci and increased risk for PD (Chang et
al., 2017; Simon-Sanchez et al., 2009). LRRK2 mutations are observed in familial but as well
in sporadic PD (Tomiyama et al., 2006). In cellular models these mutations were shown to
cause lysosomal dysfunction (Schapansky et al, 2018). In addition, mutations in lysosomal
genes are associated with a higher risk to develop PD (Robak et al, 2017). Furthermore,
different genes linked to lysosomal function or autophagy have as well been linked to higher
risk for developing PD (Chang et al., 2017). Among these are genes like TMEM175, CTSB,
ATP6V0OA1, GALC and KAT8 (Chang et al., 2017). Mutations in TMEM175, which encodes a
protein involved in the acidification of lysosomes, have been linked to increased risk or
protection to develop PD (Wie et al, 2021). The loss-of-function mutation of TMEM175 prevents
proper lysosomal acidification (Wie et al., 2021). Loss-of-function in murine primary TMEM175
heterozygous and homozygous knockout (KO) neurons leads to the accumulation of
undigested autophagosomes, accumulation of a-synuclein and loss of tyrosine hydroxylase
(TH) positive neurons along with deficits in tasks requiring coordination (Wie et al., 2021).
p.M393T TMEM175 mutant PD patients seem to have a faster cognitive and motor decline
progression (Wie et al., 2021). Genes belonging to certain lysosomal storage disorders are as
well linked to PD. First example is Nieman’s Pick disease which is caused by homozygous or
compound heterozygous mutations in NPC1 or SMPD1 (Gan-Or et al, 2013; Kluenemann et
al, 2013). Carriers of mutations in the lysosomal NPC1 gene have been diagnosed with PD
(Kluenemann et al., 2013). Furthermore, analysis of 2 cohorts from Ashkenazi Jewish showed
that the p.L303P mutation of SMPD1, which breaks down phosphocholine, increases the risk
to develop PD by 9-fold (Gan-Or et al., 2013). The second example is Fabry disease. The
p.D313Y in the GLA gene, which encodes a-galactosidase A, is causing Fabry disease and

seems to increase the risk for developing PD (Lackova et al, 2022). The lysosomal storage
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disorder Sandhoff disease is caused by a deficiency of R-hexosaminidase (Brekk et al, 2020).
It was shown that overexpression of R-hexosaminidase in an a-synuclein overexpression rat
model, can rescue two main pathological hallmarks of PD, degeneration of dopaminergic
neurons and accumulation of a-synuclein (Brekk et al., 2020). The most common mutations
associated with increased risk for PD are located in the GBA1 gene and are associated with
the lysosomal storage disorder Gaucher Disease (GD) (Robak et al., 2017; Sidransky et al,
2009).

2.2 GBA1, Gaucher Disease and the link to PD

2.2.1 Glucocerebrosidase (GCase)
GCase is a lysosomal hydrolase encoded by GBA1. 96% of the GBA1 sequence is identical
to the sequence of the pseudogene, GBAP (Horowitz et al, 1989). GCase is trafficked from the
endoplasmic reticulum (ER) through the Golgi apparatus to the lysosome. GCase trafficking to
the lysosome is facilitated by LIMP2 (Reczek et al, 2007). Both enzymes associate in the ER
at neutral pH and as this interaction is pH-dependent, it dissociates when reaching the acidic
pH in the lysosome (Reczek et al., 2007). N-linked glycosylation of GCase starts already in the
ER (Leonova & Grabowski, 2000). Along this migration pathway, the oligosaccharides are
processed (Bergmann & Grabowski, 1989). Trafficking is not affected by glycosylation status
of GCase (Leonova & Grabowski, 2000). However, it affects its activity (Berg-Fussman et al,
1993). Four of the five possible glycosylation sites are glycosylated in mature GCase (Berg-
Fussman et al., 1993; Bergmann & Grabowski, 1989; Erickson et al, 1985; Grace & Grabowski,
1990). In the lysosome, Saposin C facilitates the activity of GCase (Atrian et al, 2008), which
breaks down glucosylsphingosine (GlcSph) and glucosylceramide (GlcCer) into glucose and

sphingosine or glucose and ceramide respectively (Rocha et al, 2015a).

2.2.2 Gaucher Disease (GD)
GD is the most frequent lysosomal storage disorder (Neumann et al, 2009). It is caused by
homozygous or compound heterozygous GBA 1 mutations (Sidransky et al, 1994). Up to now,
480 mutations have been identified and published in the HGMD database (Stenson et al,
2003). Characteristic of GD are the Gaucher cells, which are macrophages in which
glucosylceramide, one of the GCase substrates, accumulates (Parkin & Brunning, 1982).
Based on the age of onset and presence or absence of neurological symptoms, GD is
classified into 3 different types (Malini et al, 2014). Type 1 is a mild form, which was initially
described as non-neuronopathic (Malini et al., 2014). However, type 1 patients anyway have
an increased risk of developing PD (Sidransky et al., 2009). Type 2 is the most severe and
lethal form (Stone et al, 2000). It is associated with brain pathology, skin lesions,
hepatosplenomegaly, and respiratory problems (Tayebi et al, 1998). The onset of type 2 GD

is usually latest within the first few months of life (Tayebi et al., 1998). Due to the fast
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progression of the disease, the majority of patients does not reach 2-years of age (Tayebi et
al., 1998). Type 3 is a severe form that presents neurological abnormalities (Malini et al., 2014).
However, the disease onset is later, and the progression is slower than in type 2 GD (Malini et
al., 2014). GD is a very heterogenous disease (Schmitz et al, 2005; Tayebi et al., 1998; Tayebi
et al, 2003). For example, GD type 2 patient lifespan reaches from prenatal death or few days
to survival up to 2.5 years of age (Tayebi et al., 1998). Furthermore, the level of GlcSph cannot
be correlated with the genotype (Orvisky et al, 2002). Therefore, it is nearly impossible to
correlate genotypes with a specific disease manifestation within the different GD types (Tayebi
et al., 1998). Different GBA1 mutations effect GCase activity to different degrees (Malini et al.,
2014). The p.N370S is the most common mutation in Ashkenazi (63-71.3% of mutant alleles)
and among the most common mutant alleles in non-Jewish GD patients (17-34.3% of mutant
alleles) (Koprivica et al, 2000; Sidransky et al., 1994). p.N370S homozygous mutations are
associated with the mild GD type 1 (Sidransky et al., 1994). Recombinant alleles are very
severe and are often associated with GD type 2 (Stone et al., 2000). p.L444P mutation is
common in type 3 GD (Sidransky et al., 1994). Nowadays it is known that not all GBA1
mutations cause GD disease. Patients with only p.E326K mutations in both alleles do not
develop GD (Duran et al, 2013; Park et al, 2002). Therefore p.E326K mutant carrier GD
patients always have another GBA1 mutation on the same allele as the p.E326K mutation
(Park et al., 2002). The p.E326K mutation is a mild mutation (Thirumal Kumar et al, 2018).

2.2.3 Treatment of GD
Diverse types of treatment are available for GD. These include enzyme replacement therapy,
substrate reduction therapy and molecular chaperones. GD type 1 can be treated by enzyme

replacement therapy (ERT). Imiglucerase from Genzyme and Taliglucerase alfa, which is

produced in plant cells, are recombinant GCase used in ERT (Aflaki et al, 2014; Pastores et
al, 2014). Recombinant GCase is taken up in a mannose receptor dependent fashion in
induced pluripotent stem cell (iPSC)-derived neurons (Awad et al, 2015). It increased LAMP1
signal, average number of lysosomes and rescued defects in autophagic flux in iPSC-derived
neurons from GD type 2 patients (Awad et al., 2015). In a phase lll clinical trial, it was shown
that a switch from Imiglucerase to Taliglucerase alfa is safe and keeps the GD pediatric and
adult patient condition stable (Pastores et al., 2014). ERT of GD type 3 patient leads to and
improvement (i.e., decrease in liver and spleen size, increase in hemoglobin) and in long-term
stabilization of the peripheral pathology (El-Beshlawy et al, 2017; Sechi et al, 2014). However,
when it comes to brain pathology, the situation looks different. Enzyme replacement therapies
cannot cross the blood-brain barrier (BBB). Therefore, in a long-term follow-up study of GD
type 3 patients receiving ERT, most patients developed neurological symptoms (Sechi et al.,
2014). Only 2 patients did not show overt neurological symptoms yet although their EEG

already displayed abnormalities (Sechi et al., 2014). Therefore, the focus is on generating
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recombinant GCase that can cross the BBB and promote neuronal uptake (Gramlich et al,
2016). Other treatments are as well assessed to overcome this problem. Another kind of

treatment is the substrate reduction therapy (SRT). These therapies focus on inhibiting the

glucosylceramide synthase and thereby reducing the accumulation of GCase substrates by
preventing its synthesis (Marshall et al, 2016; Peterschmitt et al, 2021; Peterschmitt et al,
2022). Genz-682452, also called Venglustat, was successful in decreasing liver and hindbrain
accumulation of glucosylceramide after treatment of neuropathic GD model mice (Marshall et
al., 2016). Venglustat was tested in healthy patients in the clinic (NCT01674036 and
NCT01710826) (Peterschmitt et al., 2021). Both studies were placebo controlled (Peterschmitt
et al., 2021). The first study NCT01674036 was only a dose escalation of a single dose study
(Peterschmitt et al., 2021). In the second clinical trial, NCT01710826, 3 different doses were
administered for 14 days and the outcome was compared to a placebo group (Peterschmitt et
al., 2021). Only mild adverse effects were observed and it was shown to effectively decrease
GlcCer and ganglioside in the plasma (Peterschmitt et al., 2021). The clinical trial with the
number NCT02906020 investigated the safety, pharmacokinetics, and dynamics of Venglustat
in GBA1-PD patients (Peterschmitt et al., 2022). The study was double-blinded, and a placebo
control group was included (Peterschmitt et al., 2022). Decrease of GlcCer levels were as well
observed in GBA-1-PD patient cerebrospinal fluid (CSF) and plasma (Peterschmitt et al.,
2022). Only mild to moderate side-effects were observed, although the Venglustat treated
group presented psychiatric symptoms like anxiety with panic attacks and depression
(Peterschmitt et al., 2022). Lately another glucosylceramide synthase inhibitor, Benzoxazole 1
was tested in primary mouse cortical neurons with the homozygous p.D409V GCase mutation
and successfully reduced GlcCer and GlcSph levels (Cosden et al, 2021). Benzoxazole 1
penetrates the BBB and can decrease the GlcCer levels of brain tissue (Cosden et al., 2021).

On the other hand, there are the non-inhibitory and inhibitory molecular chaperones, which

promote ER folding of mutant GCase, thereby decreasing ER associated degradation (ERAD)
and promoting maturation of GCase (Steet et al, 2006). Isofagomine is an inhibitor of GCase
which is able to penetrate the brain (Steet et al., 2006). The inhibitory effect is stronger at
neutral than acidic pH and the p.N370S is less susceptible to the inhibition than WT (Steet et
al., 2006). Due to this pH and mutation effect, it has the capability to enhance WT and p.N370S
fibroblast GCase activity in a dose-dependent manner (Steet et al., 2006). One negative effect
of inhibitory chaperones is that they as well inhibit the activity in the lysosomes (Steet et al.,
2006). For this reason, non-inhibitory or chaperones that can be inhibitors or enhancers
depending on the condition, are a more attractive solution. One of these non-inhibitory
molecules is a pyrazolopyrimidine, NCGC00188758, which was shown to improve GCase
trafficking to the lysosome and its activity in fibroblasts from WT, p.N370S heterozygous,
p.N370S and p.L444P homozygous subjects (Patnaik et al, 2012). Another molecule of this
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category is NCGC00188758 (Aflaki et al., 2014). Treatment with NCGC00188758 of iPSC-
derived macrophages and macrophages generated from monocytes isolated from blood, lead
to an increased GCase trafficking to the lysosome and activity (Aflaki et al., 2014). This resulted
in a decrease in the GCase substrate, GlcCer (Aflaki et al., 2014). Similar effect was seen by
NCGC607 treatment of iPSC-derived macrophages and neurons (Aflaki et al, 2016). Ambroxol
belongs to the group of molecular chaperones that can inhibit or enhance GCase activity
(Maegawa et al, 2009). At neutral pH as in the ER, Ambroxol is an inhibitory chaperone of
GCase (Maegawa et al., 2009; Mullin et al, 2020). However, the advantage of Ambroxol over
other inhibitory chaperones is that at acidic pH it can become an enhancer of GCase activity
(Maegawa et al., 2009). Fibroblasts from GD type 1-3 reacted to Ambroxol treatment
(Bendikov-Bar et al, 2011; Maegawa et al., 2009). Unfortunately, not all cells from p.L444P
homozygous mutant GD patients show improved maturation and activity of mutant GCase
(Bendikov-Bar et al., 2011; Maegawa et al., 2009). All lines reacted to low concentration of
Ambroxol and isofagomine but with higher concentration the inhibitory effect of the chaperones
was greater than the beneficial effect on GCase activity (Welsh et al, 2020). Removal of
Ambroxol for 24 hours prevented the inhibitory effect (Welsh et al., 2020). Ambroxol and to a
higher extend isofagomine, are less potent in rescuing pathological effects than recombinant
GCase in some patient cells (Maegawa et al., 2009; Panicker et al, 2014; Welsh et al., 2020).
However, the advantage of molecular chaperones is that they can cross the BBB and improve
GCase activity in the brain as demonstrated in mice (Migdalska-Richards et al, 2016).
Ambroxol was shown to reach the CSF in humans and went along with increasing GCase
protein level (Mullin et al., 2020). No severe side effects were observed in GBA71-PD or control

PD patients after Ambroxol treatment (Mullin et al., 2020).

2.2.4 Link between GBA1 and PD
Initially, it was noted that GD patients -even non-neuronopathic patients- can develop
Parkinson’s disease (Bembi et al, 2003; Goker-Alpan et al, 2008; Neudorfer et al, 1996; Tayebi
et al, 2001; Tayebi et al., 2003). Furthermore, a higher incidence of PD was detected in
relatives of GD patients (Goker-Alpan et al, 2004; Halperin et al, 2006). The SN of GD patients
showed pronounced dopaminergic neurons loss and LBs were detected in these brains
(Tayebi et al., 2003). Subsequent analysis investigating specifically the link between GBAT
mutations and PD, found that the frequency of GBA1 mutations is higher in PD patients than
in controls (Sidransky et al., 2009). Initially, not all mutations, like the p.E326K, were
considered to have a higher risk to develop PD (Sidransky et al., 2009). However, nowadays
its recognized that p.E326K mutation increases the risk for PD (Berge-Seidl et al, 2017; Duran
et al., 2013). In the initial investigation, p.N370S and p.L444P were the most common
mutations in non-Ashkenazi Jewish (Sidransky et al., 2009). In a study in a small cohort of
early onset PD, in which nearly 26% of the patients had a GBA7 mutation, the p.E326K
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mutation was even the most prominent GBA1 mutations with about 7.6% (Duran et al., 2013)
or 4.5% (Malek et al, 2018). In latter, the other non-GD variant p.T369M was present in 1.8%
of the analyzed patients, p.L444P accounted for 1.6% and p.N370S for 0.6% of patients (Malek
etal., 2018). Penetrance varies based on the severity of the mutation, with the severe p.L444P
mutation reaching the highest penetrance of about 15% (Straniero et al, 2020). In the GBA1-
PD patients, the risk of developing PD is even more skewed to male PD patients than females
(Neumann et al., 2009). Since there is not a complete penetrance of PD/parkinsonism
associated with GBA71 mutations, the contribution of other genes (modifier genes) to the
development of parkinsonism is likely (Tayebi et al., 2003). GBA1 mutation carriers display an
earlier date of motor symptoms onset (Lunde et al, 2018; Maple-Grgdem et al, 2021; Neumann
et al., 2009; Straniero et al., 2020). In GBA1 polymorphisms, to which p.E326K is as well
counted in that publication, this is observed to a lesser extend (Lunde et al., 2018; Straniero
et al., 2020).

Interestingly, not only mutations of GBA1 are linked to PD, but as well decreased GCase
activity. Decreased GCase activity was observed in dried blood spots (Alcalay et al, 2015) as
well as in the substantia nigra and the caudate of sporadic PD patients (Chiasserini et al, 2015).
This reduction in activity was accompanied by a decreased GBA7 expression in the SN
(Chiasserini et al., 2015). Another study observed a decrease in GCase activity in different
brain regions, including SN, putamen, hippocampus, and cerebellum in PD patients (Rocha et
al., 2015a). However, this decrease evened out during aging between PD patients and controls
as GCase activity decreases with aging (Rocha et al., 2015a). iPSC-derived neurons from
idiopathic PD patients demonstrate reduced GCase activity too after long-term culture
(Burbulla et al, 2017). Decreased GCase activity of monocytes (CD14+/CD16-) correlates with
a worse Unified Parkinson’s Disease Rating Scale (UPDRS)-Ill score (Hughes et al, 2021).

In GBA1-PD cases the severity of the PD symptoms correlates with the severity of the GBA1
mutation (Thaler et al, 2018). Non-motor symptoms are more common in GBA71 mutation
carriers than in control PD patients. Cognitive impairment is more common in GBA1-PD
patients (Brockmann et al, 2011), including dementia (Cilia et al, 2016; Oeda et al, 2015;
Winder-Rhodes et al, 2013; Zhang et al, 2018). Furthermore, psychiatric disturbances like
hallucinations (Jesus et al, 2016), psychosis (Cilia et al., 2016; Oeda et al., 2015), depression
(Brockmann et al., 2011; Zhang et al., 2018) are more common. GBA1 patients suffer more
heavily from constipation as well as urinary dysfunction (Brockmann et al., 2011). Differences
have been observed with regard to mutation severity and the likelihood of certain symptoms.
For example, hallucination and constipation are symptoms associated more with less severe
mutations (Jesus et al., 2016). However, severe GBA1 mutations correlate with worse
hallucinations, sleep disturbances and depression (Thaler et al., 2018). Psychosis is more

common in PD patients with a GBA 1 mutation that are associated with GD (Oeda et al., 2015).
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Severe mutation carriers have a greater risk of developing dementia (Cilia et al., 2016). With
regard to motor symptoms, the UPRDRS-III score is higherin GBA1-PD patients compared to
non-mutant carriers (Brockmann et al., 2011; Thaler et al., 2018). GBA1 mutation carriers
seem to suffer less from tremor but present an increase in dyskinesia (Jesus et al., 2016).
Furthermore increased risk for postural instability gait difficulties are as well linked to GBA17-
PD (Malek et al., 2018). Progression of cognitive impairment (Brockmann et al, 2015; Lunde
et al., 2018; Neumann et al., 2009) and motor dysfunction is significantly faster in GBA7-PD
patients compared to non-GBA1 mutant PD patients (Brockmann et al., 2015; Malek et al.,
2018; Maple-Gr@dem et al., 2021). Furthermore, survival was reduced in mutation carriers
(Brockmann et al., 2015; Cilia et al., 2016).

2.2.5 Pathological mechanisms of GBA1 mutations

Two hypotheses, the loss- and the gain-of-function hypothesis exist with regard to the
pathological mechanism of mutant GCase. A summary of the mechanism in WT (Figure 2-1 A)
and gain- and loss-of-function mechanisms is provided in figure 2-1.

The gain of-function hypothesis is based on the acquired functions of mutant GCase (Figure
2-1 B). A significant portion of mutant GCase is retained in the ER (Kuo et al, 2022; Ron &
Horowitz, 2005, 2008). Mutant GCase is on one hand degraded by ERAD, as shown by the
increased levels of GCase after proteasomal inhibition with MG-132 (Bendikov-Bar et al., 2011;
Kuo et al., 2022; Ron & Horowitz, 2005, 2008). On the other hand, treatment with ammonium

chloride and leupeptin, which both inhibit lysosomal protein degradation, shows that mutant

GCase is as well degraded at the level of the lysosome (Jonsson et al, 1987; Kuo et al., 2022).
Increased GCase degradation leads to the loss-of-function, decreased GCase levels
(Bendikov-Bar et al., 2011; Kuo et al., 2022; Ron & Horowitz, 2005, 2008; Schoéndorf et al,
2014) and GCase activity (Jonsson et al., 1987; Ron & Horowitz, 2005, 2008; Schondorf et al.,
2014).

In the loss-of function hypothesis the focus is on the consequences of the decreased GCase

activity caused by the mutation (Figure 2-1 C). In an overexpression model, p.E326K mutant
GCase conserved about 54% of wild-type activity (Malini et al., 2014). Overexpression of
p.N370S mutation resulted in a reduction of 62% of activity compared to overexpressed WT
GCase (Malini et al., 2014). On the other hand, the p.L444P GCase mutant has only 13% of
activity left (Malini et al., 2014). Overall, it seems that a certain level of GCase activity is
sufficient to prevent glycosphingolipid accumulation in GCase mutant (Schueler et al, 2004).
However, there are different results regarding which is the critical level of GCase dysfunction
and substrate storage. In a J774 macrophage cell line, a reduction of GCase activity did not
result in much GlcCer storage until a threshold of 11-15% of activity is reached (Schueler et
al., 2004). GlcSph accumulation has been described in iPSC-derived macrophages from GD

type 1, 2 and 3, with a residual GCase activity lower than 5% (Panicker et al, 2012).
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Figure 2-1 Gain-and Ioss-of-functlon pathological mechanisms of GBA71 mutations. A) In healthy
cells, GBA1T mRNA is translated in the endoplasmic reticulum (ER) where GCase gets N-glycosylated.
GCase binds LIMP2 for the trafficking through the Golgi apparatus to the lysosome. In the Golgi, N-
linked oligosaccharides are trimmed during GCase maturation. In the lysosome, GCase separates from
LIMP2. Here it breaks down its glycosphingolipid substrates and indirectly assists through ceramide
generation in the degradation of a-synuclein. B) Gain-of-function: Mutant GCase is retained in the ER,
where it causes ER stress and increased calcium (Ca?*) release. Misfolded GCase will be exported
from the ER to undergo ER-associated degradation (ERAD). If mitochondrial dysfunction is at least
partially caused by gain-of-function is not yet understood. C) Loss-of-function: Reduced trafficking of
mutant GCase leads to lysosomal dysfunction resulting in accumulation of GCase substrates,
sphingolipids (glucosylceramide and glucosylsphingosine). Mitochondrial dysfunction is associated
with the membrane lipid change caused by the accumulation of sphingolipids and the dysfunctional
mitophagy.

On the other hand, GlcCer and GlcSph were increased in iPSC and iPSC-derived neurons
with over 20% GCase activity (Schondorf et al., 2014; Sun et al, 2015). Neural precursor cells
(NPCs) and neurons from different patients with similar GCase activity did not have
comparable substrate storage levels (Sun et al., 2015). There are several reports, which show
elevation of only certain GlcCer species (Fernandes et al, 2016; Kim et al, 2018a; Kinghorn et
al, 2016). In a Drosophila KO of the GBA1 orthologue CG31414, the C16:0, C18:0, C20:0 and
C22:0 species of GlcCer were increased (Kinghorn et al., 2016). KO of GBA1 in HEK cells
increased C14:0, C16:0, C18:0 and C24:1 GlcCer (Kim et al., 2018a). In iPSC-derived neurons
from p.N370S heterozygous PD patients only the C16:0 and C24:0 GlcCer species were
increased, whereas the C20:0 GlcCer species was decreased in the total GlcCer pool
(Fernandes et al., 2016). Furthermore, an increase in cholesterol was observed in a severely
affected GD patient (Ron & Horowitz, 2008). The mutant sibling that had a milder form of GD

did not have elevated cholesterol levels (Ron & Horowitz, 2008). Interestingly, a model
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predicted that both the p.E326K and p.L444P can influence the interaction with the co-factor
saposin C (Atrian et al., 2008). Lysosomal dysfunction caused by mutant GCase leads to
defects in the autophagic flux and causes accumulation of a-synuclein and dysfunctional
mitochondria (Schoéndorf et al., 2014; Schondorf et al, 2018). As a-synuclein and mitochondrial
dysfunction are particularly important in the pathology of PD. The next 2 paragraphs will

describe this mechanism more in detail.

2.2.5.1 Mutant GCase and a-synuclein accumulation:

GCase deficiency has been linked to a change in a-synuclein species. Some physiological
oligomers (60, 80 and 100kDa) are decreased in primary cortical neurons of p.L444P
heterozygous mice, GBA1 KO SH-SY5Y cells and iPSC-derived dopaminergic neurons from
p.N370S heterozygous PD while the monomers are increased (Kim et al, 2018b). Others have
shown that upon preformed fibrils (PFF) and Conduritol B epoxide (CBE) treatment of mouse
cortical neurons and differentiated SH-SY5Y cells lead to elevated high molecular weight a-
synuclein species (Gegg et al, 2020) and in GD and CBE treated iPSC-derived midbrain
neurons (Zunke et al, 2018). CBE treatment of different primary brain cell types overexpressing
a-synuclein or treated with PFF increased LB-like inclusions in the soma (Henderson et al,
2020). The combination of CBE and a-synuclein PFF treatment of mice does not lead to overt
tyrosine hydroxylase (TH) positive degeneration in the SN (Henderson et al., 2020). However,
motor deficits in the form of reduced forelimb grip strength are observed (Henderson et al.,
2020). In primary hippocampal neurons this leads to neurotoxicity (Henderson et al., 2020).
Elevated a-synuclein levels were detected in PFF treated p.N370S mutant iPSC-derived
dopaminergic neurons (Kim et al., 2018b) or human a-synuclein overexpressing GBA1 KD
mice (Polissidis et al, 2022). This observation went along with reduced survival of
dopaminergic neurons (Kim et al., 2018b; Polissidis et al., 2022). The importance of GCase
for the accumulation of a-synuclein was further underlined as GCase overexpression leads to
decrease in a-synuclein pathology in a mouse and even rescues TH positive cells in the SN in
a rat model (Rocha et al, 2015b). Elevated levels of phosphor Serine129 a-synuclein could be
decreased by improving GCase activity using Ambroxol treatment (Migdalska-Richards et al.,
2016). Decrease of additional lysosomal hydrolase activity is associated with aggregation of
a-synuclein as this effect was not observed when overexpressing a-synuclein lacking the
region required for aggregation (Mazzulli et al, 2016a).

There are several mechanisms through which GCase deficiency leads to increased
accumulation of a-synuclein. The main pathways by which mutant GCase affects a-synuclein
aggregation is by causing lysosomal dysfunction (Burbulla et al, 2019). KD of GCase primary
mouse cortical neurons reduced lysosomal proteolysis of long-lived proteins (Mazzulli et al,
2011) and several models show increased levels of a-synuclein (Cleeter et al, 2013; Fishbein
et al, 2014; Mazzulli et al., 2011; Osellame et al, 2013; Polissidis et al., 2022; Woodard et al,
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2014; Yang et al, 2020; Yun et al, 2018), due to impaired chaperone-mediated autophagy
(CMA) (Osellame et al., 2013). Furthermore, decreased turnover of GlcCer to glucose and
ceramide by mutant GCase leads to a decrease in ceramide, which is important for cathepsin
D to break down a-synuclein (Yang et al., 2020). Treatment with the recombinant GCase,
Cerezyme, rescued cathepsin D activity (Yang et al., 2020). This could explain why mice with
heterozygous p.L444P mutation display a slower degradation rate of overexpressed a-
synuclein (Fishbein et al., 2014). However, not only the loss-of-function of mutant GCase leads
to lysosomal and autophagic dysfunction, but as well the gain-of-function of mutant GCase.
Unfolded mutant GCase accumulates at the outside of the lysosome and prevents degradation
of other CMA targets like a-synuclein (Kuo et al., 2022). This leads to an aggregation and
oligomerization of a-synuclein at the outside of the lysosome (Kuo et al., 2022). Incubation of
lysosomes with a-synuclein and mutant GCase prevents the LAMP2 multimerization, which is
essential for the import of CMA targets and leads to dopaminergic neuron death (Kuo et al.,
2022).

An indirect mechanism of how GCase deficiency leads to a-synuclein accumulation, is through
the accumulation of its substrates. Several mouse and cell models have shown that GCase
deficiency leads to accumulation of GlcCer and GlcSph (Kim et al., 2018a; Polissidis et al.,
2022; Schondorf et al., 2014; Taguchi et al, 2017). In the investigated brain regions (cortex
from cerebrum and cerebellum) of neuronopathic GC patients levels of GlcCer were elevated
(Nilsson & Svennerholm, 1982). In GBA1-PD, GlcCer elevation is still under debate, but there
might be a slight increase in GlcCer in only certain brain regions (Blumenreich et al, 2022).
Increase GlcSph levels were observed to accumulate in brains of GD type 2 and 3 and a
potential type 1 patient (Nilsson & Svennerholm, 1982; Orvisky et al., 2002; Tayebi et al.,
2003). Even more interesting, a correlation between decreased GCase activity in sporadic PD
patients in SN correlated with increased levels of GlcSph (Rocha et al., 2015a). In fibroblasts
from GBA1 mutant PD patients changes in lipid composition, i.e., increased total sphingolipid
level and decrease of certain phospholipids was observed (Galvagnion et al, 2022). The in
vitro assessment of the effect of changes in lipid levels showed that a-synuclein accumulates
faster in this condition (Galvagnion et al., 2022). Primary motor cortex of GBA1-Lewy body
dementia patients has as well a reduction in some certain phospholipids (Clark et al, 2015).
Interestingly, primary cortex changes in sphingolipids levels were observed in LBD patients
with and without GBA1 mutations (Clark et al., 2015). In vitro it was shown that incubation of
GlcCer and GlcSph lead to the formation of a-synuclein fibrils or oligomers respectively
(Taguchi et al., 2017). In a GBA1 mouse model, GlcCer accumulation correlates with a-
synuclein pathology in a linear manner (Taguchi et al., 2017). It was shown that
glycosphingolipids directly interact with a-synuclein leading to the formation of insoluble heigh

molecular weight a-synuclein species (Zunke et al., 2018). In addition, GlcCer forms fibrils
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which stabilize a-synuclein oligomers and increased amyloidogenic aggregation (Paul et al,
2021). Reduction of GlcCer levels using Miglustat treatment, reduced the levels of pathological
a-synuclein and rescued heterozygous p.N370S mutant iPSC-derived neuronal survival (Kim
etal., 2018b).

Not only do GCase mutations lead to an increase in a-synuclein but a whole vicious cycle is
kicked off as a-synuclein affects GCase function in turn. In general, WT a-synuclein
overexpression in healthy patient iPSC-derived midbrain neurons leads to reduced
degradation of long-lived proteins (Mazzulli et al., 2016a). Deletion of the region that allows a
a-synuclein aggregation reduced this effect (Mazzulli et al., 2016a). In mice lacking
endogenous a-synuclein and overexpressing human a-synuclein, it was shown that GCase
activity is decreased in the cortex, striatum, midbrain and brainstem (Migdalska-Richards et
al., 2016) and lysosomal specific GCase activity was lower in different cellular models (Gegg
et al., 2020; Mazzulli et al., 2011; Mazzulli et al., 2016a; Mazzulli et al, 2016b). Furthermore a-
synuclein overexpression has negative effects on GCase maturation (Mazzulli et al., 2011;
Mazzulli et al., 2016a), as it disrupts maturation of lysosomal hydrolases at the pre-Golgi stage
(Mazzulli et al., 2016a), by decreasing COPII vesicle trafficking from ER to Golgi (Credle et al,
2015). Furthermore, neurons from iPSC-derived from SNCA triplication PD patients
accumulate GlcCer and hexosylsphingosine (Mazzulli et al., 2016b), which can further

aggravate the vicious cycle.

2.2.5.2 Mitochondrial dysfunction in PD and defects linked to GBA1 mutations:

Over 30 years ago, decreased protein levels of different subunits of complex | (Cl) were shown
in the striatum not in the frontal cortex of PD patients leading to a decrease of about 25% of
Cl activity (Mizuno et al, 1989). In the SN of PD patients, a reduction of Cl activity without
impacting Cl protein abundance was also observed (Schapira et al, 1990a; Schapira et al,
1990b). It is unclear whether the CI deficiency is confined to the SN and PD affected regions.
Indeed, it is not clear as there is on one hand evidence that other regions like the frontal cortex
present Cl deficiency as well (Parker et al, 2008). Other studies however did not observe
decreased ClI activity in other brain regions than SN (Schapira et al., 1990b). Discrepancies in
measurement of Cl activity can be explained by differences in the experimental setup (Parker
et al., 2008). Performing the assay with bovine serum albumin, to increase the measured
activity, or on homogenate, not purifying mitochondria, can lead to false negative results
(Parker et al., 2008). Another study on a small cohort, detected high variability in oxidative
phosphorylation (OXPHQOS) protein expression in PD patients using an mass-spectrometry
(MS) based approach (Chen et al, 2021). Interestingly in this small cohort, the degree of
decreased mitochondrial OXPHOS protein levels seemed to correlate with a higher Braak
stage of the patient (Chen et al., 2021). A decrease in mitochondrial respiratory chain protein

levels went along with a higher mitochondrial mass (Chen et al., 2021).
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There is as well genetic evidence that links mitochondria to PD. On one hand, even though the
results are partially controversial, mutations in the mitochondrial DNA (mtDNA) region coding
for Cl proteins, have been linked to decreased ClI activity in mitochondria isolated from the
frontal cortex (Parker et al., 2008). Furthermore, repopulation of cybrids, cells lacking mtDNA,
with mtDNA from PD patients, lead to mitochondrial defects including ClI activity, increased
reactive oxygen species (ROS) production and sensitivity to MPP+ treatment (Swerdlow et al,
1996). Models of PD are often based on chemical models inducing mitochondrial dysfunction.
These models were developed based on the discovery that some compounds lead to
parkinsonism. For example, in one patient by-products of improper synthesis of 4-propyloxy-
4-phenyl-N-methylpiperidine, namely 4-hydroxy-4-phenyl-N-ethylpiperidine and dehydro-4-
phenyl-N-methylpiperidine, lead to L-Dopa responsive parkinsonism most likely resulting from
the degeneration of SN neurons (Davis et al, 1979).

Not only PD is associated with mitochondrial dysfunction but also GCase deficiency.
Pharmacological inhibition and GCase KD in SHSY-5Y leads to a reduced adenosine
triphosphate (ATP) synthesis due to reduced activity of complex I, Il and Il after 20 days of
CBE treatment and increased oxidative damage (Cleeter et al., 2013). Mitochondrial
membrane potential started to decrease within 10 days of CBE treatment as well as in KO
primary neurons and astrocytes (Cleeter et al., 2013; Osellame et al., 2013). In cellular models,
CBE treatment of SH-SY5Y cells and GBA7-PD iPSC-derived midbrain neurons, as well as
mouse models display changes in mitochondrial morphology, respiratory defects, and higher
ROS production (Cleeter et al., 2013; Osellame et al., 2013; Schéndorf et al., 2018; Yun et al.,
2018). The mitochondrial toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP) leads to a
reduction in mitochondrial copy number which is exacerbated in p.L444P mutant compared to
WT (Yun et al., 2018). GBA1 KO primary mouse neurons and astrocytes display impaired
mitophagy (Osellame et al., 2013). Defective mitophagy is as well detected in iPSC-derived
midbrain neurons from PD patients carrying different GBA1 mutations (Schéndorf et al., 2018).
Defective targeting of mitochondria for degradation is caused by lack of Parkin as the
membrane potential does not reach the required threshold (Osellame et al., 2013).
Nicotinamide riboside (NR) treatment is able to rescue some mitochondrial defects, like
mitophagy, ROS production and morphology, in GBA7-PD iPSC-derived midbrain neurons
(Schondorf et al., 2018).

Mitochondrial dysfunction and GBA 1 mutations worsen PD related phenotypes. Motor deficits,
as demonstrated by increased time to reach the bottom of the pole, were more pronounced in
p.L444P heterozygous mice treated with MPTP (Yun et al., 2018). Furthermore, in this model
astrocyte activation and TH cell death in the SNpc and striatal fibers was increased upon MPTP
treatment compared to untreated Haploinsufficient (GBA1 p.L444P/WT) mice (Yun et al.,

2018). The described pathological observations were only observed after MPTP treatment and
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not in untreated GBA1 p.L444P/WT mice (Yun et al., 2018). However, a-synuclein KO partially
prevented the consequences of MPTP treatment in both WT and p.L444P mutant mice (Yun
et al., 2018). This is underlining the importance of the interplay between a-synuclein,

mitochondria and GCase in PD.

2.2.6 Models of GCase pathology in complex disorders
Models for investigating GCase pathological mechanisms include chemical inhibitors, KO,
knockdown (KD), gene-editing, human GBA1 WT or mutant overexpression, and are used in
different model systems like Drosophila melanogaster, zebrafish, mice and cellular models.
Several GCase inhibitors exist. The most commonly used one is CBE, which is an irreversible
inhibitor of GCase (Kanfer et al, 1975; Stephens et al, 1978). One of the first mouse models
was described in 1975 (Kanfer et al., 1975). As expected GCase activity was reduced and
accumulation of GlcCer was observed in spleen and liver and to a lesser extent in the brain of
treated infant and adults mice (Kanfer et al., 1975). To recapitulate the higher levels in GlcCer
daily injections are required as otherwise GCase activities increases again leading to a
decrease in the GlcCer levels (Stephens et al., 1978). Another disadvantage is that CBE is not
distributed equally throughout the mouse body (Stephens et al, 1981). Lowest concentration
was detected in the brain leading to about 37% of residual GCase activity (Stephens et al.,
1981), which might not lead to substrate accumulation (Schueler et al., 2004). However,
increasing the dose leads to sufficient decrease in GCase activity and accumulation of GlcCer
levels in mouse brain (Stephens et al., 1978). Another chemical irreversible inhibitor of GCase
is adamantyl-cyclophellitol inhibitor (ME656), which leads to accumulation of GlcCer and
GlcSph (Lelieveld et al, 2022; Lelieveld et al, 2019). Other models, either cellular or based on
animals, often rely on KO or disruption of the GCase active site by gene-editing (Kim et al.,
2018b; Kinghorn et al., 2016; Lelieveld et al., 2019; Schéndorf et al., 2018; Tybulewicz et al,
1992; Westbroek et al, 2016). Homozygous KO of the Drosophila GBA 1 brain orthologue leads
to reduced survival and decreased locomotor performance (Kinghorn et al., 2016). KO of GBA1
was as well performed in iPSC, which were differentiated to midbrain dopaminergic neurons
(Schoéndorf et al., 2018). KO in these different models lead to similar phenotypes like reduced
autophagic flux and mitochondrial dysfunction (Kinghorn et al., 2016; Schdndorf et al., 2018),
which are as well observed in GBA1 mutant models (Schéndorf et al., 2014; Schondorf et al.,
2018). In Drosophila GBA1 KO leads to neurodegeneration (Kinghorn et al., 2016). However,
models only focusing on the loss-of-function do not recapitulate the mechanisms related to
gain-of-function. For example, it was observed that GBA7 KO due to absence of misfolding
GCase does not lead to ER stress (Kim et al.,, 2018b; Schoéndorf et al., 2018), as it was
observed in mutant neurons (Schdéndorf et al., 2018). Zebrafish are an interesting model
organism for GCase deficiency, as knockout does not lead to death soon after birth (Lelieveld

et al., 2019), as observed in homozygous p.L444P or RecNcil mutant mice (Liu et al, 1998).
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Since the Gaucher macrophages are the main pathological hallmark of GD, one model for the
disease are monocytes isolated from patients, which are then differentiated into macrophages
(Aflaki et al., 2014). Mouse models have another drawback as they do not have Gaucher cells
(Liu et al., 1998), except if the mice present a deletion in exon 8 of prosaposin in addition to
the GBA1 mutation (Sun et al, 2005). These mice showed the hallmark of macrophages filled
with GlcCer accumulated in visceral tissues (Sun et al., 2005). Neuropathology started at
around 10 weeks of age and showed by gait ataxia, tremor, falling and at later stage hind limp
paralysis (Sun et al., 2005). Several interspecies differences between mice and humans make
mice a less suitable model to study PD. In mouse cortical neurons, human WT and p.A53T a-
synuclein gets degraded twice as fast than mouse a-synuclein (Fishbein et al., 2014). Calcium
signaling (Kilpatrick et al, 2016; Schondorf et al., 2014) as well as dopamine metabolism
(Burbulla et al., 2017; Woodard et al., 2014) are important players in GBA7-PD. This holds as
well true in other cellular PD models (Burbulla et al., 2017). However, mouse to human
interspecies difference between dopamine metabolism and calcium homeostasis has been
shown (Burbulla et al., 2017). Depending on the envisioned outcome this must be considered
when assessing whether a mouse model is suitable. Furthermore, human brain tissue is hard
to get and usually represents only the later or end stage of diseases like PD. This makes it
harder to investigated pathological mechanisms. Therefore, it was a great advance when in
2011 it was published how iPSC can be generated in an easy and reproducible way (Okita et
al, 2011). This allowed them to take tissue from patients, reprogram the cells and differentiate
them into the cells of interest, like neurons (Reinhardt et al, 2013) or macrophages (Aflaki et
al., 2014; Gutbier et al, 2020). iPSC-derived macrophages express markers associated with
macrophages to a similar degree than macrophages isolated from patient blood (Aflaki et al.,
2014). They recapitulate the glycosphingolipid accumulation observed in patient macrophages
as well as reduced ROS production compared to control (Aflaki et al., 2014). In the beginning,
one of the drawbacks of the iPSC-derived models was that proper controls were not used.
Often mutant lines were compared to healthy controls. Since complex disorders, such as PD,
are multifactorial and the genetic interplay can decide whether one develops PD or not, it is
important to generate gene-corrected controls. Here, the genome is identical except for the
gene-correction and possible selection cassette. This then allows to investigate the results of
a mutation in the given genetic setting. Recently there have been many advances in gene-
editing, finally in 2013 a CRISPR-Cas9 based gene-editing protocol was published which
makes gene-corrections affordable and easy (Ran et al, 2013) allowing generation of the most

adequate controls.
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3 Aim

The pathological mechanisms of GBA7-related PD are not yet understood. Therefore, the main
aim of this work was to assess the GCase interactome to identify novel GCase interactors that
may help elucidate GBA7-PD. To do so the following intermediate goals had to be achieved:
First, the generation and characterization of inducible T-Rex HEK cell lines allowing
overexpression of tagged WT, p.E326K and p.L444P mutant GCase. Second, the quantitative
analysis of the GCase interactome by co-immunoprecipitation linked with tandem mass tag
liquid chromatography mass spectrometry. Third, the generation of iPSC lines and isogenic
controls to allow further investigation of the mechanisms.

Based on the initial interactomic results showing the interaction of GCase with mitochondrial
proteins, the main aim of this work was to better understand the link between GCase and

mitochondria by addressing the following questions:

- Is GCase localized within mitochondria?

- How does GCase reach mitochondria?

- Do GBA1 mutations impact mitochondrial function?

- Whatis the potential role of interaction of GCase with proteins involved in mitochondrial
proteostasis, namely HSP60 and LONP1, in mitochondrial dysfunction?

- Is GCase potentially involved in Cl integrity?
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4 Materials and Methods

Some materials are listed in the description of the methods, the detailed list of materials is

listed in the Appendix 9.1.

4.1 Cloning constructs into the plasmids

4.1.1 Design of constructs

The cDNA sequence of GBA1 was obtained from https://genome.ucsc.edu/index.html (Kent et
al, 2005). For inserting the tag, the leader sequence at the N-terminal of GBA1 was identified
(Tsuji et al, 1986). To ensure proper cleavage, the V5-Flag-tag was inserted 9 bp after the
cleavage site of the leader sequence, and these 9 bp were repeated after the tag (see
Appendix 9.2 V5-Flag-tagged GBA1). The V5-Flag-tag was made as short as possible in order
to decrease the chance of interfering with the proper folding of GCase. Therefore, instead of
using the whole V5 a.a. sequence (GKPIPNPLLGLDST), we went for the smaller form coding
for IPNPLLGLD. This allowed us to use the last D as first a.a. of Flag (DYKDDDDK). The amino
acid sequence of V5-Flag therefore is IPNPLLGLDYKDDDDAK. The nucleotide sequences are
shown in Appendix 9.2. The cDNA of wildtype (WT) and N-terminal tagged (V5-Flag-tag) WT
GBA1 as well as V5-Flag-tag only were ordered from IDT (gBlocks Gene Fragments).

4.1.2 Restriction digestion

WT and tagged GBA1 cDNA were cloned into pcDNA™3.0 (Invitrogen™). First both underwent
a restriction digest for which the reaction mixes are listed in table 4-1. The pcDNA™3.0 and
later the pcDNA™5/FRT/TO (Invitrogen™) plasmids were digested for 2 hours and the
constructs for 30 mins at 37°C. Then the plasmid was loaded on a 0.5% Agarose gel and run
for 1 hour at 120V. Then the band running at around 5.4 kb, which represented the linearized
plasmid, was excised from the gel and the DNA extracted with the QlAquick gel extraction kit
(Qiagen) according to manufacturer's protocol. All the following centrifugation steps were
performed at room temperature (RT) for 1 min at 13000 RPM and after centrifugation the flow-
through was removed from the lower tube. The gel piece was weighted and per 100 mg, 300
ul Buffer QG was added. Then it was incubated for a total of 10 min at 50°C. To better dissolve
the gel in the buffer the tube was vortexed every 2-3 min during the incubation. To the yellow
buffer 100 pl of isopropanol was added per 100 mg of initial gel. The mixed solution was then
added to a QlAquick spin column and spun. Then 500 ul QG was added, and the column was
centrifuged again. 750 ul of PE buffer was added and the column spun again. After removal of
the flow-through the column was spun empty again. Then the column was placed on a fresh
tube and 30 ul Milli-Q H.O was added. After incubation for 1 min, the column was spun for 1
min at 13000 RPM. The DNA content in the flow-through was measured with the
NanoDrop2000™ (Thermo Fisher Scientific Inc.).
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Reagent Plasmid (3ug/pl) gBlock DNA (IDT; 10ng/pl)
Cloning construct into DNA 1 ul 30 ul
pcDNA™3.0 10x Tango Buffer 2 3,5 ul
Xhol 1 pl 1 pl
EcoRI 1pl 1ul
Milli-Q H20 5 pl /
Cloning construct into = DNA 1 ul 28 ul
pcDNA™5/FRT/TO 10x Buffer O 2 ul 3l
Xhol 1.5l 2yl
Aflll 1.5l 2 ul
Milli-Q H20 4 ul /

Table 4-1: Reaction mixes for the restriction enzyme digests

4.1.3 Ligation
For the ligation of the sequence of interest into the plasmid, different ratios of digested

construct to linearized plasmids were incubated over the weekend at 4°C. The following two

mixes in table 4-2 were prepared.

Reaction Material 3:1 construct to 1:1 construct to
plasmid ratio plasmid ratio

Ligation of Linearized plasmid (100 ng/ul) 0.5 pl (50 ng) 0.5 pl
construct with Digested construct (8.47 ng/ul) 18 ul 6 pl
pcDNA™3.0 T4 ligase (NEB) 1l 1l

Buffer (10x T4 ligase buffer, NEB) 2.5l 2 ul

Milli-Q H20 3ul 10.5 l
Ligation of PCR Linearized plasmid (54 ng/pl) 4 ul
product with PCR product (230 ng/pl) 2yl
pcDNA™5/FRT/TO T4 ligase (NEB) 2l

Buffer (10x T4 ligase buffer, NEB) 1 ul

Milli-Q H20 1ul

Table 4-2: Mixes prepared for the ligation of the construct into the plasmid of interest.

4.1.4 Restriction enzyme recognition site exchange
To clone V5-Flag-tagged GBA7 from pcDNA™3.0 into pcDNA™5/FRT/TO, the 5’ restriction
enzyme site of EcoRI had to be exchanged with the Aflll restriction site. To this end a long-
range PCR was conducted. The master mix was composed of 34 pl Milli-Q H20, 10 pl 5x ALLin
RPH buffer (highQu), 1ul ALLin RPH polymerase (highQu), 2 yl FW and RV primer and 1 pl
pcDNA™3.0 plasmid (100 ng). After the PCR, the sequence was purified. To do so 250 l of
PB buffer (Qiagen DNeasy Blood & Tissue kit, Qiagen) was added to the PCR product. This
mix was added in the spin column and centrifuged. All the following centrifugation steps were

done at 13000 RPM and for 1 min. After each centrifugation step, the flow-through was
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removed. Then 750 ul PE buffer were added in the column, followed by 2 centrifugation steps.
To elute the DNA, the column was put on another tube and 30 ul of Milli-Q H,O was added.
After 1 min incubation the column was centrifuged, and the DNA concentration was measured
using the NanoDrop2000™. The construct was then digested with restriction enzymes and
ligated into the pcDNA™5/FRT/TO.

4.1.5 Transformation of bacteria
One Shot™ TOP10 chemically competent E. Coli (Thermo Fisher Scientific Inc.) were thawed
on ice. 20 ul of E. Coli were transferred into a 1.5 ml tube and 2-4 pl of ligation mix was added.
The bacteria with the ligation were incubated on ice for 30 min. Then a 30 second heat shock
at 42°C at 1000 RPM was performed. Afterwards, the tubes were put immediately on ice until
the Thermocycler (Eppendorf) reached 37°C. 250 pl SOC medium (Invitrogen) was added per
tube to the bacteria. The mix was then incubated for 1 hour at 37°C 300 RPM. After 1 hour,
the bacteria were plated on LB Agar plates containing Ampicillin (50 pg/ml) for the selection.
The LB Agar plates were then incubated upside down overnight (O/N) at 37°C. The next day,
colonies were picked and grown in 4 ml LB medium containing Ampicillin (50 ug/ml) shaking
O/N at 37°C. The following morning, the pDNA from 3 ml of the bacterial culture were isolated.
To this end, the QIAprep Spin Miniprep kit from Qiagen was used according to the
manufacturer's protocol. To pellet the bacteria, the culture was centrifuged for 1 min at
maximum speed. The LB medium was removed, and the pellet resuspended in 250 pl P1 buffer
containing RNase. Next, 250 ul P2 buffer was added, and the tube inverted 6 times to mix the
reagents. 350 pl neutralization buffer N3 was added. For mixing, the tube is inverted 6 times.
Then the tube is centrifuged for 10 min at 13000 RPM. The supernatant was added on top of
the Qiagen column and centrifuged for 1 min at 13000 RPM, which was the centrifugation
condition for all the following centrifugation steps. After discarding the flow-through, 500 pl PB
buffer was added, followed by another centrifugation step. Next, 750 ul PE buffer was added
and the tubes were centrifuged twice. The column was then placed on a new tube and 50 pl
of Milli-Q H2O were added on the membrane. After 1 min incubation at RT, the tube was spun

again and DNA concentration of the flow-through was measured.

4.1.6 Neural precursor cell (NPC) nucleofection
To check whether the N-terminal V5-Flag-tag affects GCase localization, GBA7 KO NPCs
(Schoéndorf et al., 2018) were nucleofected with p)cDNA™3.0 coding for WT or V5-Flag-tagged
GCase. To this end, NPCs were detached with Accutase (Sigma-Aldrich) and after 5 min
incubation at 37°C, the NPCs were collected and centrifuged for 5 min at 1100 RPM at RT.
The NPC pellet was resuspended in PBS to remove medium leftover and counted. 1x10° NPCs
were centrifuged again. In the meantime, 100 pl Ingenio (Mirus) solution was mixed with 10 ug

of plasmid. After centrifugation, the supernatant was removed, the pellet was resuspended
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with the Ingenio solution/plasmid mix and transferred to the Amaxa electroporation cuvette
(Lonza). For the nucleofection, the Amaxa nucleofector IIb was used, and the program set to
A-033. Next, 500 yl medium was added and nucleofected NPCs were added to wells of a 24-
well containing a Matrigel-coated coverslip. 48 hours after nucleofection, the NPCs were fixed

for immunocytochemical analysis.

4.1.7 Transfection of 293 HEK cells with WT and V5-Flag-tagged GBA1
The day before the transfection in DMEM+/+ (table 4-3), for each reaction 5x10° cells were
splitin one well of a 6-well plate. For the transfection, 300 pl of polyethylenimine (Polysciences)
were mixed with 300 yl DMEM without phenol red containing 5 pug plasmid coding for either
WT or V5-Flag-tagged WT GBA1. 48 hours after transfection selection was started by changing
the medium to DMEM+/- selection (Table 4-3) containing 500 pg/ml G418. After one week in
selection medium, GCase activity assay was assessed.

Catalogue

Medium Ingredient Quantity Manufacturer

number

For transfection

. DMEM w/o phenol red 300 pl Gibco 31053028
reaction
DMEM 500 ml Sigma-Aldrich = D6546-500 ml
DMEM +/- Fetal bovine serum 50 ml Gibco 16000044
GlutaMAX 5ml Gibco 35050061
DMEM +/- / / /
For selection
G418 Geneticin 5ulperml | InvivoGen Ant-gn-1
DMEM 500 ml Sigma-Aldrich  D6546-500 ml
Fetal bovine serum 50 ml Gibco 16000044
DMEM +/+
GlutaMAX 5ml Gibco 35050061
Penicillin/Streptavidin 5 ml Sigma-Aldrich = P0781-100ml

Table 4-3: Medium used for transfection and 293 HEK cell maintenance and transfection

4.1.8 Site-directed mutagenesis to insert the p.E326K or p.L444P mutation in
GBA1 sequence

After determining the correct insertion of the V5-Flag-tagged WT GBA7 sequence into the
pcDNA™5/FRT/TO by Sanger sequencing, site-directed mutagenesis (SDM) was performed
according to the manufacturer’'s protocol (SDM kit: QuikChange Il XL, Agilent). For each
reaction 10 ng of V5-Flag-tagged WT GBA1 plasmid and 15 picomoles of the primer for the
p.E326K mutation or 13 picomoles of the primer for the p.L444P mutation were used. The
primers are shown in table 4-4. The concentration of the primers was determined with the

following equation, which was suggested by the manufacturer (Agilent):

ng of oligo x1000.

X pmoles of oligo =
p f 9 330x#of bases inoligo
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Following the PCR reaction, the original methylated plasmid as well as the synthesized hemi-
methylated plasmids were digested with Dpn1 (SDM kit). The PCR product was transformed
into bacteria (XL 10-Gold Ultracompetent cells, supplied in SDM kit) according to
manufacturer’s protocol. Bacteria were thawed on ice. 2 pl of R-Mercaptoethanol (SDM kit)
were added to 45 pl of bacteria. The tubes were swirled and incubated on ice for 8 minutes,
after swirling them again, they were incubated for 2 more minutes. 2 ul of PCR product were
added to the bacteria and incubated for 30 minutes on ice, followed by a 30 second heat shock
at42°C. 500 pl prewarmed SOC (42°C) medium was added and put on ice for 2 minutes. The
mix was incubated for 1 hour at 37°C shaking and then plated on LB agar dishes containing
50 pg/ml Ampicillin and incubated overnight at 37°C. The following day, bacterial colonies were
picked and incubated overnight at 37°C in 4 ml LB medium supplemented with 50 pg/ml
Ampicillin. 3 ml of the bacterial culture were used for a Miniprep according to the
manufacturer’s protocol (QlAprep Spin Miniprep Kit, Qiagen).

(Pimer —~“Forward (5>3) " “Reverse(e>3) |

GGC GGT GTG TCT TCC CTA GGG GCC ACC CTA GGG AAG ACA CAC

p.E326K
TGGC CGCC
L aaap GTG CCA CTG CGT CCG GGT CGT TCA GAA GAA CGA CCC GGA CGC
P- TCT TCT GA AGT GGC AC

Table 4-4: Primers for site-directed mutagenesis

Plasmids with the correct sequences, which was checked by Sanger Sequencing, were
cultured for a Maxiprep (300 ml LB medium containing 50 pg/ml Ampicillin O/N at 37°C).
Maxiprep was performed as described in the Manufacture’s protocol (EndoFree Plasmid Maxi
kit, Qiagen). The bacterial culture was first centrifuged in 50 ml Falcon tubes at 4°C 6000 RCF
for 15 min. The bacterial pellet was resuspended in 10 ml Buffer P1. Next, 10 ml P2 buffer was
added, and the tubes were inverted 6 times for mixing and incubated for 5 min at RT for
complete lysis.10 ml cold P3 buffer was added and then mixed by inverting the tube 6 times.
The mix was filtered through Whatman filter paper. Then for endotoxin removal, 2.5 ml ER
buffer was added to the flow-through and incubated for 30 min on ice. In all the following steps,
the columns were left to empty by gravity. 10 minutes before the incubation ended, the
maxiprep column was equilibrated with 4 ml Buffer QBT. Filtered lysate was added on the
column. The columns were washed twice with 10 ml buffer QC, which was added just before
the column run empty. After the washes, 5 ml Buffer QN was added to elute the DNA into a 15
ml Falcon tube. Addition of 3.5 ml isopropanol and vortexing allowed precipitation of the DNA.
Then the tube was centrifuged for 30 min at 4°C >15000 RCF. The DNA pellet was washed
with 1 ml endotoxin-free 70% ethanol and centrifugation for 15 min at 4°C >15000 RCF. The
ethanol was removed, and the pellet was left to dry. Last, the pellet was resuspended in 100
ul endotoxin-free water and the DNA concentrations were measured with the NanoDrop2000™

(Thermo Fisher Scientific).
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4.2 Polymerase chain reaction (PCR) and Sequencing analysis

4.2.1 DNA extraction with Qiagen kit
DNA from cell pellets was extracted with the DNeasy Blood & Tissue Kit (Qiagen) as described
in the manufacture’s protocol. 20 ul Proteinase K was put into the tube containing the cell
pellets, which were resuspended in 200 pl 1x PBS (Sigma-Aldrich). Before vortexing the tubes,
200 pl AL buffer was added and was followed by an incubation for 10 minutes at 56°C in a
heating block (Eppendorf). Subsequently, 200 pl ethanol (VWR Chemicals) was added to the
tubes and these were then vortexed. Next the mix was transferred into a DNeasy Mini Spin
column and centrifuged. The centrifugation steps were all performed at RT for 1 min at 8000
RPM, except if stated differently. Following the centrifugations, the flow-through was
discarded. Then, 500 yl AW1 buffer was added followed by a centrifugation step. Afterwards,
500 pl AW2 buffer was added and this time tubes were centrifuged at 14000 RPM for 3 min.
Next, the spin column was put on a new tube and 50 pl of Milli-Q H2O was added on the filter
of the column. After 1 min of incubation, a centrifugation step followed. The flow-through

containing the DNA was kept for subsequent analysis.

4.2.2 Quick extraction DNA isolation
Few cells were scraped off the plate, collected together with 5 yl medium and added to a PCR
tube. Then 10 pl of QuickExtract DNA extraction solution (Epicentre) was added and the
following PCR program: 15 min at 65°C, 15 min at 68°C, 10 min at 98°C and then cooled to
4°C.

4.2.3 PCR and sequencing
1 pl of DNA extracted with the quick extraction method or 50 ng of in Milli-Q H,O were used.
For cDNA sequencing the RNA was isolated and reverse transcribed and 50 ng was used for
the PCR. The following PCR master mixes, listed in table 4-5, were prepared per sample

depending on the desired PCR.

Reagent GBA1 exon 8-11 MM Standard PCR
Ml per reaction Ml per reaction

Milli-Q H20 9.5 13.3

5X Green GoTag® Reaction Buffer 4 4

dNTPs (10 mM) 0.4 0.4

FW primer (table 4-6) 0.6 0.6

RV primer (table 4-6) 0.6 0.6

GoTaqg® DNA Polymerase 0.1 0.1

DNA (1ul QE extraction or 50ng/ul) 1 1

Q solution 24 /

DMSO 1.4 /

Table 4-5: Polymerase chain reaction (PCR) Master Mixes (MM)
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During the PCR reaction agarose gels were prepared. To do so SeaKem LE Agarose (Lonza)
was dissolved in a 1x TBE buffer to the desired concentration and boiled in the microwave until
all the particles were dissolved. When cooled down a bit, 8 pl Midori green (Nippon Genetics)
were added per 100 ml. Following the PCR, 5 pl of the reaction were loaded on an agarose
gel. To be able to sequence GBA1 exons or the plasmid, an additional amplification of the
individual plasmid segments or parts of the region of interest was required. Therefore, the
leftover PCR product was purified. First 50 yl sodium acetate buffer was added, and the
samples centrifuged for 45 mins at 3220 RCF 4°C. The supernatant was tapped of and 100 pl
of 70% Ethanol (VWR Chemicals) added. A further centrifugation for 15 mins followed. This
step was repeated once more. Then the samples were centrifuged upside down without lid for
1 min at 300 RCF. To resuspend the DNA, 15 ul Milli-Q water were added, and the samples
were vortexed at the lowest level for 15 minutes. From this sample 1 pl was used to do a
standard PCR with the respective primers. Then another sodium acetate purification was

performed before the sequencing PCR.

‘ Target Primer Forward (5'->3') Reverse (5'->3') ‘
- o TGT GTG CAA GGT CCA GGA ACC ACC TAG AGG GGA AAG
xon 8-
TCAG TG
Genomic E g TGT GTG CAA GGT CCA GGA TTT GCA GGA AGG GAG ACT
Xxon
GBA1 TCAG GG
E v CAG GAG TTA TGG GGT GGG GAG GCA CAT CCT TAG AGG
Xxon
TC AG
GBA1 Exon 8 CGAGAC TTCATT GCCCGT GA TTG GGT CCT CCT TCG GGG
TTT AGC ACG ACC ACA ACA
cDNA Exon 10 CGT AACTTT GTC GAC AGT CC co
CGC AAATGG GCG GTAGGC
CMV-BGH TAG AAG GCA CAG TCG AGG
GTG
GTACTG TTG GCG AGG GTA
construct AAG GGA TTT GGA GGG GCC AT &
Construct
CMV- CGC AAATGG GCG GTA GGC GTACTG TTG GCG AGG GTA
construct GTG GG
Construct-
—_— AAG GGA TTT GGA GGG GCC AT TAG AAG GCA CAG TCG AGG

Table 4-6: Primers used for sequencing of GBA1 and the constructs
For the sequencing PCR the same primers as used in the previous PCR were used and are
listed in table 4-6. For each reaction, either the forward (FW) or reverse (RV) primer was used.

In table 4-7 lists the ingredients of reaction mix per sample are listed.
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Reagent NI Table 4-7: Master Mix for the
sequencing PCR

Milli-Q H20 2,65
BigDye™ Terminator v3.1 5X Sequencing Buffer 1,65
BigDye™ Terminator v3.1 0,7
Primer (FW or RV) 1
Purified DNA 4

After the sequencing PCR, the DNA was purified by sodium acetate precipitation. Then the
pellet was resuspended in 15 pl Milli-Q H2O and vortexed in the dark for 15 minutes at the
lowest possible level. Then the samples were prepared for the sequencing. 10 pl Hi-Di
Formamide (Applied Biosystems) and 7 ul sample were added in a MicroAMP™ optical 96-
well reaction plate (Applied Biosystems). The plate was stored at 4°C in the dark until the gene
sequencing with the 3130XL 16-capillary array Genetic Analyzer (Applied Biosystem). For
sequencing the instrument protocol Pop7 and correct sequencing length was selected. The
sequencing files were first loaded into PreGap4 (Staden) for the sequence assembly. Then

they were analyzed with Gap4 (Staden).

4.3 T-Rex HEK cell culture and transfection
The composition of the media is listed in table 4-8. Flp-In T-REx 293 cells (called T-Rex HEK

cells hereafter) were grown in empty T-Rex DMEM.

Catalogue
Medium Ingredient Quantity Manufacturer
number
DMEM 500 ml Sigma-Aldrich D6546-500 ml
Fetal bovine serum 50 ml Gibco 16000044
Empty T-Rex
GlutaMAX 5ml Sigma-Aldrich P0781-100ml
DMEM
Blasticidin 550 pl InvivoGen ant-bl-1
Zeocin 550 pl InvivoGen ant-zn-1
DMEM 500 ml Sigma-Aldrich D6546-500 ml
Fetal bovine serum 50 ml Gibco 16000044
T-Rex DMEM GlutaMAX 5mi Sigma-Aldrich P0781-100ml
Blasticidin 550 pl InvivoGen ant-bl-1
Hygromycin gold 550 pl InvivoGen Ant-hg-1

Table 4-8: Media used for T-Rex HEK cells

The day before the transfection, 5x10*5 T-Rex HEK cells were seeded per well of a 6-well
plate in empty T-Rex DMEM without Zeocin. This allowed to reach a confluency of 50-80% on
the following day. Late afternoon on the next day, the cells were transfected using calcium
phosphate for the transfection. In brief, 75 ul of 2x HBS was mixed with 75 pl of a 0.25M CaCl.
solution containing 4.55 ug POG44 plasmid and 0.455 yg pcDNA™S5/FRT/TO plasmid
containing the sequence of interest. This mix was incubated for 15 minutes at RT and then
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added dropwise to a well of a 6-well plate. The medium was changed the following day. 48
hours after transfection the cells were split into T-Rex DMEM to start the selection. From here
on, T-Rex HEK cells were grown in T-Rex DMEM until the expression was induced. Colonies
were picked and transferred to new wells. The expression of the gene of interest was induced
by treating the cells with 50 ng/ml doxycycline hyclate (Sigma-Aldrich) in DMEM+/- for 48
hours. All cells from any cell type used in this thesis were regularly checked for Mycoplasma
with the Venor GEM Classic kit (Minerva Biolabs).

4.4 Analysis of the GCase interactome

4.4.1 Flag immunoprecipitation
Cells were detached and washed 2x with ice-cold PBS (Sigma). For the washes, the cells were
spined at 4°C 1100 RPM for 5 minutes. Next the cell pellets were snap frozen in liquid nitrogen
and frozen at -80°C until the co-immunoprecipitation (co-IP). To-do so, the cell pellets were
lysed in lysis buffer for 45 minutes on a spinning wheel at 45 RPM at 4°C, followed by 10
minutes centrifugation at 10000 RCF at 4°C. Lysis buffer is composed of Tris-buffered saline
(TBS) supplemented with 0.5 % NP40 (Sigma-Aldrich) and Protease and Phosphatase
inhibitor (Thermo Fisher Scientific Inc.). The supernatant was taken off and filtered through a
22 um filter unit (Millipore). Protein concentration was determined by Bicinchoninic acid (BCA)
protein assay (Thermo Fisher Scientific Inc.). Briefly, 10 pl of prediluted cell lysate (1:10) or 10
pl of Albumin standard were mixed with 200 ul BCA working reagent (solution A mixed with
solution B 50:1) in a 96-well plate. The assay was incubated for 30 minutes at 37°C. Then the
absorbance was measured at 562 nm with the SpectraMax M2e reader (Molecular Devices)
using the SoftMax Pro software (Molecular Devices). The protein concentration was calculated
based on the equation given by the linear trendline of the standard curve. During the BCA, the
anti-Flag M2 Affinity Gel (Sigma) was washed 4x on a spinning wheel (45 RPM) followed by a
30 second centrifugation at 500 RCF 4°C. First, they were washed with TBS, then with lysis
buffer and then twice with washing buffer, which was composed of TBS, protease, and
phosphatase inhibitor, 0.1% NP40. 10 mg of protein were incubated with 50 pl beads in a total
volume of 1.8 ml. The lysate-anti-Flag affinity M2 gel mix is incubated for 2 hours at 4°C, 35
RPM. Next, the beads were transferred to spin columns and washed three times with washing
buffer. For the elution of the precipitated protein, the beads where incubated with Flag Peptide
(Sigma) for 20 minutes on the spinning wheel (35 RPM, 4°C) followed by a 1-minute
centrifugation 1000 RCF. Before the assessment of the eluate with LC-MS, 5% of the sample
were probed on a gel. The eluate was further processed for mass spectrometric measurement

or subjected to western blot analysis.

34



Materials and Methods

4.4.2 Endogenous immunoprecipitation
For endogenous co-IPs, Protein G agarose fast flow beads (Millipore) were washed three
times. To this end, the beads were incubated with lysis buffer on the spinning wheel (25 RPM)
for 2-5 minutes at 4°C, followed by a 1 min centrifugation at 500 RPM 4°C. After washing the
beads, latter were resuspended in wash buffer and distributed equally to the individual tubes.
For the pre-incubation with the antibody against GCase, 13 ug of anti-GBA MaxPab antibody
(Abnova), or rabbit IgG control (Enzo Life Sciences) were added to the beads. The bead
antibody mix was incubated for 2 hours at 4°C and 20 RPM on the spinning wheel. In the
meantime, NPCs were lysed as described above and the protein content determined with the
BCA protein assay. After incubating the beads with the antibody, these were washed again
three times. For the GCase co-IP, 3.5 mg protein was incubated on the spinning wheel for 2
hours with washed antibody decorated beads. Next, the beads were washed three times.
Elution was performed by boiling the beads twice with 2x Laemmli buffer. After each boiling
step, the beads were spun for 1 min at 10000 RCF and the supernatant collected and subjected

to Western blot analysis.

4.4.3 Mass spectrometry analysis

4.4.3.1 Benzonase treatment

0.5 ul Benzonase (Sigma-Aldrich) was added to 40 pg of protein from lysates of cells
expressing V5-Flag-tag CT, V5-Flag-tagged WT, p.E326K or p.L444P mutant GCase. The
sample volumes were adjusted to 50 ul using HPLC H2O and incubated for 30 min at 37°C.

Digested samples were snap frozen in Na.

4.4.3.2 Sample preparation for MS measurement and data collection

The samples were sent to EMBL Heidelberg for TMT-labelled mass spectrometric assessment
where the samples were processed, measured and the data analysis performed. In brief what
was done at EMBL Heidelberg, first the samples were processed for Trypsin digest and
TMT11plex labelling with the TMT11plex Isobaric Label Reagent (Thermo Fisher Scientific
Inc.). After purification of the samples, the peptides were trapped followed by an elution step.
Then the samples were measured on an Orbitrap Fusion™ Lumos™ Tribrid™ Mass
Spectrometer (Thermo Fisher Scientific Inc.). For initial data processing isobarQuant (Franken
etal, 2015) and Mascot (v.2.2.07) were used together with the UniProt Homo sapiens database
(UP000005640). The following criteria lead to exclusion of a peptide: The sequence had more
than 2 Trypsin cleavage sites left or was shorter than 7 amino acids. Proteins that were not
identified by minimum 2 unique peptides were as well excluded from further analysis. The
definition of hit proteins was based on a false discovery rate (FDR) of 0.05 and a fold change
(FC) of minimum 2. The FDR of candidate proteins was defined as less than 0.2 and at least
aFCof 1.5.
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4.4.3.3 Pathway analysis

Enrichment score was calculated using String Version 11.0 (Szklarczyk et al, 2019). To
analyze the proteome data, lists of hits and candidates compared to V5-Flag-tag CT were
generated. The Top10 biological processes with the lowest FDR are represented according to
their -log10(FDR) on the graph. For the interactome analysis, a list containing the candidates
and hits compared to V5-Flag-tag CT for WT was generated and uploaded on String
(Szklarczyk et al., 2019). As ranking value, the log(FC) was used and the FDR was set to 5%.
The graph shows the Top10 biological processes with respect to their enrichment score. For
the assessment of the proteins shared between the published list of endogenous GCase
interactors (Tan et al, 2014) and our interactome, the list of gene names of both lists was

compared by the Venn diagram platform (https://bioinformatics.psb.ugent.be/webtools/Venn/).

For the analysis of the mitochondrial biological processes, the list of WT interactors containing
hit and candidate proteins was compared to the MitoCarta 3.0 list (Calvo et al, 2016; Pagliarini
et al, 2008; Rath et al, 2021) using the same Venn diagram online platform

(https://bioinformatics.psb.ugent.be/webtools/Venn/). For the analysis of the mitochondrial

biological processes, proteins shared between the MitoCarta3.0 list and our interactome were

analyzed using String Version 11.0 (Szklarczyk et al., 2019).

4.5 Generation and correction of new induced pluripotent stem cells

4.5.1 Generation of induced-pluripotent stem cell lines
Media composition for iPSC generation is listed in table 4-9. Fibroblast from PD patients with
heterozygous p.E326K or p.L444P GBA1 mutation were grown in DMEM+/+. When the
fibroblast layer in the T75 flasks was confluent, the cells were washed once with 1x PBS and
detached with 1x Trypsin/ETDA (Biochrom) by about 5 min incubation at 37°C. When the cells
detached the reaction was stopped by adding fresh DMEM+/+. For the nucleofection, we used
the Amaxa nucleofection kit for normal human dermal fibroblasts (NHDF; Lonza). 82ul NHDF
solution was mixed with 18 pl Supplement. Then 10 ug of each plasmid, pCXLE-hOct3/4,
pCXLE-hSK and pCXLE-hUL (all from Addgene, (Okita et al., 2011)) was added. 7x10°
fibroblasts were resuspended with the nucleofection plasmid mix and nucleofected with the
program P-022 of the Nucleofector 2b (Lonza). Fibroblasts were plated in a 6-well plate coated
with Matrigel (Corning) in fresh DMEM+/- containing 10 yM Rock inhibitor Y-27632 2HCI
(Selleckchem). The following day the medium was changed to DMEM+/+ supplemented with
2 ng/ml recombinant basic human fibroblast growth factor (PeproTech). Day 3 or 4 post-
nucleofection, the medium was changed to E8 medium, supplemented with 100 pm Sodium
butyrate and 0.1% Pen/Strep (Sigma-Aldrich). Colonies started to appear from day 14 onwards
and were picked as soon as they were big enough. Induced pluripotent stem cells (iPSCs)

were cultured on Vitronectin XF (StemCell Technologies) in E8.
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Catalogue
Medium Ingredient Quantity  Manufacturer
number
DMEM/F-12, HEPES 500 ml Gibco 31330038
L-Ascorbic acid (64 mg/L) Tml Sigma-Aldrich | A8960
FGF2 (10 pg/ml) 500 pl PeproTech 100-18B
ES8 Insulin-Transferrin-Selenium (ITS-G) 5 ml Gibco 41400045
medium Heparin sodium salt from porcine
) ) 0.5l Sigma-Aldrich  H3149-25KU
intestinal mucosa (100 mg/ml)
recombinant human TGF-R1 (100
10 pl PeproTech AF-100-21C
ng/ul)
StemCell
Basic mTeSR 450 ml 85850
Technologies
mTeSR StemCell
5x mTeSR supplement 50 ml ) 85850
Technologies
Penicillin/Streptavidin 5ml Sigma-Aldrich  P0781-100ml

Table 4-9: Medium used for HEK cell maintenance, iPSC generation and maintenance

To confirm integration free reprogramming, PCR reaction was used to confirm absence of the
plasmid sequence in the line. As a positive control, the plasmids used for reprogramming or
nucleofected cells were used. Untransfected cells were used as negative control. Primers are
listed in table 4-10.

‘ Primer Forward (5'->3') Reverse (5'->3') ‘

KLF4 CCA CCT CGC CTT ACA CAT GAA G TAG CGT AAA AGG AGC AAC ATA G
L-Myc GGC TGA GAA GAG GAT GGC TAC TTT GTT TGA CAG GAG CGA CAAT
Oct3/4 CATT CAA ACT GAG GTA AGG G TAG CGT AAA AGG AGC AAC ATA G
Sox2 TTC ACATGT CCC AGC ACT ACC AG TTT GTT TGA CAG GAG CGA CAAT

Table 4-10: Primers used to check integration free reprogramming

4.5.2 Gene-correction

4.5.2.1 Gene-correction of GBA1 p.L444P mutation

The gene-correction for the p.L444P mutation was done as previously published (Schéndorf
et al., 2014). One hour before nucleofection, 10 yM Rock inhibitor Y-27632 2HCI
(Selleckchem) was added to the culture medium. iPSCs were detached as single cells by
incubation with Accutase (Sigma-Aldrich) for 5 minutes. 8x10° cells were centrifuged and
resuspended in 100 pl Ingenio Electroporation solution (Mirus), containing 3.3 pg linearized
homologous construct with a Neomycin resistance and 0.833 g of each zinc finger nuclease.
The iPSCs were nucleofected with program B-016 of the Amaxa Nucleofector 2b (Lonza). After
electroporation 500 ul mTeSR (StemCell Technologies) was added and the cells were plated

in a Matrigel (Corning) coated 10 cm dish. The selection was started when colonies had formed
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by adding 250 ug ml' of G418 (InvivoGen). Surviving colonies were transferred into 12-wells

and sequenced to determine if the clone was gene-corrected.

4.5.3 Gene-correction of p.E326K GBA1 mutation
For the design of guides and the ssODN for the gene-correction, the sequence between GBA1

exon 7 to exon 9 was obtained from https://genome.ucsc.edu/index.html (Kent et al., 2005).

This sequence was than analyzed with the tool (http://www.genome-engineering.org/) provided

by Ran et al. (2013) to identify potential guides. The guide containing the mutation in the
sequence, which allowed to increase the specificity for the mutant allele, was chosen.
Furthermore the protospacer adjacent motif (PAM) of this guide was closest to the mutation
and therefore increasing the chance for successful gene-correction. To correct the p.E326K
mutation, a mix of 3 pyl crRNA (5’- CAG GCG GTG TGT CTT CCC TA-3’; 200 uM, IDT) with 6
pI Atto550 labelled tracrRNA (100 uM, IDT) was heated to 95°C for 5 min in the dark. Then
they were left to cool down to RT on the bench in the dark. 7.5 pl crRNA: tracrRNA duplex
were incubated for 10 minutes at RT with 4 yl Cas9 nuclease (62 uM, IDT, N° 1081058) to
form the ribonucleoprotein (RNP) complex. 16 pl single-stranded oligodeoxynucleotides
(ssODN; Ultramer DNA Oligo, IDT) were added to the RNP complex. The sequence of the
ssODN was the following: 5’-CAT TGC TGT ACA TTG GTA CCT GGA CTT TCT GGC TCC
AGC CAA AGC CAC CCT AGG GGA GAC ACA CCG CCT GTT CCC CAA CAC CAT GCT
CTTTGC CTC AGA GGC CTG TGT GGG-3'. 1 hour before nucleofection, iPSC medium was
supplemented with 10 yM Rock inhibitor Y-27632 2HCI (Selleckchem). iPSCs were incubated
with Accutase (Sigma-Aldrich) to obtain single cells. 1.6x10° cells were nucleofected with 13.6
MI RNP complex/ssODN mix in 100 ul Ingenio Electroporation solution (program B-016, Amaxa
Nucleofector). Following nucleofection, the cells were spun at 1100 RPM for 5 min. The pellet
was re-suspended in FACS buffer (PBS, 1mM EDTA, 2% FBS) filtered through a 40 um nylon
mesh and FACS sorted for Atto550 medium and high positive cells. Sorting was performed
with a 100 um on an ARIA lllu flow cytometer using the DIVA software. It was done with the
support of the Flow Cytometry Core Facility of the Universitatsklinikum Tabingen. 1x10%4 cells
were plated per 10 cm dish. Colonies were picked and sequenced by Sanger sequencing to
check for successful gene-correction. Furthermore, to confirm no chromosomal aberrations
occurred, DNA was sent to Genomics — Life and brain in Bonn. To confirm absence of off-
target effects, we used CCTOP (https://cctop.cos.uni-heidelberg.de:8043/; (Stemmer et al,
2015), Appendix 9.3) CRISPOR and (http:/crispor.tefor.net/crispor.py; (Concordet &
Haeussler, 2018), Appendix 9.4) to predict the 5 most likely off-target effects and sequenced

the region with the primers listed in table 4-11.
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Forward (5°->3") Reverse (5'->3")

Off-target
NUDCD3 TGC CCC TTC CTC TCT AGA CC TCA AGG CCA TCT TGT GAC CC
BBS9 CCA CAC GCACCG AGG G AGC ACT TAC AAC GGA CGC CA
RP11-576122.2 GTT TGT GTT AGC GGA AGG CG TGG CAA CCA GAA GTG AAT GC
WDR1 ACC CCT GGAACAAACTGG TG CAT TTT GTC ACG GAA CCG CA
GBAP1 TCTTTGGTGAGACTACTAATGGG CAGGGTGACTTGTTCTTCCTT TG
CDH23 GAG CCA AGA CTA GCA CCC AA ACG CTG TAG GGC TGATTG TG

Table 4-11: Primers used for the off-target sequencing

4.6 Differentiation of iPSC into neural precursor cells and

dopaminergic neurons

The generation of neural precursor cells (NPCs) and the differentiation to midbrain
dopaminergic neurons was done according to Reinhardt et al. (2013) . On day 0, colonies were
cut into pieces using a needle (Terumo) and detached from the well to form embryoid bodies
(EB) in hESC medium. hESC medium contains Knockout DMEM (Gibco), 20% Knockout
Serum replacement (Gibco), 1% Pen/Strep (Sigma-Aldrich), 1% GlutaMAX (Gibco), 1% Non-
essential amino acids (Gibco), 500 uM R-Mercaptoethanol (Sigma) supplemented with 10 uM
SB431542 (Selleckchem), 1 yM Dorsomorphin (Sigma), 3 yM CHIR99021 (CHIR, Sigma-
Aldrich), 0.5 yM Purmorphamine (PMA; Merck Millipore) and 10 yM Rock inhibitor Y-27632
2HCI (Apol, Selleckchem). On day 2, the medium was changed to N2B27 medium containing
50% Neurobasal Medium (Gibco), 50% DMEM/F12 (Gibco), 1% Pen/Strep (Sigma-Aldrich),
1% GlutaMAX supplemented with 10 uM SB431542, 1 yM Dorsomorphin, 3 uM CHIR, 0.5 yM
PMA. Two days later the medium was changed to NPC-medium, which is composed of N2B27
medium supplemented with 3 yM CHIR, 0.5 pM PMA and 150 um ascorbic acid (AA; Sigma-
Aldrich). On day 6, part of the medium was removed and the EBs were triturated by pipetting
up and down. The EB pieces were moved to a new Matrigel coated well of a 6-well plate
containing fresh NPC-medium with 10 uM Apol. Between day 8 to 10, the cells were split 1:10
using Accutase (Sigma-Aldrich). Every 2 days the medium was changed. When the cells were
pure NPCs, the cells were split once a week when a confluent NPC layer covered well bottom.
To start a differentiation to midbrain dopaminergic neurons, 1.25x10° NPCs were split in a
Matrigel coated 6-well containing NPC-medium with 10 uM Apol. The following day the
medium was changed to Differentiation medium. Differentiation medium is composed of
N2B27 medium containing 100 ng/ml Fibroblast growth factor 8 (FGF8, PeproTech), 1 uM
PMA and 200 pM AA. Medium change continued to be done every 2 days. Day 6 after starting
the differentiation, 3x10° cells were split into a Matrigel-coated well of a 6-well plate containing
fresh Differentiation medium with 10 uM Rock inhibitor. The next day the medium was changed

to Maturation medium supplemented with 0.5 yM PMA. Maturation medium consists of N2B27
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medium supplemented with 10 ug/ml brain derived neurotrophic factor (BDNF; PeproTech),
10 ug/ml Glial-derived Neurotrophic Factor (GDNF; PeproTech), 1 ng/ml Transforming growth
factor-R3 (TGF-B3; PeproTech), 500 uM N€2-O-Dibutyryladenosine 3',5'-cyclic
monophosphate sodium (db-cAMP; PanReac AppliChem) and 200 uM AA. The medium was
then changed every 2 days with Maturation medium. On Day 13 of the differentiation, the final
splitting of the neurons was done using Accutase. During this splitting, the neurons were split
in the final Matrigel-coated experimental plate or on coverslips. After 21 days of differentiation,
the cells were ready to be used for experiments. To evaluate the differentiation potential, the
cells were stained for TH, marker of dopaminergic neurons and R3Tubulin, a pan neuronal
marker. Antibodies are listed in table 4-14. The nucleus was stained with 4',6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI, Biolegend). Pictures were taken in blinded fashion by
Claudio Giuliano. Total nuclei were counted, as well as TH and 33Tubulin positive cells. The
number of dopaminergic neurons as well as the R3Tubulin cells was divided by the number of

nuclei to obtain the percentage of all and TH positive neurons.

4.7 Western blot analysis

Cells were collected and washed 1x with PBS. The pellets were lysed, and protein
concentration determined as described for co-immunoprecipitation. 20 ug protein or 20-30 ul
eluate of the Flag precipitation were mixed with 6x Laemmli containing 12.5 % B-
Mercaptoethanol. Samples were loaded on self-casted Acrylamide gels, usually containing
7.5-15% Acrylamide (composition shown in table 4-12) or gradient 4-12% pre-cast gels
(Invitrogen™). Gels were run at 80 V until the samples reached the stacking gel, and then they

were run at 120 V until the dye front run out of the gel or until desired separation was achieved.

. Volume Volume Volume Volume .
Separation Stacking Volume
(ml) for (ml) for (ml) for (ml) for
(e[]] Gel (ml)
7.5% 10% 12.5 % 15%

Lower Upper
Buffer Buffer

Acrylamide 5 Acrylamide
40% 40%
Milli-Q H20 Milli-Q H20
APS 10% APS 10%
TEMED TEMED

Table 4-12: Composition of Western blot gels.

Polyvinylidene fluoride (PVDF) membrane (Life Technologies) was activated by 5-minute
incubation in Methanol (VWR). Proteins were transferred on PVDF membrane for 2 hours at
200 milliampere or 20 V overnight at 4°C, followed by 2 hours at 100 V. PVDF membranes
were blocked in TBS 0.1% Tween containing 5% Milk (Nonfat dried milk powder, PanReac
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AppliChem) or 5% bovine serum albumin (Serva). Primary antibodies (Table 4-13) were diluted
in antibody solution containing 5% Roche Block solution (Roche) or 5% BSA in TBS-T
supplemented with 0.04% sodium azide. Primary antibody incubation was done overnight at
4°C on a shaker. The following day, the primary antibody was removed, and the membranes
were washed 3x for 5 mins at RT. Then the secondary antibody was diluted in the same
antibody solution as the primary antibody and incubated for 1 hour at RT on a shaker. After
removal of the secondary antibody, the membrane was washed again 3x for 5 mins. ECL
solution (Millipore) or for weak signals, SignalFire™ Elite ECL Reagent (Cell signaling
technology) was prepared. The membranes were put on plastic in the developing cassette and
the respective ECL was added on the membrane. After removal of the excess ECL, the

membrane was covered with plastic and the cassette closed. In the dark room, the Ultra Cruz
Autoradiography film (Santa Cruz) was laid on the plastic covering the membrane and
incubated for the appropriate time depending on the target. Then the film was put into the
developer. The membrane was scanned and the densitometric analysis was carried out with
Image J (Schneider et al, 2012). For calculating the ratio of the interaction, the value obtained
for the protein of interest was divided by the respective Flag value. Then all ratios were

normalized on WT.

‘ Target Host WB Brand Cat number ‘
R-Actin Mouse 1:10000 Sigma Aldrich A5441-0.1
ATP5B Mouse = 1:1000 Santa Cruz sc-135903
Calnexin (TO-5) Mouse 1:200 Santa Cruz sc-80645
DJ-1 Mouse = 1:1000 Santa Cruz sc-55572
DYKDDDDK Tag (Flag) Rabbit 1:1000 Cell Signaling Technology 14793S
GBA1 Mouse @ 1:1000 Sigma-Aldrich WMO0002629M1
GRP78 Rabbit 1:8000 Proteintech 11587-1-AP
GRP9%4 Rabbit | 1:1000 Proteintech 14700-1-AP
HSC70 Mouse 1:1000 Santa Cruz sc-7298
HSP60* Mouse = 1:3000 Santa Cruz sc-271215
HSPAS8 (D12F2) Rabbit  1:1000 Cell Signaling Technology 8444S
LONP1 Rabbit | 1:2000 Proteintech 15440-1-AP
NDUFA10 Mouse 1:1000/1:4000 Santa Cruz sc-376357
TBC1D15 Rabbit = 1:2500 Novus Biologicals NBP2-36552
TIM23 Rabbit = 1:1000 Proteintech 11123-1-AP
TOM70 Rabbit | 1:1000 Proteintech 14528
Vinculin Mouse 1:1000 Santa Cruz sc-73614

Table 4-13: Antibodies used for Western blot analysis
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4.8 Immunofluorescent labelling

For pluripotency staining, pieces of iPSC colonies were plated on Matrigel-coated (Corning)
coverslips (VWR). For other immunofluorescent labellings, 10000-20000 cells were plated on
Matrigel coated coverslips. Before fixation, the cells were washed once with PBS. Fixation was
done for 10 minutes in 4% PFA (Sigma-Aldrich) at RT. Then the cells were washed 2x with
PBS. The coverslips were stored in PBS at 4°C until the staining was performed. For the
staining, the coverslips were moved to a new well and incubated for 1 hour with 250 pl blocking
solution, which consisted of PBS containing 10% normal goat serum (NGS; Biozol) and 0.1%
Triton-X (Carl Roth) in case of intracellular immunofluorescent staining, at RT. For the staining
of cell membrane proteins, the blocking was done in the same way only that the blocking
solution did not contain Triton-X. Primary and secondary antibody solutions were prepared in
blocking solution containing 5% NGS. Primary antibodies (Table 4-14) were diluted and 50 pl
were pipetted on parafilm in a wet chamber, consisting of a tip box with water and paper in the
lower chamber and parafilm on the tip stray. The coverslips were removed from the well
containing the blocking solution and put upside down on the antibody solution. Primary
antibody was incubated O/N at 4°C. The next day, the coverslips were moved back in a 24-
well plate and washed 3x for 5 mins with PBS only for surface markers or PBS containing 0.1%

Triton-X for internal markers.

‘ Target Host ICC Brand Cat number ‘
DYKDDDDK Tag (Flag) Rabbit 1:1000 Cell Signaling Technology Inc. 14793S
GBA1 Mouse  1:1000 = Abcam Ab88300
GFP Mouse 1:500 Sigma-Aldrich G6539
LAMP1 Mouse | 1:40 Developmental Studies Hybridoma HAA3

Bank
LAMP1 Rabbit  1:200 Cell Signaling Technology Inc. 9091
LONP1 Rabbit ~ 1:100 Proteintech 15440-1-AP
OCT3/4 (3A2A20) Mouse 1:1000 Biolegend 653702
R3tubulin Mouse 1:1000 Biolegend 801202
Tom20 Mouse  1:500 Santa Cruz sc-11415
Tra1-60 Mouse @ 1:50 Millipore MAB4360
Tra1-81 Mouse 1:50 Millipore MAB4381
Tyrosine Hydroxylase  Rabbit = 1:500 Pel-Freeze Biologicals P40101-150
V5 Epitope Rabbit  1:1000 Novus Biologicals NB600-381

Table 4-14: Antibodies used for immunofluorescent staining

Alexa Fluor conjugated secondary antibodies (Invitrogen™) were diluted, 250 ul were added
to each well and incubated for 1 hour at RT in the dark. Then the coverslips were washed
once, followed by a 5 min incubation with DAPI (Biolegend). Before the mounting, the cells

were washed twice with PBS. For mounting 10 pl Dako mounting medium (Agilent) was added
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to a slide. Then the coverslip was removed from the well, the side of it was dried on a paper
towel to remove excess liquid. The coverslip was mounted upside down on the glass slide.
The slides were assessed with the Zeiss Axio Observer.Z1/7 with either the Plan-Apochromat
20x/0.8 M27 objective or the Plan-Apochromat 63x/1.40 Oil DIC M27 using the Zen blue
software (Zeiss) to acquire pictures. Alternatively, the TCS SP8 confocal microscope (Leica
Biosystems) was used with the 63x 1.4NA plan-apochromat oil objective. For the thesis, the

signal of the pictures, as well of the negative control, was enhanced.

4.9 Proximity ligation assay

Cells were fixed for 10 minutes with 4% PFA and then permeabilized for 1 hour in PBS-T at
RT. Proximity Ligation assay (Duolink® In Situ Red Starter Kit Mouse/Rabbit, Sigma-Aldrich)
was performed according to the Manufacture’s protocol. All of the following incubation steps
are performed at 37°C in a pre-warmed humidity chamber. In brief, after permeabilization of
the cells blocking was performed by adding one drop of Duolink® Blocking Solution per well.
The slide was placed in a prewarmed humidity chamber (as used in the immunofluorescent
staining protocol) and incubated for 1 hour at 37°C. In the meantime, the primary antibody
solution was prepared in Duolink® Antibody Diluent. Primary antibodies are listed in table 4-
15. 15 pl primary antibody solution was incubated O/N at 4°C in a humidity chamber.
Target " Wost “PA “Brand _— —catnumber |

DYKDDDDK Tag (Flag) Rabbit 1:1000 Cell Signaling Technology 14793S

LONP1 Rabbit  1:1000 Proteintech 15440-1-AP

V5 Epitope Mouse 1:1000 Biolegend 680602

Table 4-15: Primary antibodies used for the proximity ligation assay

For the washing steps, the slide was incubated twice for 5 mins in washing buffer A at RT. The
next day the antibody solutions were tapped off the slide, which then was washed twice for 5
min in washing buffer, shaking at RT. In the meantime, the Duolink® PLA probe was prepared
by mixing the Plus and Minus strands in a 1:5 in Duolink® Antibody Diluent. After the second
wash, the washing buffer was removed and 15 ul Duolink® PLA probe was added per well and
incubated for 1 hour at 37°C. After the incubation with the PLA probe, the solution is removed
from the slide followed by a washing step. In the meantime, the ligation buffer is prepared by
mixing 15.2 yl Milli-Q H20, 3.8 pl 5x buffer with 1 pl Ligase. 20 pl were applied per well and
the ligation reaction was left for 30 min. After removal of the ligase, the slide is washed again
while the amplification solution is prepared by mixing the buffer at a ratio of 1:5 with Milli-Q
H.0O and 0.25 pl Polymerase is added per 20 pl Amplification buffer. The amplification reaction
was performed for 100 min in the dark. Then the slides were washed twice for 10 minutes with
wash buffer B followed by a 1 min wash with 0.01 % wash buffer B. The excess buffer was
removed and the coverslip was mounted with Duolink® In Situ Mounting Medium with DAPI

and the edges of the coverslip fixed with nail polish. 15 minutes later, the slides were assessed
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with the microscope. Pictures were acquired with an Axio Observer.Z1 (Zeiss) using a 63x
1.4NA plan-apochromat oil objective or 20x 0.8 NA plan-apochromat objective. For the thesis,

the signal intensity was enhanced for all the pictures including the negative controls.

4.10qRT PCR analysis

4.10.1 RNA isolation
The RNA place was cleaned from RNase, by spraying RNAseZAP™ (Sigma-Aldrich) and
whipping the place with Milli-Q H20 after incubation. The RNA was extracted using the RNeasy
Mini kit (Qiagen) according to the manufacturer’s protocol on ice. The cell pellet was lysed by
adding 350 pl RLT buffer. Then 350 pl 70% ethanol was added, mixed by pipetting up and
down and transferred to a RNeasy mini column (Qiagen). The column was then spun for 15
sec at 8000 RCF, which was as well the condition used for the following centrifugations. After
the centrifugation, the flow-through was discarded. Next, 700 ul buffer RW1 was added and
followed by a centrifugation step. The next step, addition of 500 yl RPE followed by spinning
of the column was repeated twice. The second centrifugation step was elongated to 2 mins.
After discarding the flow-through, the empty column was spun at 13000 RPM. The column was
transferred to a new tube and 30 yl RNase-free water was added on top of the membrane.
After 1 min incubation, the tube with the column was centrifuged for 1 min at 8000 RCF. The

flow-through was kept on ice and directly processed or stored at -80°C until further processing.

4.10.2 Reverse transcription an qRT PCR
For the cDNA synthesis, the reagents from the QuantiTect Reverse Transcription kit (Qiagen)
were thawed at RT. Only the Quantiscript Reverse Transcriptase was thawed on ice. The
protocol was performed as described by the manufacturer (Qiagen). To remove genomic DNA,
12 ul of isolated RNA was mixed with 2 pyl 7x gDNA Wipeout Buffer. This mix was then
incubated for 10 mins at 42°C. After the incubation, the tubes were straight away put on ice.
In the meantime, the master mix for the cDNA synthesis was prepared. Per sample, it consisted
of 4 yl 5x Quantiscript RT Buffer, 1 yl RT Primer Mix, and 1 pl Reverse Transcriptase. 6 yl of
the master mix were added per sample after removal of genomic DNA. This mix was then
incubated for 30 mins at 42°C, followed by a 3 mins incubation at 95°C to inactivate the
enzyme. The generated cDNA was then quantified with the NanoDrop2000™ (Thermo Fisher
Scientific). For the qPCR, part of the sample is diluted to 50 ng cDNA/ul and 2 ul were
distributed per well of an MicroAmp™ Optical 384-Well Reaction Plate with Barcode (Applied
Biosystems™). Furthermore, 5 pl QuantiTect SYBR Green (Qiagen) and 3 pl of a mix
containing 5 yM FW and RV primer were added per well. After 1 min centrifugation at 1000
RPM at 4°C, the plate was introduced into the QuantStudio RealTime PCR system (Applied

Biosystems) and the standard program was run.
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4.11shRNA mediated KD using Lentivirus in T-Rex HEK cells

4.11.1 Virus generation
The day before the transfection, to reach a confluency of about 80%, 6x10°6 HEK 293 cells
were seeded per 10 cm dish in DMEM+/- medium. The following day (Day1), 600 pl OptiMEM
(Gibco) was mixed with 4.05ug psPAX2 (Addgene), 0.450 ug pMD2.G (Addgene) and 4.5 ug
of the respective shRNA plasmid. Later are listed in table 4-16. psPAX2, encoding lentiviral
packaging proteins, and pMD2.G, encoding viral envelope proteins, were a gift from Didier
Trono (Addgene plasmid # 12260 and Addgene plasmid # 12259). The sequences for TIM23
KD1 and TIM23 KD2 were previously published (Goemans et al, 2008). Information on shRNAs
is shown in Table 4-16. After addition of the plasmids to the OptiMEM, 40 ul of TransIT-X2
(Mirus) was added. The mix was swirled and incubated for 30 mins at RT. Afterwards the

transfection mix was added dropwise to one 10 cm dish per shRNA.

‘ Target Vector name Sequence Vector ID ‘

TIM23 pLV[shRNA]-Puro- ATGACAGGCAT VB210128- Goemans et al., 2008/
U6>Tim23 KD1 GTTGTATA 1106hrg VectorBuilder

TIM23 pLV[shRNA]-Puro- CTCTGTCTCCTT VB210129- Goemans et al., 2008/
U6>Tim23 KD2 ATTTAAA 1039mum VectorBuilder

Scramble pLV[shRNA]-Puro- CCTAAGGTTAA  VB010000- VectorBuilder

(No-target) U6>Scramble_shRNA#1 GTCGCCCTCG 0005mme

HSPAS MISSION® pLKO.1-puro  GCAACTGTTGA @ TRCNOOOO @ Sigma Mission library
HSPA8 shRNA KD1 AGATGAGAAA 017279

HSPAS MISSION® pLKO.1-puro CCAAGACTTCTT TRCNO00OO Sigma Mission library
HSPA8 shRNA KD2 CAATGGAAA 017281

Scramble MISSION® pLKO.1-puro / SHCO016 Sigma Mission library

(non- non-Target shRNA

target) Control plasmid DNA

Table 4-16: shRNAs used to generate knockdown for HSC70 and TIM23

The following day the medium was changed to DMEM+/+ medium. Virus containing medium
was collected at 2 timepoints, day 4 and 5 after transfection, and replaced with fresh DMEM+/+.
The collected medium was filtered through a 0.45 um PVDF syringe filter (Millipore) and stored
at 4°C until the upconcentration of the virus on day 5. To concentrate the virus, the filtered
medium was added in a Vivaspin20 centrifugal concentrator (Sartorius) and centrifuged at
3000 RCF at 4°C until the virus was concentrated to a volume between 0.5-1 ml. The
concentrated virus was distributed into small aliquots of 20 uyl and stored at -80°C until the
infection of the cells. To estimate the amount of virus in the concentrate, Lenti-X GoStix Plus
(TaKaRa) were used to determine the concentration of the viral protein p24. The viral

concentrate was diluted with medium and 20 ul were applied on the test sticks. Then 80 ul of
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chase buffer was added and the reaction was incubated for 10 mins at RT. Next the app was

used to determine the concentration of p24.

4.11.2 Viral infection of T-Rex HEK cells
For the individual assays, the virus concentration leading to KD was determined. The same
viral concentration was applied for scramble as well as the shRNAs of the respective target.
5x1075 T-Rex HEK cells for induction of either CT or p.L444P were plated per 6-well in
DMEM+/-. The following day cells were infected with the quantity of virus corresponding to
40000 ng p24/ml for scramble and both HSPA8 shRNAs and 80000 ng p24/ml for scramble
and corresponding TIM23 shRNAs. 24 hours after infection, the medium was changed with
DMEM¢+/- containing puromycin (InvivoGen) to start the selection. On day 4, the cells were
split from the 6-well to a 10 cm dish (Falcon). The next splitting was on day 8 during which
10x1076 cells were splitin a 15 cm dish (Thermo Fisher Scientific). The following day induction
of the expression of CT or p.L444P GCase was started by a medium change to DMEM+/-
containing 50 ng/ml doxycycline. 48 hours later the cells were collected, and a small amount
was subjected to WB analysis to make sure that the KD worked, before using up to 10 mg of

lysate for Flag IP.

4.12GCase activity assays

4.12.1 Whole cell activity assay
The day before the GCase activity assay, 1x10° cells were split into one well of a 48-well plate.
Per condition triplicates were seeded for each measurement. To assess background signal,
Conduritol B epoxide (CBE), which is an inhibitor of GCase, was added to Mcllvaine buffer (pH
6.0) to reach a final concentration of 4 mM. Cells were washed once with 1x PBS. After removal
of PBS, 500 pl of Mcllvaine buffer with and without CBE was added to the cells and incubated
for 30 minutes at RT. In the meantime, 4-methylumbelliferyl-B-D-glucopyranoside (MUB-Gilc;
Glycosynth) was dissolved in 0.2 M acetate buffer (pH 5.2). Part of the substrate solution was
mixed with CBE to achieve a final concentration of 1 mM CBE in acetate buffer. Mcllvaine
buffer was removed from the cells, and 150 pl substrate solution with or without 1mM CBE was
added to the cells. The plate was then incubated for 5 hours at 37°C. Next 750 pl of 0.2 M
Glycine (pH 10.2) was added. The plate was measured in the SpectraMax MZ2e reader
(Molecular devices; excitation:355 nm; emission 460 nm). For evaluation, the value obtained
in the wells treated with CBE were subtracted from the wells without CBE to remove non-

GCase background signal and the average of the technical replicates calculated.

4.12.2 Cell lysate-based GCase activity assay
Cells were lysed by sonication in H,O containing 0.01% Triton-X 100 (Carl Roth), and the
protein concentration was determined by BCA (thermos Fisher Scientific). MUB-Glc was

dissolved in 200 mM sodium citrate phosphate buffer by heating to 60°C. 10-20 ug protein was
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mixed with 0.81 mM CBE (Calbiochem) or H.O and 2.5 mM MUB-GIc in the presence of
taurocholic acid (Sigma). The reaction was incubated for 1 hour at 37°C shaking in the dark.
Addition of 1.8 ml 0.2 M glycine buffer (pH10) stopped the reaction. 200 pl were transferred to
a microplate for fluorescence-based assays (Thermo Fisher Scientific Inc.). Measurement was
done in triplicate on the SpectraMax M2e reader (Molecular devices; excitation: 355 nm;

emission: 460 nm). Evaluation was done as for the GCase activity assay in whole cells.

4.13Mitochondrial respiration analysis using Seahorse XF96

analysis
Three days prior the seahorse analysis, 1x10*4 T-Rex HEK cells were plated per well of a
XF96 cell culture microplate. Next day, the 48 hours doxycycline treatment (50ng/ml) was
started. Following the treatment, the cells were ready for assessment of mitochondrial
respiration. For midbrain dopaminergic neurons, the differentiation protocol described above
was followed. During the final splitting, 1.5x10%5 cells were plated in each well of a XF96 cell
culture microplate (Agilent). One to two weeks later the Seahorse analysis was conducted.
The evening before the experiment, the plate of the XFe96 sensor cartridges (Agilent) was
filled with 200 ul water to hydrate the sensors at 37°C O/N. Before the calibration, water was
removed, and warm calibration buffer added and incubated for 1 hour at 37°C. The 10x
concentrated toxins were prepared in parallel. The final toxin concentrations used in the assays

are listed in table 4-17.

‘ Toxin T-Rex HEK cells Neurons ‘

Oligomycin (Sigma-Aldrich) 20 uM 1 uM
CCCP (Sigma-Aldrich) 1uM 5uM
Antimycin (Sigma-Aldrich) 2 yM 1 uM
Rotenone (Sigma-Aldrich) = 2 uM 1 uM

Table 4-17: Toxins and concentrations for T-Rex HEK cells and iPSC-derived dopaminergic neurons
used for Seahorse experiments.

After 1 hour, the XFe96 sensor cartridges was taken out of the incubators, and the toxins were
added in the respective wells. Next, the calibration of the Seahorse XFe96 Analyzer (Agilent)
was started. Seahorse medium was prepared by mixing 48.5 ml Seahorse XF DMEM medium
(Agilent) with 500 pl GlutaMAX, 500 ul Seahorse XF 100 mM pyruvate solution (Agilent) and
500 ul Seahorse XF1.0M glucose solution (Agilent). In the meantime, the medium of the cells
was changed to Seahorse medium by exchanging twice 180 pl of medium with seahorse
medium. Next, the plate containing the cells was introduced into the Seahorse XFe96 Analyzer
(Agilent) and the run started. After the assay, the medium was removed and replaced with 10
I lysis buffer. The plate was then frozen at -80°C until the next day. For the lysis, the plate
was placed on the shaker for 1 hour at 4°C. Afterwards, the lysis buffer was pipetted up and

down, and the wells of the same condition collected in one tube. After centrifugation at 10000
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RCF for 15 mins, the supernatant was collected and subjected to BCA (Thermo Fisher
Scientific) to determine the protein concentration. The analysis was conducted using the Wave
2.6 software (Agilent) and was normalized to the protein concentration of the different
conditions. Assessment of the individual curves allowed identifying the outlier wells, which did

not respond well to the toxins.

4.14 Split-GFP analysis of GCase mitochondrial localization

4.14.1 Design of the constructs

Mitochondrial matrix targeted split-GFP1-10 (MTS-GFP1-10) was designed as previously
described (Cali et al, 2015) and obtained from VectorBuilder. The sequences of the constructs
used are listed in Appendix 9.2. MTS-GFP1-10 was cloned into pcDNA™5/FRT/TO, and the
stable T-Rex HEK cells generated as described above. For GCase split-GFP (GBA1-S11R), a
27 bp linker followed by the GFP-S11R sequence (Cali et al., 2015), was added at the C-
terminal of the GBA7 cDNA sequence. As positive control (MTS-GBA1-S11R), the matrix
targeting sequence was inserted at the same location as the V5-Flag-tag in the GBAT1
sequence and the linker plus GFP-S11 was added at the C-terminal. Plasmids containing the
GBA1-S118 or MTS-GBA-S118 constructs were ordered from VectorBuilder. p.E326K or
p.L444P mutation was inserted in the WT construct using side-directed mutagenesis
(QuikChange XL Il, Agilent). For MTS-GFP1-10 induction, 2x10*4 MTS-GFP1-10 T-Rex HEK
cells were seeded on Matrigel-coated chambered cell culture slides (Ibidi) for live-cell imaging
or on glass coverslips forimmunofluorescent staining. For the immunofluorescent staining, the
cells were treated with 200 ng/ml doxycycline for 48 hours. For live-cell imaging, GBA1-S118
or MTS-GBA-S118 constructs were transfected the next day using ViaFect (Promega). To do
so, 1.5 ug of the plasmid was mixed with OptiMEM (Gibco) to obtain 100 pl solution. Then 3 pl
ViaFect was added, and the mix was incubated for 20 min at RT. Then 40 pl were added
dropwise per well. The next day, MTS-GFP1-10 was induced by treatment with 50 ng/ul
doxycycline in DMEM+/- for about 24 hours.

4.14.2 Live cell imaging
For live cell imaging, cells were washed once with OptiMEM (Gibco) and then incubated for 20
mins with 100 nM MitoTracker red CM-H,Xros (Invitrogen™) in OptiMEM. Cells were washed
once with OptiMEM, and new OptiMEM was added for imaging. Images were generated with
a 63x 1.4NA plan-apochromat oil objective of a TCS SP8 confocal microscope (Leica
Biosystems). Signal of images was increased for the thesis. As control of signal increase, the

negative control was always increased as the highest increase for another picture.
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4.15Blue Native Electrophoresis for Cl integrity assessment

Cell pellets of NPCs and iPSC-derived neurons from GD-1 and PD-3, isogenic controls and
GBA1 KO were generated and shipped on dry ice to Cristina Ugalde’s lab in Madrid. Here
Maria lllescas conducted the following steps. The mitochondria were isolated from the pellets
and prepared for the analysis by blue native gel electrophoresis according to a published
protocol (Lobo-Jarne et al, 2020), which was slightly modified. The mitochondrial pellets were
treated with digitonin to solubilize them. Pre-cast NativePAGE™ 3-12% Bis-Tris gels
(Invitrogen™) were used to run 40 ug of mitochondrial proteins and then transferred onto a
PVDF membrane. The bands for Cl and CIl were detected using antibodies from Abcam
against NDUFA9 and SDHA, respectively.

4.16 Statistical analysis

For statistical analysis GraphPad Prism Version 9 software (GraphPad software) was used.
For the analysis of the data, we performed the two-tailed Students’ t-test and the ordinary one-
way ANOVA test followed by Tukey’s multiple comparison test. Statistical significance was set
to a P-value <0.05. Data is shown as mean * Standard error of the mean (S.E.M.). Each
replicate is shown as a circle in the graph and the number of technical or biological replicates

is indicated in the figure legend.

4.17 lllustrations

lllustrations were created using PowerPoint (Microsoft office).
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5 Results

5.1 Generation and characterization of T-Rex HEK cell lines

To gain insight into the interactome of GCase and aberrant interactions that might be linked to
GBA1-PD, we decided to assess the interactome of WT, the severe p.L444P and the mild,
non-GD p.E326K mutant GCase using co-IP, followed by quantitative TMT LC-MS analysis.
To do so a tagged, inducible overexpression model was chosen as this approach minimizes
patient-related genetic background issues. Furthermore, overexpression allows
immunoprecipitation of sufficient p.L444P mutant protein for proper analysis. The V5-Flag-tag
was attached at the N-terminus behind the first three amino acids after the leader sequence to
not interfere with the targeting of GCase. To ensure that the function of the protein is not
disturbed by the presence of the tag, these three amino acids were repeated after the tag. In
order to assess whether the tag affects the proper localization of GCase, the sequence of V5-
Flag-tagged WT GBA71 and WT GBA1 without a tag, called V5-Flag-GCase and WT-GCase
respectively in the figures, were cloned into the plasmid pcDNA™3.0. GBA71 KO neural
precursor cells (NPCs) were nucleofected with either of these constructs. Immunofluorescent
staining confirmed a diffuse localization of tagged and untagged GCase within the cell and the
co-localization of tagged and untagged GCase with the lysosomal marker LAMP1 (Figure 5-1
A). Furthermore, HEK cells transfected with these plasmids for 48 hours showed a comparable
increase in GCase activity compared to untransfected (UT) cells (Figure 5-1 B). These results
confirm that GCase localization as well as activity is not affected by the chosen tagging
strategy.

A)

WT-GCase

V5-Flag-GCase

Figure 5-1: Evaluation of V5-Flag-tag model. A) GBA7 KO neural precursor cells were nucleofected
with a plasmid coding for either WT or V5-Flag-tagged WT GCase. Staining with anti-GBA17 and anti-
LAMP1 antibodies allowed assessment of localization (n=1). B) GCase activity measurement in
untransfected (UT) and WT-GCase or V5-Flag-tagged WT GCase overexpressing HEK293 cells. (mean
+ SEM is shown, n=2 biological replicates)

Next to generate the inducible cell lines, the sequence of tagged WT GBAT was cloned from
the pcDNA™3.0 plasmid into the pcDNA™5/FRT/TO plasmid. As negative control for the co-
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IP experiments, we generated T-Rex HEK cells with inducible overexpression of the V5-Flag-
tag only. This sequence was cloned into pcDNA™5/FRT/TO too. Generation of the inducible
T-Rex HEK cells was achieved by transfection of the cells with the plasmid of interest and the
POG44 plasmid, which codes for the FLP recombinase. This allowed insertion of the plasmid
at the FRT site in the T-Rex HEK cell genome. Based on literature, the induction was evaluated
after 48 hours of treatment with 0, 50, 100, 200 and 400 ng/ml doxycycline. Since there was
no apparent difference between the different concentrations (Figure 5-2 A), we chose to treat
the cells with the lowest concentration of 50 ng/ml doxycycline for 48 hours to reduce potential
side-effects. As no band was detectable using WB, after induction of V5-Flag-tag control (not

shown), gPCR was performed to validate the expression (Figure 5-2 B).
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Figure 5-2 Doxycycline dose titration and V5-Flag-tag mRNA expression. A) Western blot of V5-Flag-
tagged WT GCase expression in T-Rex HEK cells treated with 0, 50 ng/ml, 100 ng/ml, 200 ng/ml, and
400 ng/ml doxycycline for 48 hours (n=1) B) Quantification of V5-Flag-tag control mRNA expression
determined by quantitative real-time PCR (n=3 technical replicates, mean + SD is shown).

To generate the p.E326K and p.L444P mutant plasmids, site-directed mutagenesis was used
to mutate the respective nucleotides on the WT plasmid. Figure 5-3 A shows correct mutation
of the G to an A nucleotide originally at position 1093 in the GBA17 gene for the p.E326K
mutation, and mutation of the nucleotide T at position 1448 to a C to obtain the p.L444P
mutation, respectively. The mutant GCase overexpression T-Rex HEK cell lines were
generated in parallel to the WT GCase and control lines. After selection with Hygromycin B
gold, clones were picked and expanded. Induction of expression upon treatment with 50 ng/ml
doxycycline for 48 hours was analyzed by indirect immunofluorescence and WB (Figure 5-3 B
and C respectively). As seen in patients, mutant GCase is unstable, leading to decreased
immunofluorescent signal. WB quantification demonstrated a decreased GCase protein level
between WT and mutant GCase (Figure 5-3 C). On average, tagged p.E326K GCase levels
were lowered by 27% compared to tagged WT. p.L444P GCase protein level was only about
40% of WT levels. p.E326K GCase protein levels were 1.8-fold increased compared to
p.L444P GCase. Furthermore, overexpression of WT GCase led to an average 11.8-fold

increase of GCase activity compared to V5-Flag-tag expressing cells (Figure 5-3 D). GCase
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activity of tagged p.E326K and p.L444P mutant resulted in a 3.6-fold and 1.7-fold increase in
GCase activity respectively compared to the V5-Flag-tag control (Figure 5-3 D).
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Figure 5-3 Characterization of the V5-Flag-tagged glucocerebrosidase (GCase) overexpression T-
Rex HEK cell model. A) Sanger sequencing of tagged p.E326K- and p.L444P-GBA1 plasmids used for
generating the T-Rex HEK cell lines showing correct mutagenesis of the WT plasmid. B)
Immunofluorescent labelling for the lysosomal marker LAMP1 (green) and V5 (GCase, red) of T-Rex HEK
cells overexpressing tagged WT-, p.E326K- or p.L444P-GCase. (Scale bar is 50 ym and 10 pym in the
zoomed pictures.) C) Representative Western blot for Flag (GCase) of uninduced and induced T-Rex
HEK cells and quantification (Mean + SEM is shown, unpaired students T-test was performed, * <0.05,
n=4 biological replicates). Representative Western blot is shown in the publication by Baden, Pérez et al.
(Baden et al., 2023). D) Glucocerebrosidase activity assay of V5-Flag-tag control (CT) and V5-Flag-
tagged WT, p.E326K and p.L444P mutant GCase (n=5 biological replicates; Mean + SEM is shown, one-
way ANOVA was performed, *<0.05, ****<0.0001).
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5.2 Analysis of the T-Rex HEK cell proteome after overexpression of
WT and mutant GCase

To analyze the impact of WT and mutant GCase overexpression on the proteome, expression
of tag-CT, WT and mutant tagged GCase was induced for 48 hours with 50 ng/ml doxycycline.
After harvesting the cells, the pellets were snap frozen. Cells were lysed and 40 ug treated
with Benzonase to remove nucleic acids. The proteins were labelled for TMT LC-MS and
measured. The resulting data was analyzed by Limma analysis. Files containing the hits and
candidates comparing mutant and WT GCase to tag-CT were generated. Using STRING
Version 11.0 (Szklarczyk et al., 2019; von Mering et al, 2005), an enrichment analysis was
performed. Upon overexpression of tagged WT GCase most proteins upregulated are related
to protein folding and unfolded protein response (Figure 5-4 A). Interestingly, in the p.E326K
mutant, in addition to folding related proteins, proteins related to mitochondrial function (i.e.,
respiratory electron transport chain) are increased (Figure 5-4 B). In the tagged p.L444P
mutant the enrichment in mitochondrial protein clusters related to function, i.e., mitochondrial
and ATP coupled electron transport as well as mitochondrial organization, is even more
pronounced (Figure 5-4 C). 4 proteins were picked to validate the proteome data (Figure 5-4
D). Three of these proteins were related to the ER, BiP, Calnexin and HSP90B1. The other
protein is part of mitochondrial complex I, NDUFBS8. As indicated by the proteomic data, an
increase in these proteins is observed in the p.L444P mutant overexpressing T-Rex HEK cells.
Even though the proteomic data does not indicate an increase in NDUFB8 when comparing
WT or p.E326K to CT, the WB shows an increase in protein level. This could be due to a not
significant increase, as there is as well no significant difference between WT or p.E326K

compared to p.L444P mutant.
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Figure 5-4 Overexpression of mutant GCase leads to upregulation of mitochondrial proteins. A-
C) Proteome of overexpressed tagged WT (A), p.E326K (B) and p.L444P GCase (C) were compared
to the control proteome (CT, V5-Flag-tag overexpression). Volcano plots and STRING analysis of the
top enriched biological processes (BP) of proteins that show significant changed protein levels (Volcano
plot: fold change = 2, false discovery rate 5%; BP: fold change = 1.5, false discovery rate 5%) are
shown. Volcano plots from A-C are included in the publication by Baden, Pérez et al. (Baden et al.,,
2023). D) Representative WB to validate increased expression of BiP, Calnexin, HSP90B1 and

NDUF8B (n=2-3 biological replicates).
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5.3 Analysis of the GCase interactomes

To analyze the GCase WT and mutant interactome, as for the proteome of the whole lysate,
the cells were induced for 2 days with 50 ng/ml doxycycline. 10 mg of protein was used to

perform the co-IP. Next, the samples were TMT labelled and analyzed by LC-MS.

5.3.1 Analysis of the WT GCase interactome

Figure 5-5 A shows the first 100 hits of the WT interactome. As marked by the different colors,
WT GCase interacts with proteins from many different compartments. On one hand, ER
proteins, which is to be expected as GCase is synthesized and folded in the ER. On the other
hand, as expected lysosomal proteins interact with GCase. Interestingly, 19% of the Top 100
hit GCase interactors are mitochondrial proteins and 4% of the proteins are defined as ER and
mitochondrial by the GO terms. When comparing the endogenous WT interactome published
by Tan et al. (2014) to our interactome, we found that 12.8% of our interactors were shared as
shown by the Venn diagram in figure 5-5 B. In order to corroborate our overexpression T-Rex
HEK cell model for LC-MS analysis, we decided to confirm interactors from different cellular
compartments by WB (Figure 5-5. C). As ER related markers we checked BiP, Calnexin and
HSP90B1. Next, we analyzed LIMP2, which is a known interactor involved in the transport of
GCase to the lysosome, and the cytosolic proteins HSC70 and DJ-1. As a bridge between
lysosomes and mitochondrial proteins, we validated TBC1D15, which is linked to mitochondrial
lysosomal contacts (Wong et al, 2018). TOM70, TIM23, ATP5B, HSP60 and LONP1 were
chosen to underpin the interaction with different mitochondrial proteins.

For the analysis of the enrichment of biological processes, hits, which were defined as having
an FC of at least 2 and an FDR of maximum 5%, as well as candidates, FC of at least 1.5 and
FDR of maximum 20%, were considered. Furthermore, the log(FC) was used as rank and the
FDR of the String V11.0 analysis was set to 5%. As shown in figure 5-5 D the most enriched
clusters engage in protein processing in the ER. However, to our surprise one cluster of
biological processes was related to mitochondrial protein import into the matrix. Based on the
unexpectedly high number of mitochondrial proteins in the Top 100 proteins, the WT hits and
candidates were analyzed for mitochondrial proteins using MitoCarta3.0 list (Calvo et al., 2016;
Rath et al., 2021). The comparison ended up with a list of 278 proteins shared between our
interactome and the mitochondrial protein list from MitoCarta3.0, which means that the list with
hits and candidates, which contains 2095 proteins in total, contains 13.3% of mitochondrial
proteins. This list was then analyzed for the enriched mitochondrial biological processes. This
time the log(FC) could not be used as rank, as too few proteins were contained in the list.
Mitochondrial proteins from different processes are interacting with GCase, including
mitochondrial organization, mitochondrial transport as well as interestingly oxidation and

reduction processes and cellular respiration (Figure 5-5 E). This is interesting in the light of
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mitochondrial respiratory defects in GCase mutant

(Schoéndorf et al., 2018).
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Figure 5-5 TMT proteomic profiling reveals GCase mitochondrial interactors: A) STRING
representation of the Top 100 WT GCase interactors prominently showing components of the
mitochondrial (blue), ER (red), and lysosome (star). B) Venn diagram representing the overlap between
our overexpression interactome and the endogenous Hela interactome from Tan et al. (2014) C) Co-IP
of the GCase interactors of the ER (BiP and Calnexin), cytosol (LIMP2, TBC1D15, DJ-1, HSC70, and
HSP90B1) and mitochondria (ATP5B, TIM23, TOM70, HSP60 and LONP1). Western blots are used in
the publication by Baden, Pérez et al. (Baden et al., 2023). D) Top biological processes (BP) enriched
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5.3.2 Investigation of differences between the WT and mutant GCase
interactome

Next, we compared the interactomes of WT, p.E326K and p.L444P mutant GCase. To this
end, overexpression of V5-Flag-tagged WT and mutant GCase as well as the V5-Flag-tag CT
was induced, and the biological replicates (n=2-3) were processed in parallel. After Limma
analysis of the data, volcano plots were generated to highlight the hit proteins, fold change at
least 2 times and FDR less than 5%, between WT and mutant and comparing both mutants to
one another (Figure 5-6). Interestingly, interaction with LIMP2 (encoded by SCARBZ2), which
is the scavenger receptor important for the trafficking of GCase to the lysosome, is decreased

in the mutants.
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Figure 5-6 Volcano plots demonstrate variance in the interaction of mutant GCase with
mitochondrial proteins. Interactors that differ by 2-fold change (FC) and have a false discovery rate
(FDR) of <5% are labelled. Proteins labelled in blue are associated with mitochondria. Volcano plots
are presented in the publication by Baden, Pérez et al. (Baden et al., 2023).

In the light of mitochondrial dysfunction being associated with GBA1 mutations and PD, it is of
note that few mitochondrial proteins were interacting to a different degree with mutant GCase
compared to WT (highlighted in blue in Figure 5-6). Comparing the interactome of tagged
p.E326K mutant to WT GCase, 1 out of 5 hit proteins was mitochondrial. Comparing tagged
p.L444P mutant to WT GCase, 3 out of 13 hit proteins were mitochondrial related. In the
comparison of both mutants, mitochondrial proteins represented 2 out of 9 hit proteins. These
surprising results taken together with the fact that overexpression of tagged p.E326K mutant
GCase and to a higher degree with tagged p.L444P mutant GCase leads to an increase of
mitochondrial proteins, made us wonder whether there is a more direct link between GCase
and mitochondrial function. Therefore, the next step was to analyze if GCase potentially traffics

to mitochondria and if it is imported into mitochondria.
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5.4 Mitochondrial targeting and import of GCase

5.4.1 Internal matrix targeting sequence-like sequence of GCase

Most proteins that are targeted to the mitochondrial matrix have a matrix targeting sequence
(MTS). Therefore, since among the Top10 enriched biological processes of the WT interactors,
proteins of mitochondrial import were represented (Figure 5-5), we analyzed if GCase has a
N-terminal MTS. To do so we used TargetP2.0, which is a program developed to detect these
N-terminal MTS sequences (Almagro Armenteros et al, 2019). No classical MTS was detected
for GCase (Figure 5-7 A). Since it has been shown that several mitochondrial matrix proteins
have internal matrix targeting sequence-like sequences (IMTS-Is), we assessed whether
GCase atleast has an iIMTS-Is. Recently a protocol has been published to detect iMTS-Is using
TargetP2.0 (Boos et al, 2018). To do so the sequences resulting from sequential removal of
the first amino acid are analyzed by TargetP2.0. Three iMTS-Is are detected (Figure 5-7 A).
To verify that the V5-Flag-tag did not lead to an artificial MTS, as it is straight after the leader
sequence, we as well analyzed the sequences used for the overexpression. The V5-Flag-tag
does not lead to an artificial MTS (figure 5-7 B) However, in the leader sequence of GCase,
the TargetP2.0 score is reduced. This should not affect the targeting of GCase to mitochondria,
as after synthesis in the ER, the leader sequence is cleaved off (Tsuji et al., 1986). Tagged
p.E326K mutant GCase has only one additional point caused by the mutation that is over the
threshold (Figure 5-7 C). Tagged p.L444P mutant GCase does not have any additional points
over the iIMTS-Is threshold (Figure 5-7 D).
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Figure 5-7 TargetP score indicates that GBA7 has internal matrix targeting sequence- like
sequences (iMTS-Is) but no N-terminal MTS. TargetP2.0 was used to calculate the MTS score to
detect iIMTS-Is in A) WT GCase, B) V5-Flag-tagged WT GCase, C) V5-Flag-tagged p.E326K and D) V5-
Flag-tagged p.L444P mutant GCase. The grey line indicates the threshold for MTS and iIMTS-Is
sequences. The orange line indicates the first amino acid after the leader sequence cleavage site.

58



Results

5.5 GCase is localized in mitochondria
To confirm the mitochondrial targeting of GCase, we decided to use a split-GFP reporter to
demonstrate the presence of GCase in the mitochondrial matrix. The construct designs were

done according to the publication by Cali et al. (2015) and are listed in the Appendix 9.2. Figure

5-8 A-C explains the experimental setup of the split GFP experiments.
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Figure 5-8 lllustration of split GFP
experimental design. A) Upon
doxycycline treatment, mitochondrial
matrix targeted MTS-GFP1-10 is
expressed. B) If the GFP-S11R
sheet is present, in the
compartment, in which the MTS-
GFP1-10 is located, in our case
mitochondrial matrix, they bind and
emission of GFP signal occurs. This
is the case in the positive control, the
mitochondrial matrix targeted MTS-
GBA1-S11R. C) Potential outcome
of overexpression of GBA1-S11R: 1)

will be detected. 2) In case, GCase
traffics into mitochondria,
signal will be observed.

/ / ;— ~N If GCase does not traffic into the
Z e mitochondrial matrix, no GFP signal
) ") GFP

Legend ~¥ GCase ~¥ GBA1-S11B A MTS-GBA1-S11R

@® cFpP Y MTS-GFP1-10 ! Mitochondria

For this experiment, T-Rex HEK cells with inducible expression of matrix targeted GFP1-10
(MTS-GFP1-10), which is missing the GFP-S11R} sheet, were generated to avoid co-
transfection. After selection different clones were picked. Expression of MTS-GFP1-10 was
induced for 48 hours and the cells were stained for GFP and LONP1. Co-localization, as

observed by orange signal in the merge, confirms correct localization of MTS-GFP1-10 in the

mitochondrial matrix (Figure 5-9).
merge

GFP LONP1 Figure 5-9 MTS-GFP1-10 is targeted to the

mitochondrial matrix. Overexpression of MTS-GFP1-
10 was induced by treating the T-Rex HEK cells with 50
ng/ml doxycycline for 48 hours. To confirm matrix
localization of MTS-GFP1-10 staining for LONP1 (red)
and GFP (green) was performed. Scale bar is 20 ym.
Immunofluorescence pictures are part of the publication
by Baden, Pérez et al. (Baden et al., 2023).

In addition, a construct for transient overexpression of WT GBA1-S11R3 as well as
mitochondrial targeted GBA1-S118 (MTS-GBA1-S11R) were designed. The S11i strand of
GFP missing from MTS-GFP1-10 is added after a linker to the C-terminus of the GBA1
sequence. MTS-GBA1-S11R was used as positive control in the experiments. As depicted in
Figure 5-8 C2, when MTS-GFP1-10 combines with GBA1-S113, GFP signal is emitted.

Therefore, if GCase traffics to the same mitochondrial compartments as MTS-GFP1-10,
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mitochondria will appear green. If this is not the case, no GFP signal will be visible (Figure 5-
8 C1).

Figure 5-10 illustrates the outcome of the different experimental setups. In 5-10 A,
mitochondria were stained with MitoTracker red (red) to show colocalization with GFP signal.
In Figure 5-10 B, no MitoTracker red was used to prevent bleed through. Induction of MTS-
GFP1-10 does not lead to green fluorescence, as seen in the negative control. However, when
transfecting these cells 48 hours before imaging with the MTS-GBA1-S11R construct, which is
leading to the overexpression of mitochondrial targeted WT GBA1-S11R in these cells, GFP
signal can be detected and the signal co-localized with the mitochondrial marker. Similarimage
is obtained when transfecting the T-Rex HEK cells with WT GBA1-S11R. In addition to WT
GBA-S113, SDM was performed to introduce the p.E326K mutation as well as the p.L444P
mutation in the construct. Overexpression of mutant GBA-S11[( constructs confirms
mitochondrial localization of mutant GCase. On the other hand, the iIMTS-Is of WT GBA-S113
(WT AiIMTS-Is) was removed to evaluate if the iIMTS-Is has an impact on GCase localization.
Removal of the iIMTS-Is prevents GFP signal, meaning GCase does not traffic to mitochondria

anymore (Figure 5-10 B).
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Figure 5-10 Split-GFP reporter shows that WT,
p-E326K and p.L444P GCase traffic to
mitochondria. A) MTS-GFP1-10 was
overexpressed by treatment with 50 ng/ml
doxycycline for 24 hours and 48 hours
overexpression of the construct of interest, GFP
signal demonstrates that the protein of interest is
imported into mitochondria and is leading to GFP
signal due to the association of MTS-GFP1-10 with
the GFP-S11R strand. As positive control, the MTS
of CoxA8 was inserted at the N-terminal of the WT
GBA1 sequence and the GFP-S11R strand at the C-
terminal. As negative control, only expression of
MTS-GFP1-10 was induced. Overexpression of C-
terminally GFP-S11R tagged WT, p.E326K- and
p.L444P GCase resulted in GFP signal. MitoTracker
(red) was used as mitochondrial marker. B) Imaging
of WT, p.E326K and p.L444P mutant GBA-S118
without MitoTracker as signal was easier detectable
and confirmed that the GFP signal did not result from
bleed through. In this condition, mitochondrial
trafficking of WT AIMTS-Is, in which the IMTS-Is was
deleted from GBA71 sequence, was as well
assessed. (Scale bar is 10 ym)

WT AIMTS-Is
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5.6 Import pathway of GCase

5.6.1 WT and mutant GCase interact with proteins of mitochondrial import

To better understand how GCase is imported into mitochondria, we assessed the interaction
with proteins known to be involved in the mitochondrial import pathway. Recently it has been
published that misfolded proteins can be imported through a HSC70-, TOM70- and TIM23-
depent pathway (Li et al, 2019; Ruan et al, 2017). Therefore, we assessed these proteins as
well. However, these proteins are not only involved in the import of misfolded proteins. It was
previously shown that HSP90, HSC70 and TOM70 are as well involved in the import of
mitochondrial proteins like the carrier protein ANT, that lack the MTS (Bhangoo et al, 2007).
TOMT70 is as well involved in the import of mitochondrial proteins with an iIMTS-Is (Backes et
al, 2018). In addition, TIM23 is involved in targeting of mitochondrial matrix proteins (Schulz et
al, 2015; Wiedemann & Pfanner, 2017). As shown in Figure 5-11, WT and both mutant GCase
interact with HSC70 (A), TOM70 (B) and TIM23 (C).
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Figure 5-11 WT and mutant GCase interact with proteins involved in the mitochondrial import. A-
C) Representative Western blot and densitometric quantification normalized to WT are shown for HSC70
(A), TOM70 (B) and TIM23 (C). (n=3 biological replicates, mean +SEM is shown, one-way ANOVA with
Tukey’s multiple comparison was used). Representative Western blots from A-C are shown in the
publication from Baden, Pérez et al. (Baden et al., 2023).
5.6.2 HSP60 and LONP1 are interactors of WT and mutant GCase

Next, we confirmed the interaction with proteins with which tagged p.L444P mutant GCase
interacted more than tagged WT GCase. We decided to investigate these proteins as the
increased interaction was surprising due to the decrease of tagged p.L444P mutant GCase
protein level compared to tagged WT protein. As it has been shown that misfolded cytosolic
proteins can get imported into mitochondria and be degraded by LONP1 (Li et al., 2019), a
mitochondrial protease, or the yeast homologue PIM1 (Ruan et al., 2017), our interest was
caught by the increased interaction of p.L444P mutant GCase with LONP1. Interestingly, it

was shown that WT as well as mutant TDP-43 interact with LONP1 (Wang et al, 2019a).
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Western blot analysis of the eluate confirmed a higher interaction of p.L444P mutant GCase
and LONP1 compared to WT and p.E326K mutant GCase (Figure 5-12 A). MS data show that
HSP60, a mitochondrial chaperone, was close to be a candidate protein but did not reach
significance most likely due to an outlier. In addition, HSP60 had already been discovered in a
previous interactome study of GCase (Tan et al., 2014). Therefore, we checked the interaction
on WB. Densitometric analysis confirmed that WT GCase interacted significantly less with
HSP60 than p.L444P mutant GCase (Figure 5-12 B). To ensure that the interaction is not
caused by overexpression, we gene-corrected an p.L444P homozygous iPSC line (GD-2 and
isogenic control GC-2) and differentiated them into NPCs (described in chapter 5.7). Co-IP
was performed on lysates of GC-2 and GD-2. The p.L444P homozygous mutant and isogenic
control were selected to get a clearcut picture, as in the heterozygous we would still pull-down
as well WT GCase. As negative control WT lysate was incubated with IgG control antibody. As
shown in Figure 5-12, interaction of endogenous mutant and WT GCase with LONP1 (C) and
HSP60 (D) was confirmed on WB.
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Figure 5-12 Interaction of tagged p.L444P mutant GCase with LONP1 and HSP60 is increased
compared to tagged WT GCase. A-B) Representative western blot picture and quantification of
interaction relative to WT with LONP1 (A) and HSP60 (B). The representative Western blots are
published in the publication of Baden, Pérez et al. (Baden et al, 2023). To quantify the interaction
between GCase and LONP1 or HSP60, Flag and signal of interest was densitometrical quantified. The
amount of HSP60 and LONP1 was divided by Flag and then normalized on WT. (n=3-4 biological
replicates, mean + SEM are shown, one-way ANOVA with Tukey’s multiple comparison was used;
*<0.05, **<0.01). C-D) Eluates of GCase immunoprecipitation were probed against LONP1 (C) or
HSPG60 (D) to confirm the interaction with endogenous p.L444P mutant and WT GCase.

As IP is performed on lysate, proteins from other compartments could interact artificially.
Validating interaction with LONP1 by proximity ligation assay allows to confirm that the
interaction is not due to the nature of the IP. PLA was performed using antibodies against V5,
which is part of the tag attached to p.L444P mutant GCase, and LONP1. Positive signal in
Figure 5-13 shows that GCase interacts with LONP1 in V5-Flag-tag p.L444P GCase
overexpressing T-Rex HEK cells.
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LONP1 & V5

Figure 5-13 Interaction between V5-Flag-tagged p.L444P
mutant GCase and LONP1 was demonstrated by
proximity ligation assay (PLA). In exogenous
overexpressing p.L444P mutant GCase T-Rex HEK cells,
PLA results in positive signal (red dots), demonstrating that
GCase is close enough to LONP1 to interact. Only few dots
are observed in the negative control. (Scale bar is 10 ym
respective 50 ym in the zoomed picture.)

Negative CT

ol

To make sure that the PLA signal is not unspecific, several controls were included (Figure 5-

14). As negative control, we performed the PLA on uninduced cells, without any primary
antibody meaning secondary antibodies only, and with only one of both primary antibodies.
There was barely any unspecific signal in the negative controls (Figure 5-14). As positive
control we used anti-V5 and anti-Flag antibodies, which are both part of the tag, leading to
completely red cells. As described above, PLA using the anti-V5 and anti-LONP1 antibody on
p.L444P mutant T-Rex HEK cells resulted in many red puncta, showing that LONP1 is
interacting with GCase in cells (Figure 5-13 and 5-14).

Positive CT

Uninduced cells Secondary only

LONP1 antibody V5 antibody

Figure 5-14: PLA demonstrates interaction between V5-Flag-tagged p.L444P mutant GCase and
LONP1. Negative controls include uninduced cells, secondary only, anti-LONP1 antibody and anti-V5
antibody. Primary antibodies of positive control are anti-V5 and anti-Flag, both binding to tagged
p.L444P GCase. For the experimental condition (PLA), anti-LONP1 and anti-V5 antibody was used.
(Scale bar 20 um)
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5.6.3 Confirmation of the import pathway by KD of HSC70 and TIM23

To further validate the proteins involved in the mitochondrial import of GCase, we used
shRNAs to knockdown (KD) HSC70 and TIM23. Two shRNA specific for each protein of
interest were selected. As control a non-target scramble was selected. For efficient
transfection, we generated Lentivirus for each shRNA and the scrambles. p.L444P mutant T-
Rex HEK cells were infected with the Lentivirus for one shRNA or scramble. HSC70 KD led to
an average reduction of the protein level by 76% (Figure 5-15 A). On average 34% of TIM23
protein levels were left after TIM23 KD (Figure 5-15 C). While expanding the cells for IP, they
were grown in medium containing Neomycin to select infected cells. 48 hours before harvesting
the cells p.L444P mutant GCase expression was induced by treatment with 50 ng/ml
doxycycline. Flag IP was performed on the lysates. The eluates were examined by WB to
assess whether the interaction between GCase and the validated mitochondrial interactor
LONP1, was decreased upon KD of proteins linked to the import.

The interaction between LONP1 and p.L444P mutant GCase seem reduced upon KD of
HSC70 (Figure 5-15 B). In the HSC70 KD1, interaction was decreased by approximately 52%
and in the HSC70 KD2, an average decrease of 61% is detected. A decreased interaction
between p.L444P GCase and LONP1 is as well observed after TIM23 KD (Figure 5-15 D). In
TIM23 KD1, the interaction was on average decreased by 66%. The average decrease in the
interaction between GCase and LONP1 in TIM23 KD2 was 44%. Unfortunately, the high
variability prevented the reduction from reaching significance. However, the results support the
HSC70- and TIM23-dependent mitochondrial import of GCase. Furthermore, they as well
further confirm interaction of p.L444P GCase with LONP1 inside mitochondria.
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Figure 5-15: GCase is imported into mitochondria by a HSC70 and TIM23 dependent mechanism.
A) Representative western blot (WB) and evaluation of HSC70 knockdown (KD) efficiency of 2 shRNAs
(KD1 and KD2) expressed as normalized on scramble. B) Representative WB of input and co-
immunoprecipitation of Flag in HSC70 KD cells (KD) overexpressing tagged p.L444P mutant GCase.
C) Representative blot and evaluation showing TIM23 KD after shRNA expression. D) Interaction
between LONP1 and tagged p.L444P mutant GCase on representative blot and quantification relative
to scramble. (n=3 biological replicates, mean +SEM are illustrated, ordinary one-way ANOVA was

performed). Representative Western blots were included in the publication by Baden, Pérez et al.
(2023).
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5.7 Generation of patient-derived induced pluripotent stem cell
(iPSC) models
5.7.1 Generation of human GBA1 mutant iPSC lines

Three new iPSC lines from GBA1-PD patients’ fibroblasts were generated by reprogramming.
The first patient was p.L444P heterozygous and had early onset PD, and the two other patients
were p.E326K heterozygous GBA 1 mutant and just did not have early onset PD, for which the

threshold lays at below 50 years (Neumann et al., 2009). The information on the patients of

the newly generated clones including nomenclature for the thesis are listed in table 5-1.

. GBA iPSC clones
Subjects Gender Age . .
genetic variants (synonym used)

21#1

150021 M 60 49 p.L444P/WT
21#3 (PD-1)
46 #1

150046 M 62 52 p.E326K/WT
46 #2 (PD-2)
47 #3

150047 M 60 50 p.E326K/WT
47 #4 (PD-3)

Table 5-1: Parkinson’s disease patient and clone information of newly generated iPSC lines.

To confirm pluripotency of the new iPSC lines, cells were stained for the pluripotency markers
Oct 4, Tra1-60 and Tra1-81. The newly generated clones of the iPSC lines are positive for the
nuclear marker Oct 4, and cell membrane proteins Tra1-60 and Tra1-81 (Figure 5-16 A-B;
Figure 5-17 A-D). Integration free reprogramming was checked by PCR. The primers used for
the PCR target the plasmid regions encoding the pluripotency genes Kif4, L-Myc, Sox2, and
Oct4. The positive control allowed to verify that the PCR worked and to observe the correct
height of the band. The absence of bands was confirmed on the agarose gel, proofing that the
plasmids were not integrated into the DNA of the newly generated lines (Figure 5-16 C and
Figure 5-17 E). In addition, to exclude occurrence of chromosomal aberrations during
reprogramming the karyotype was analyzed by SNP array at the Life & Brain GmBH. Lines

with chromosomal defects were not used in the follow up experiments.
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A) Oct 4 Dapi merge Oct 4 Dapi merge
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Figure 5-16 Characterization of the p.L444P heterozygous GBA7 mutant induced pluripotent
stem cells (iPSC). Clone #1 (A) and #3 (B) of Parkinson’s disease patient 150021 were stained for the
pluripotency markers Oct 4, Tra1-60 and Tra1-81 and the nuclear marker Dapi (scale bar is 100 um).
C) Polymerase chain reaction on the iPSC from patient 150021 clones #1 and #3 validated integration-
free reprogramming. #2 and #4 are additional clones not used in the thesis. (N: negative control; P:
positive control, F: transfected fibroblasts positive control; B: blank)
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Figure 5-17 Characterization of the p.E326K heterozygous GBA7 mutant induced pluripotent
stem cells (iPSC). Clone #1 (A) and #2 (B) of Parkinson’s disease (PD) patient 150046 as well as
clone #3 and #4 of PD patient 150047 were stained for the pluripotency markers Oct 4, Tra1-60 and
Tra1-81. The nucleus was stained with Dapi (scale bar is 100um). E) Polymerase chain reaction on the
iPSC from patient 150046, clones #1 and #2, as well as on the clones #3 and #4 from PD patient
150047 validated integration-free reprogramming. (N: negative control; P: positive control, B: blank)
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5.7.2 Gene-correction of the p.L444P mutation
The method published by Schondorf et al. (2014) using zinc finger nucleases (ZFNs) in
combination with a homologous construct was exploited to gene-correct the p.L444P GCase
mutation in the newly generated p.L444P heterozygous iPSC line from patient 150021 clone
#3, called hereafter PD-1. Furthermore, the p.L444P homozygous GD iPSC line that was
previously published (Schondorf et al., 2014), called GD-2 was gene-corrected in the same
way. A double-strand break was induced by cleavage with the 2 ZFNs binding on the opposing
DNA strands. The homozygous construct served as a template for homology-directed repair
and in this way lead to gene-correction. The neomycin resistance cassette that is integrated
into the intronic region between exon 9 and 10, allowed selection of clones in which
recombination between the homologous construct and the DNA occurred. Sanger sequencing
was used to validate the gene correction. Mixed clones were further subcloned to get clean
clones arising from one cell. As shown in Figure 5-18 A, the homozygous mutation of the
Gaucher patient as well as the mutation of the p.L444P heterozygous clone was gene-
corrected by replacement of the C by a T. The gene-corrected line of PD-1 will be called GC-
1 and of GD-2 will be called GC-2 in the following text. Interestingly, one clone of the PD-1
appeared to be homozygous for the p.L444P mutation after gene-correction. Sanger
sequencing displayed that 2 additional point mutations p.A456P, G to C, and p.A460V, G to C,
were introduced upon gene editing (Figure 5-18 B and C). These additional mutations lead to
an artificial homozygous RecNcil mutation, which is a severe GBA71 mutation resulting from
recombination with the GBA71 pseudogene (GBAP) (Latham et al, 1990). The artificial
homozygous RecNcil line will be called GD-1. Gene editing was as well confirmed at the mRNA
level by sequencing. To confirm gene-correction as well at protein level, lysates from the iPSC-
derived neurons of the isogenic couples were subjected to WB analysis. An increase in protein
level was observed in GCs compared to mutants (Figure 5-18 E). As expected, increased
protein level was more obvious between GC and homozygous mutants than between
heterozygous mutant and the GC. In addition, GCase activity assay was performed to verify
that gene-correction restored GCase activity in the mutants too. For the GCase activity assay
lysate from NPCs of the isogenic couples was incubated at a near lysosomal, pH5.4, with
MUB-GIc, which serves as substrate for GCase. Cleavage of MUB-GIc leads to fluorescent
signal that can be measured with the SpectraMax reader. The higher the fluorescent intensity
the more MUB-GIc was cleaved and the higher the GCase activity. PD-1 displayed a 18.5%
decrease in activity when compared to the isogenic control (Figure 5-18 D). Comparing the
GC-1 to the homozygous RecNcil mutant we observed an increase by 95.8% in the GC (Figure
5-18 D). The GC-2 had an 8-fold increase in GCase activity compared to GD-2 (Figure 5-18
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D). The rise in protein level as well as GCase activity when comparing mutant to GC validates

gene-correction of the iPSC lines.
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Figure 5-18 Validation of the p.L444P gene-correction and artificial RecNcil mutation. A) The
p.L444P mutant allele with the C nucleotide was corrected showing now a T nucleotide at the location
of the line. B) The p.A456P mutation and C) the p.A460C mutation were artificially inserted on both
alleles shown by the C nucleotide instead of G at the position of the line. D) GCase activity assay
comparing PD-1, GD-1 and GD-2 activity to isogenic control was performed on iPSC-derived neural
precursor cells. Data are shown as mean +SEM. Unpaired students T-test was performed; n=3
independent experiments (*p < 0.5, ***p < 0.0001) E) Western blot analysis of GCase protein levels and
Vinculin as loading control in iPSC-derived midbrain neurons showing increased GCase protein levels
after gene-correction. Sequencing results (A) and the representative Western blots are included in the
publication by Baden, Pérez et al. (Baden et al., 2023).
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After gene-editing of PD-1 and GD-2, the generated isogenic couples were differentiated into
midbrain neurons. Staining for R3Tubulin, a pan-neuronal marker, and Tyrosine hydroxylase
(TH, dopaminergic neuron marker) in all lines confirmed successful differentiation into midbrain
neurons (Figure 5-19 A). The percentage of R3Tubulin and TH positive cells was calculated
based on the nuclei (DAPI) count (Figure 5-19 B and C). As shown, no significant difference
in differentiation to neurons (approximately 81-85%) or dopaminergic neurons (around 27-
29%) was detected.

A) B)
R3Tubulin TH merge [Je3Tubulin  [TH

. . :

Figure 5-19 Differentiation potential of isogenic couples is comparable. A) Representative pictures
of midbrain neurons stained with the pan-neuronal marker R3tubulin and the dopaminergic neuron
marker, tyrosine hydroxylase (TH). (Scale bar is 50 um). Merged picture of PD-1 and GD-1 is part of the
publication by Baden, Pérez et al. (Baden et al., 2023). B-C) Quantification of 33Tubulin and TH positive
cells. (n=2-3 independent differentiations)
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5.7.3 Gene-correction of the p.E326K mutation
Figure 5-20 illustrates the chosen strategy for the gene-correction of the heterozygous
p.E326K mutation. The sequence of intron 7 to intron 9 of GBA1 containing the mutation in

exon 8 was analyzed with http://www.genome-engineering.org/ (Ran et al., 2013) for potential

guides. The PAM of one guide was only a few nucleotides away from the mutation and the
guide sequence spanned the point mutation. This guide was chosen and the ssODN designed.
For the design of the ssODN, a sequence that has left and right of the point mutation 55 bases
of a homology region was chosen. A silent mutation was introduced in the PAM to avoid
repeated cleavage of the sequence after gene-correction. Having a guide with the mutation in

the sequence that gets recognized, increased the specificity for the mutant allele.

gRNA:
3' CCCTAGGGAAGACACACCGCCTG 5’

Intron 7 Intron 8

ssODN:

5 CATTGCTGTACATTGGTACCTGGACTTTCTGGCTCCAGCCAAAGCCACACTAGGGGAGACACAC
CGCCTGTTCCCCAACACCATGCTCTTTGCCTCAGAGGCCTGTGTGGG '3

Figure 5-20 CRISPR-Cas9 strategy for gene-correcting the GBA17 p.E326K mutation: The guide
sequence (gRNA) includes the p.E326K mutation (red) and the protospacer adjacent motive (PAM, blue)
is 5 nucleotides upstream of the mutation. The Cas9 cleaves the mutant allele 3 bases upstream of the
PAM. The single stranded oligodinucleotide (ssODN) contains the corrected nucleotide G (green) the
PAM (blue), which contains a silent mutation (violet).

For the gene-correction an Atto550-fluorescent tracrRNA was combined with the crRNA to
generate the guides. These were incubated with the Cas9 protein to obtain the
ribonucleoprotein (RNP) complex. iPSCs from PD-3, one of the p.E326K heterozygous GBA1
mutant lines, were nucleofected with latter and were FACS sorted for Atto550 positive cells. In
Figure 5-21 A, the gating for the live cells in the Atto550 negative sample is presented. Two
Atto550 positive populations were separated from the Atto550 negative cells (Figure 5-21 B).
One was Atto550 high and the other Atto550 medium. These 2 populations were sorted into

separate tubes.
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Sorted cells were replated and the clones picked as soon as the size of the colonies was
sufficient. Gene-correction was confirmed by Sanger sequencing of the DNA and mRNA
showing the exchange of the A with a G (Figure 5-22 A). In the following text, the isogenic
control will be called GC-3. Interestingly, the silent mutation was not present in the gene-
corrected clones. GCase activity was increased after gene-correction as well when compared
to the other p.E326K mutant line, PD2 (Figure 5-22 B). Western blot analysis of GCase
revealed an increase in protein level in the GC-3 compared to the mutant PD-3 (Figure 5-22
C). These results confirmed proper gene-correction of the p.E326K mutation with this CRISPR-

Cas9 based strategy and restoration of GCase levels and activity in the GC line.
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Figure 5-22 Confirmation of p.E326K gene-correction (GC). A) Sanger sequencing confirmed GC
by replacement of the A by a G at the line. B) Gene-correction rescued GCase activity of iPSC-derived
neural precursor cells in the isogenic control (GC-3) compared to the heterozygous p.E326K GCase
mutant (PD-3) and another heterozygous PD patient (PD-2) (n=3-4,mean+SEM are shown, for
statistical analysis the student’s T-test was performed). C) Representative Western blot of iPSC-derived
midbrain dopaminergic neurons lysate for GCase and Vinculin. The sequencing result (A) and the
Western blot picture (C) are part of the publication by Baden, Pérez et al. (2023).

In addition, the 5 most likely off-target effects predicted by two CRISPR tools, CCTOP
(https://cctop.cos.uni-heidelberg.de:8043/; (Stemmer et al., 2015)) and CRISPOR (V.4.98;

http://crispor.tefor.net/crispor.py; (Concordet & Haeussler, 2018) were analyzed by Sanger
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sequencing. The lists of off-targets generated is displayed in the Appendix. (Appendix 9-3: Off-
Target effects predicted by CCTOP; Appendix 9.4: Off-target effects predicted by CRISPOR.
The 5 highest ranked exonic off-targets are marked in yellow.) As shown in Figure 5-23, the
sequences around the potential off-target site have the correct sequence. Sequencing of
RP11-576122.2 showed a heterozygous point mutation, which is as well observed in the patient

line. Therefore, it is not caused by the gene-editing.
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Figure 5-23: Sequencing did not show off-target effects caused by p.E326K gene-correction. The
sequences of the first five possible exonic off-target effects detected with CCTOP and CRISPOR
(V.4.98) are shown.

As it was done for the p.L444P isogenic couples, the newly generated p.E326K lines were
differentiated into midbrain dopaminergic neurons and stained for 33tubullin and TH (Figure 5-
24 A). The differentiation potential of PD-2, and the isogenic couple PD-3 and GC-3 was
determined (Figure 5-24 B). No significant difference was observed in the percentage of

neurons (around 81-84%) or dopaminergic cells (around 27-30%).
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Figure 5-24: Differentiation potential of PD-2 and the PD-3/GC-3 isogenic couple is not different.
A) Representative picture of midbrain neuronal differentiation of PD-2, PD-3, and GC-3 stained for the
pan-neuronal marker R3Tubulin (red) and the dopaminergic neuronal marker Tyrosine Hydroxylase (TH,
green). Nuclei are counterstained with DAPI (blue). B) Percentage of neurons and dopamine neurons
was calculated based on the number of nuclei. (n=2-3 independent differentiations, scale bar is 10 ym)

5.7.4 Summary of patient derived iPSC lines used in this thesis

Table 5-2 summarizes the clones and lines that were generated as well as the genotype and

the name used in the thesis.

Subject Gender Age Diagnosis . . . .
genetic variants in Thesis
21#3 p.L444P/WT PD-1
21#3.8.11
150021 M 60 49 PD WT/WT GC-1
GC*
21#3.5*  RecNcil/RecNcil  GD-1
150046 M 62 52 PD 46 #2 p.E326K/WT PD-2
47 #4 p.E326K/WT PD-3
150047 M 60 50 PD
47 #4.2*  WT/WT GC-3
49/10 49/10 p.L444P/p.L444P GD-2
(Schondorf F 2 2 GD type 3  49/10
WT/WT GC-2
et al., 2014) #5.6

Table 5-2: Cell lines and patient information of cell lines generated and used in this thesis. * are the
gene-edited lines.
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5.8 Effect of WT and mutant GCase on mitochondrial function

5.8.1 Mitochondrial function is impacted in GCase mutant iPSC-derived
midbrain neurons

GBA1 mutations have been associated with mitochondrial dysfunction. Mice lacking GCase
displayed mitochondrial respiratory shortage, lower membrane potential, defects in mitophagy
and fragmentation of mitochondria in astrocytes and neurons (Osellame et al., 2013). The
same was observed in GBA71 KO iPSC mDa neurons (Schoéndorf et al., 2018). Furthermore,
iPSC-derived midbrain neurons of heterozygous p.N370S, p.L444P and RecNcil mutant GBA1
PD patients showed similar mitochondrial defects (Schéndorf et al., 2018). To characterize the
new iPSC lines and assess whether they show the same defects as it had been previously
reported, we used the seahorse XF96 to evaluate mitochondrial respiration in the newly

generated lines compared to their isogenic control (Figure 5-25 A-H).
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Figure 5-25: Mitochondrial respiration is affected by GBA1 mutations in induced pluripotent stem
cell (iPSC)-derived midbrain neurons. Oxygen consumption rate (OCR) was measured for (A) PD-1,
(C) GD1, (E) GD-2 and (G) PD-2 and PD-3 compared to the respective control. Basal, Maximal and
ATP-linked OCR were evaluated for (B) PD-1, (D) GD-1, (F) GD-2 and (H) PD-2 and PD-3 compared to
the controls. (n=4-5 biological replicated, mean +SEM is shown, paired students’ t-test was performed.
* p<0.05; ** p<0.01)



Results

In the new lines, mitochondrial basal respiration and ATP-linked OCR are decreased in the
mutants compared to the respective control (Figure 5-25 B, D, F, H). Even though due to the
high variability significance for basal respiration was only reached in PD-3 compared to GC-3
(Figure 5-25 H). For ATP-linked OCR only the p.E326K isogenic couple (Figure 5-25 H) and
the two homozygous isogenic couples reached significant differences (Figure 5-25 D, F).
Furthermore, maximal respiration was as well decreased in the homozygous couples, even

though only reaching significance when comparing GD-2 to GC-2 (Figure 5-25 E).

5.8.2 Mitochondrial function is improved in HEK cells overexpressing WT and

mutant GCase
Based on the results in neurons, we were curious to find out whether mitochondrial function is
affected by tagged WT and mutant GCase overexpression in T-Rex HEK cells witha WT GBA1
background. Overtime, first basal oxygen consumption rate (OCR) was measured, then OCR
after injection of oligomycin, CCCP and the Antimycin-Rotenone mix using Seahorse XF96-

well (Figure 5-26 A).
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Figure 5-26 Overexpression of tagged WT and p.E326K mutant GCase improve mitochondrial
respiration. A) Timecourse of oxygen consumption rate measurement in T-Rex HEK overexpressing
tag control, tagged WT, p.E326K and p.L444P mutant GCase before and after injection of toxins.
Injection of Oligomycin, CCCP, Antimycin and Rotenone are marked by arrows. Evaluation of basal (B),
maximal (C) and ATP linked (D) OCR. (n=4 biological replicates. Ordinary one-way Anova was
performed. ** p<0.01, *** p<0.001, **** p<0.0001; n=4 biological replicates, Ordinary one-way Anova
was used.)
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Basal, Maximal and ATP-Linked respiration was decreased comparing tagged WT and
p.E326K mutant to tag control or tagged p.L444P mutant (Figure 5-26 B). No significant
difference was observed between WT and p.E326K as well as between p.L444P mutant and
CT. Although mitochondrial respiration seemed slightly increased in the p.L444P mutant.

Since the MS data had shown a decreased interaction between TIMMDC1 and mutant GCase,
we decided to evaluate next whether we could confirm this observation to evaluate if there
might be a direct link between GCase and mitochondrial dysfunction, as TIMMDC1 is involved

in Cl assembly, which is important for respiration (Guarani et al, 2014; Wang et al, 2021).
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Figure 5-27: Interaction with TIMMDC1 and NDUFA10 seems to be reduced in tagged p.E326K
and p.L444P mutant. Representative blot showing the input and the IP result including evaluation of
the interaction for tagged WT, p.E326K and p.L444P mutant GCase for (A) TIMMDC1 and (B)
NDUFA10. Representative Western blots are published by Baden, Pérez et al. (Baden et al., 2023). C)
Representative blot for NDUFA10 and R-actin as well as quantification of NDUFA10 protein levels
relative to CT. (n=2-3 biological replicates, ordinary one-way ANOVA was performed.)

Western blot analysis of the eluates from the co-IP shows a trend towards less interaction
between mutant GCase and TIMMDC1 (Figure 5-27 A). TIMMDC1 participates in Cl assembly.
The interaction was decreased on average by 51% in the p.E326K mutant and by on average
75% in the p.L444P mutant compared to WT GCase. A similar trend was observed for the
interaction between mutant GCase and NDUFA10 (Figure 5-27 B). Tagged WT GCase
interaction with NDUFA10 was increased by 1.5-fold compared to p.E326K and by 1.9-fold
compared to p.L444P mutant GCase. Furthermore, we observed a trend towards increased
NDUFA10 levels in tagged WT and tagged mutants overexpressing cells (Figure 5-27 C). As
these results point towards defects in Cl assembly or integrity, we did a preliminary experiment
to assess Cl supercomplex formation in iPSC-derived NPCs and midbrain neurons of GCase
mutant and KO cells in collaboration with Cristina Ugalde’s group. NDUFA9 was used as a
marker for the Cl in the CI-ClII, supercomplex and SDHA is the loading control. The preliminary
blot shows a decrease in the presence of Cl in the supercomplex especially in GD2 and KO
NPCs (Figure 5-28 A) and neurons (Figure 5-28 B).
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Figure 5-28 Cl supercomplex integrity seems to be affected in GCase mutant and KO. Lysates of
NPCs (A) and midbrain neurons (B) were analyzed for NDUFA9 as marked for complex | in the CI-ClII2
supercomplex, and the loading control SDHA (complex Il). (n=1)

Taken together these results points towards problems with Cl integrity in GCase mutant cells.
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6 Discussion

The goal of this study was to get a better understanding of the pathological mechanisms linked
to GBA1 mutations, which are the most frequent genetic risk factor for PD. To this end, we
generated inducible T-Rex HEK cells overexpressing V5-Flag-tag control, WT, p.E326K or
p.L444P mutant GCase upon treatment with doxycycline. Utilizing co-immunoprecipitation
followed by TMT-labelling and LC-MS analysis on the cell lysates, we investigated the
interactome of WT and mutant GCase. Surprisingly, our MS data uncovered that some of the
GCase interactors belong to different mitochondrial compartments (outer and inner
mitochondrial membrane, intermembrane space and matrix). First, we show that WT and
mutant GCase are imported into mitochondria via a HSC70, translocase of outer mitochondrial
membrane (TOM)-, and translocase of inner mitochondrial membrane (TIM)-dependent
mechanism. Next, we investigated how mutant GCase interaction with mitochondrial proteins
could lead to pathology. On one hand, we show increased interaction with the mitochondrial
unfolded protein response (mtUPR) proteins LONP1 and HSP60 with p.L444P mutant GCase.
On the other hand, we showed that interaction with TIMMDC1 and NDUFA10 is decreased,
potentially leading to reduced CI integrity. Interestingly, mitochondrial respiration was
increased in WT and p.E326K mutant GCase overexpressing T-Rex HEK cells compared to
control and p.L444P mutant GCase. Additional iPSC lines were generated and gene-corrected
to validate the interaction with LONP1 and HSPG60 in neural precursor cells (NPC). In addition,
we assessed mitochondrial respiration in isogenic iPSC-derived neurons, which tended to be
decreased in the mutants. Furthermore, a preliminary assessment in iPSC-derived NPC and
midbrain neurons points towards a potential impact of mutant GCase on Cl assembly into

supercomplex.

6.1 Newly generated GBA1- PD iPSC lines and isogenic controls

In the past, one of the drawbacks in elucidating pathological mechanisms underlying
neurodegenerative diseases was the lack of relevant models. Most postmortem brain tissues
only allow analysis of the progression or even end-stage of the disease. It was a huge advance,
when in 2006 a method for reprogramming mouse fibroblasts into iPSCs was published
(Takahashi & Yamanaka, 2006). It was shown that retroviral expression of the transcription
factors Oct3/4, Sox2, c-Myc and Kfl-4 were sufficient for the generation of iPSCs (Takahashi
& Yamanaka, 2006). One year later it was shown that this method works as well for human
fibroblasts (Takahashi et al, 2007). Reprogramming became even more attractive when an
improved protocol showed that expression of Lin28 and L-MYC in addition to the factors Sox2,
Kfl4, and Oct3/4 was an efficient and mostly integration-free way to generate iPSC (Okita et
al., 2011).
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One of the big advantages of iPSC is that they allow to generate tissue specific cells of interest.
For the analysis of neurodegenerative disorders, different types of neurons can be
differentiated from iPSCs including midbrain dopaminergic neurons, which are relevant for PD
(Ishikawa et al, 2021; Reinhardt et al.,, 2013). Other brain cell types relevant for
neurodegeneration like astrocytes (Janssen et al, 2019; Soubannier et al, 2020) and microglia
(Abud et al, 2017; Muffat et al, 2016) can also be obtained by iPSC differentiation. As co-
cultures or even tricultures became available, it is even possible to elucidate the mutual effect
of different cell types (de Rus Jacquet, 2019; Muffat et al., 2016; Ryan et al, 2020). Nowadays
iPSCs offer the opportunity to generate organoids, which model the complexity of different
brain regions to a greater extent than 2D cell cultures (Jo et al, 2016; Lancaster et al, 2017).
iPSC-based disease modeling has been further improved when gene-correction strategies
became more easily available and efficient (Ran et al., 2013). Therefore, one does not have
to use healthy patients as sole controls anymore. In this way, the contribution of mutations to
pathology can be investigated in a disease relevant genetic patient background. Gene-
correction allows the co-culture of mutant and WT protein expressing cells to assess whether
there would be a spread of the pathology or a protective mechanism even between different
cell types.

Different groups have already shown that iPSC-derived neurons from GD and GBA17-PD
patients cover many relevant aspects of PD. One of the major pathological phenotypes is a-
synuclein aggregation. iPSC-derived midbrain neurons from GD or GBA171-PD patients have
been shown to accumulate a-synuclein (Aflaki et al., 2016; Mazzulli et al., 2011; Schondorf et
al., 2014; Woodard et al., 2014). As in PD, a mislocalization of a-synuclein from the synapsis
to cell body was as well observed in GD midbrain neurons (Aflaki et al., 2016; Mazzulli et al.,
2016b) and GBA17-PD neurons (Woodard et al., 2014). GCase substrate accumulation
potentially contributes to the pathology by increasing a-synuclein aggregation (Kim et al.,
2018b; Paul et al., 2021; Zunke et al., 2018). Therefore it is of note that GlcCer and GlcSph
accumulation was as well detected in GD neurons (Aflaki et al., 2016; Schondorf et al., 2014)
and even in GBA1-PD iPSC-derived midbrain neurons (Fernandes et al., 2016; Kim et al.,
2018a; Schondorf et al., 2014). Furthermore, reduced autophagic flux and lysosomal
dysfunction have been observed in GBA1-PD (Fernandes et al., 2016; Schondorf et al., 2014;
Schoéndorf et al., 2018) and GD midbrain neurons (Awad et al., 2015; Mazzulli et al., 2011;
Schoéndorf et al., 2014), leading to lower levels of degradation of long lived proteins (Mazzulli
etal., 2011). Another important phenotype with regard to PD is mitochondrial dysfunction. This
is as well recapitulated in GBA71-PD iPSC-derived neurons (Schondorf et al., 2018).

In a previously published study, the heterozygous p.E326K mutant had a residual lysosomal
GCase activity of 1.6 fold compared to isogenic control (Ysselstein et al, 2019). This is a similar

leftover activity as we observed comparing GC versus p.E326K mutant NPC. The RecNcil
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mutant had 4.3% of WT activity. The gene-correction of p.L444P was associated with a
significant rescue of GCase activity. As previously shown, the differentiation efficiency was
comparable among mutants and gene-corrected lines (Schondorf et al., 2014). Unfortunately,
the neuronal cultures contained only approximately 25% of TH positive neurons. Therefore,
potential differences might be covered by other neuronal cell types or other cells, as about
20% of the cells were not neuronal. To get a better understanding of midbrain dopaminergic
specific phenotypic pathologies, it would have been better to FACS sort the cells either by
adding a fluorescent tag to TH or by introduction of a fluorescent reporter of TH expression.

This would maybe even give the opportunity to compare them with other neuron types.

6.2 Difference in interactome of WT and mutant GCase

6.2.1 Assessment of the overexpression model
GBA1 mutations are the most frequent genetic risk factor for PD (Sidransky et al., 2009).
Several mechanistic insights could already be gained. However, the complete picture is still
missing. To elucidate new pathological mechanisms, we investigated the interactomes of WT
and p.E326K as well as p.L444P mutant GCase. p.L444P mutant GCase is rapidly degraded
via ERAD, hampering further proteomic studies. For this reason, we employed an
overexpression model that would allow us to obtain sufficient protein quantities for downstream
analysis. We used a tagged approach as the antibodies are specific and allow a reduced
background. In addition, using a model with a tag allowed us to compare the WT and mutant
interactome of GCase, even though in our cellular model we still had expression of WT GCase
from the T-Rex HEK cells. To validate that the tag does not influence the trafficking of GCase
to the lysosome, we used iPSC-derived GBA1 KO NPCs and transfected them with WT GBA1
or the tagged GBAT1 construct. As expected, co-localization has been observed between
tagged GCase and the lysosomal marker LAMP1. WT and tagged WT GCase staining shows
a diffuse cellular localization. This was previously seen when overexpressing C-terminal
mCherry tagged GCase in Hela cells (Morabito et al, 2017). Furthermore, in transient, selected
HEK cells overexpressing either WT or V5-Flag-tagged GCase, we showed that the tag does
not influence GCase activity. In both cases the GCase activity was increased by approximately
2-fold compared to untransfected cells. In the study employing HelLa cells for the analysis of
overexpressed C-terminal tagged GCase, the increase in GCase activity seems to be higher
than in our experiments (about 7-fold increased based on the figure). This is most likely due to
the fact that in the paper they used cell lysate for the activity whereas we performed the assay
in live cells. On the other hand, transfection efficiency might lead to the discrepancy. In the
experiments, using the inducible T-Rex HEK cells and performing the assay as well on lysate,
we have a higher increase in GCase activity (on average 14-fold), which most likely is due to
the fact that all cells overexpress GCase. Overexpression of p.E326K mutant GCase in HelLa

cells leads to a reduction of 46% of the GCase activity compared to WT overexpression (Malini
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et al., 2014). In the more severe mutant p.L444P GCase activity was even reduced by 87%
(Malini et al., 2014). This was comparable to what we observed in our model with p.L444P
mutant having about 14% of WT activity left. However, overexpression of p.E326K mutant
decreased the activity only by about 30% of the increase seen in WT. Compared to V5-Flag-
tag overexpression control, there was no significant difference with p.L444P overexpression.
This had been previously observed in another overexpression HEK cell model (Polissidis et
al., 2022). About 80% of the WT GCase protein level is left in p.E326K homozygous mutant
GCase fibroblasts (McNeill et al, 2014). This value is similar to what we observed when
transiently overexpressing the p.E326K mutant GCase variant with a tag in our inducible T-
Rex HEK cell model.

6.2.2 WT GCase interactome

To validate the interactome, we first assessed known GCase interactors, including BiP
(Schmitz et al., 2005; Tan et al., 2014), Calnexin (Ron & Horowitz, 2005; Tan et al., 2014),
LIMP2 (Reczek et al., 2007), HSP90B1 (Tan et al., 2014), and HSC70 (Kuo et al., 2022). For
BiP, interaction was only observed with WT and not with the p.L444P mutant (Schmitz et al.,
2005). However, the co-IP was done in patient fibroblasts were p.L444P mutant GCase protein
levels are much more reduced and might not be sufficient to be detected on the blot.
Furthermore, the blot does not look as expected as p.L444P GCase levels in 50 ug lysates are
like WT levels and no loading control is included as well as the BiP blot is missing to show that
the IP worked in all groups. Therefore, a discrepancy between our results and the previous
publication cannot be concluded. Overexpression might lead to retention of WT GCase in the
ER (Ron & Horowitz, 2005). This was concluded as overexpressed Myc-tagged WT GCase
was partially sensitive to EndoH treatment, which was not observed in the endogenous WT
cells (Ron & Horowitz, 2005). However, this might be due to the experimental setup, as it was
previously shown that WT GCase is as well sensitive to EndoH treatment (Bergmann &
Grabowski, 1989). However, the overexpression of GCase might lead to a higher ER fraction,
which then is easier detected in co-IPs and EndoH treatment experiments. The higher ER
fraction might as well lead to the increase in ER folding related proteins. It was proposed that
due to overexpression, there is a lack of possible binding partners which support the proper
trafficking of the overexpressed protein resulting in ERAD of the overexpressed protein (Ron
& Horowitz, 2005). Furthermore, the list of proteins leading to interaction of WT with proteins
related to unfolding proteins, i.e., Calnexin, are as well involved in normal protein folding of N-
glycosylated proteins (Kozlov & Gehring, 2020).

Up to date, only one study has assessed the interactome of endogenous WT GCase in HelLa
cells (Tan et al., 2014). Interestingly, 45.3% of proteins listed in the interactome of Tan et al.
(2014) are as well present in our WT overexpression interactome. The discrepancy can have

several explanations. First, we use an overexpression model whereas Tan et al. (2014) used
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endogenous Hela cell GCase. The overexpression model most likely allowed us to obtain
higher quantities of GCase and in this way, might allow us to detect low abundance interactors.
Due to the low protein level of mutant GCase, overexpression was in our case necessary to
get sufficient mutant GCase for analysis. Second the co-IP and MS analysis were different
between both studies. For the endogenous interactomic study a DSP cross-linker in intact cells
was used (Tan et al., 2014). This does not only allow to stabilize weak and transient
interactions of GCase, but it also will stabilize proteins that are part of a complex between
lysines within 12 A radius (Smith et al, 2011). Therefore, the number of proteins that do not
interact directly with GCase but with an GCase interactor might be increased as well.
Furthermore, direct labelling by SILAC was used for the analysis of the endogenous GCase
and we had used TMT-labelling post isolation of GCase and its interactors by co-IP.

Interestingly, the list of WT endogenous interactors published by Tan et al. (2014) contained
7.8% of mitochondrial proteins when compared to MitoCarta3.0 (Rath et al., 2021). As in our
interactome, they belong to different clusters of mitochondrial proteins, including mtUPR (i.e.,
HSPD1, HSPA9, TRAP1), carrier proteins (i.e., SLC25A13), and proteins related to oxidative
respiration (ATP5A, ATP5B, ATP5C1, SDHA). The proteins listed here are shared with our
interactome and demonstrate that interaction with mitochondrial proteins cannot be explained

by the tag or the overexpression model.

6.2.3 Difference between the p.E326K and p.L444P GCase mutant
In the current study, the severe GD causing p.L444P and the milder, not GD causing p.E326K
GCase mutation were included. Comparison of both interactomes could lead to a better
understanding which pathological mechanism might be disease driving in GBA1-related PD,
as p.E326K is not causing GD but is still increasing the risk for PD (Duran et al., 2013; Malini
et al., 2014; Park et al., 2002). Our results show that there is a significantly higher interaction
between proteins of the mitochondrial unfolded protein response (MtUPR), HSP60 and LONP1
with the p.L444P mutant compared to p.E326K mutant GCase. Therefore, the effect on mtUPR
might not be the main mechanism in GBA7-PD. Furthermore, the interaction between
TIMMDC1 and NDUFA10 with p.E326K and p.L444P mutant GCase is decreased to a similar
degree. This goes along with a decrease in Cl activity which seems comparable between both
mutants (Baden et al, 2022). This could suggest that in GBA7-related PD, the defects in CI
assembly and activity associated with mutant GCase are a major pathological consequence.
This as well fits the recently published data, where mitochondrial dysfunction due to KO of a
catalytic subunit of Cl leads to defects in dopamine signaling first in axons then progressing to

the soma accompanied by increasing motor dysfunction (Gonzalez-Rodriguez et al, 2021).
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6.3 Import of GCase into mitochondria

The WT GCase interactome contained 13.3% of mitochondrial proteins according to
MitoCarta3.0 annotation. Since it is unexpected that the lysosomal protein GCase interacts
with mitochondrial proteins, we first assessed the presence of GCase in mitochondria. Usually,
mitochondrial matrix proteins have a mitochondrial matrix targeting sequence (MTS). Analysis
of the GBA1 sequence did not uncover an N-terminal MTS. Furthermore, to proof the validity
of our model, we showed that the V5-Flag-tag of GCase does not lead to an MTS, which could
have explained the mitochondrial targeting in our overexpression model. However, we
uncovered internal MTS-like sequences (iIMTS-Is). Using the split-GFP approach (Cabantous
et al, 2005; Cali et al., 2015), location of WT and mutant GCase in the mitochondrial matrix
was confirmed. Using the mitochondrial protein ATP1, it has been previously shown that
mutation of the iIMTS-Is leads to disruption of the mitochondrial import (Backes et al., 2018).
According to this result, removal of the IMTS-Is from the GBA71 sequence prevented
mitochondrial import of GCase. This was not due to protein instability as shown by ongoing
experiments in the laboratory.

For the import of mitochondrial proteins with an iIMTS-Is, TOM70 is an essential component of
the mitochondrial import machinery (Backes et al., 2018) and cytosolic HSC70 is associated
in the mitochondrial import through TOM70 (Young et al, 2003). Interaction of GCase with
HSC70 and TOM70 suggests that these two proteins are important for the initiation of
mitochondrial import of GCase. KD of HSC70 and TOM70 was shown to decrease import of
unfolded cytosolic proteins into mitochondria (Li et al., 2019), thereby it should be reducing the
interaction with LONP1. In our model, upon HSC70 KD we observed a decrease in the
interaction between GCase and LONP1, although not significant. This further supports the
dependents on HSC70 for the mitochondrial import of GCase. After the protein passed the
TOM-complex, the proteins get imported through the TIM-complex into the mitochondrial
matrix (Harbauer et al, 2014; Schulz et al., 2015; Wiedemann & Pfanner, 2017). In yeast tim23
KD prevents the import and degradation of aggregation-prone cytosolic proteins (Ruan et al.,
2017), which should as well decrease the interaction with the mitochondrial protease. Here,
we show that GCase interacts with TIM23 for mitochondrial import and that TIM23 KD reduces
the interaction between LONP1 and GCase. To summarize, the import of GCase depends on
the interaction with HSC70 and the initiation of the import through the TOM complex, followed
by the import into the mitochondrial matrix by the TIM complex. However, as GCase is lacking
a classical MTS, the exact import mechanism of GCase into mitochondria needs further

investigation.

6.4 Mutant GCase leads to mitochondrial dysfunction

Until now, mitochondrial dysfunction was considered rather a side-effect of sphingolipid

accumulation. As described above, GCase deficiency results in the elevation of its substrates.
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In brain tissue from GD type 2 and type 3 patients, the accumulation of GlcCer and GlcSph
was observed (Nilsson & Svennerholm, 1982; Orvisky et al., 2002; Tayebi et al., 2003). Latter
was as well slightly increased in GD type 1 brain (Tayebi et al., 2003). Recently, it was
observed that total and C18 GlcCer were elevated in the middle temporal gyrus in GBA1-PD
patients (Blumenreich et al., 2022). In fibroblasts from p.L444P GBA171-PD patients total
sphingolipid levels were elevated whereas total phospholipids were reduced (Galvagnion et
al., 2022). In p.N370S heterozygous GBA1-PD iPSC neurons, the levels of GlcCer species
were perturbed, having higher levels of C16 and C24 and lower levels of C20 GlcCer
(Fernandes et al., 2016). Furthermore in GBA7-PD iPSC-derived midbrain neurons the
mitochondrial fraction had enriched levels of C16 ceramide, whereas in KO midbrain neurons
all GlcCer species and GlcSph were enriched (Schondorf et al., 2018). Interestingly in serum
levels of GBA1-PD patients several lipid levels were altered (Guedes et al, 2017). Among
these, ceramide and sphingomyelin (SM) belong to the enriched lipid species whereas
phosphatidylethanolamine (PE) and phosphatidic acid (PA) are part of the lipid species with
reduced levels (Guedes et al., 2017). In a mouse model of non-alcoholic fatty liver disease,
lipid alterations including ceramide, SM, PA and PE species, were observed and linked to
increased ROS levels (Durand et al, 2021). Furthermore, it was discovered that a high fat diet
leads to hepatic lipid alterations, which were associated with a decrease in respiratory complex
proteins in the mitochondrial membrane (Kahle et al, 2015).

The interaction of mitochondrial proteins with WT and mutant GCase to varying degrees made
us wonder if there is a direct link between GCase and mitochondrial function. Interaction of
GCase with proteins from different complexes including Cl and the Cl supercomplex assembly
factor TIMMDC1 supports this idea. One of the characteristics of PD, is mitochondrial
dysfunction. Improved mitochondrial respiration observed in p.E326K mutant and WT tagged
GCase overexpressing cells, was lost upon p.L444P mutant overexpression. A similar effect
was seen on Cl activity when overexpressing WT GCase (Baden et al., 2022). Our lab has
shown that iPSC-derived midbrain dopaminergic neurons from GBA1-PD patients, including
p.E326K and p.L444P heterozygous mutants, have a reduced mitochondrial respiration and
Cl activity when compared to the isogenic control (Baden et al., 2022; Schéndorf et al., 2018).
A loss-of-function mechanism could explain the reduced respiration and Cl activity in mutants.
This idea is supported by the decreased interaction of mutant GCase with Cl subunit NDUFA10
as well as TIMMDCA1. Latter is involved in Cl assembly (Guarani et al., 2014) by adding CI
subunits to a respirasome subcomplex, which is formed by CI, ClIl and CIV subunits (Fang et
al, 2021). In the study of Guarani et al. (2014)(Guarani et al., 2014), GCase was already found
to be an interactor of exogenously expressed tagged TIMMDCA1. If GCase would stabilize
TIMMDC1 and prevents its degradation, as it was shown for C9ORF72 (Wang et al., 2021) or

if it has another function in Cl integrity needs to be further elucidated in the future. Preliminary
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data on CI integrity in supercomplex in p.E326K heterozygous, p.L444P homozygous and
GBA1 KO iPSC-derived NPCs and midbrain neurons gives a first hint towards this idea that
GCase is involved in Cl assembly or integrity, as there seems to be a slight decrease in mature
ClI containing supercomplex (Baden et al., 2022). Defects in Cl assembly had been previously
linked to a decrease in mature Cl (Guarani et al., 2014; Wang et al., 2021). Moreover, defects
in Cl assembly are accompanied with an accumulation of Cl smaller building blocks (Wang et
al., 2021). In iPSC from GBA1 mutant PD patients, a non-significant increase in Cl subunits
was observed when compared to the isogenic control (Schondorf et al., 2018). Our MS data
show that overexpression of mutant GCase goes along with an increase in mitochondrial
proteins, including subunits of Cl. In GCase mutants more subunits are increased compared
to control than in WT. No difference between tagged WT GCase compared with mutant GCase
or the control was seen in the MS data. However, by WB we could only determine a general
increase associated with overexpression of WT or mutant GCase compared to control. This
could be due to a decrease in sensitivity of the WB, as the MS data did not indicate a significant
difference between WT and any other group, which could point towards a slight but not
significant increase in WT. Increase of Cl subunits in WT, could be linked to the increased
activity that we have observed when compared to control cells. Furthermore, it had been
previously shown that partial rescue of mitochondrial function can be achieved by Nicotinamide
riboside treatment (Schéndorf et al., 2018). However, GCase activity as well as mitochondrial
respiration did not improve (Schondorf et al., 2018). This data supports the idea that there
might be a more direct link between GCase and mitochondrial dysfunction.

Mitochondrial dysfunction could as well be partially caused by a gain-of-function of mutant
GCase. Our interactome contained proteins of the mtUPR, like the mitochondrial protease
LONP1, which has been shown to degrade unstable and misfolded cytosolic proteins (Li et al.,
2019; Sanchez-Lanzas & Castafio, 2021). Furthermore, it was shown that WT and mutant
TDP-43, which is associated with neurodegeneration, interact with LONP1 (Wang et al.,
2019a). Mitochondrial phenotype in TDP-43 mutant, swollen with disrupted cristae (Wang et
al., 2019a), is comparable to what was observed for mutant GCase (Schondorf et al., 2018).
KD of LONP1 reduced cell survival when WT or mutant TDP-43 was overexpressed (Wang et
al., 2019a). Previously, literature already showed as well a link between mtUPR and PD.
Increased LONP1 expression has been observed in a PD mouse model as well as PD patient
brain, along with reduced LONP1 activity (Bulteau et al, 2017). Other PD models support the
involvement of the mtUPR in PD. Mutation of the PD associated genes pdr1, homologue of the
human Parkin gene, and pink-1 lead to an increase in the mtUPR, which was shown to be
neuroprotective (Cooper et al, 2017). Furthermore, CLPP is decreased in PD patients’ brain
and iPSC-derived neurons from p.A53T mutant PD patients (Hu et al, 2019). Interestingly,

inhibition of LONP1 and HtrA2 lead to an increased a-synuclein aggregation, further supporting
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a link between mtUPR and PD (Lautenschlager et al, 2020). In our overexpression model, we
show increased interaction between p.L444P mutant GCase and HSP60, a chaperone of the
mtUPR, as well as with LONP1. There might be a slight trend towards an increased interaction
between LONP1 and the p.E326K mutant GCase. Both interactions were confirmed in p.L444P
homozygous mutant iPSC-derived NPCs. p.L444P homozygous mutant is still a relevant
model for PD. First, homozygous p.L444P GBA1 mutations are frequently linked to neuropathic
GD (Tayebi et al., 2001; Tayebi et al., 1998). Second, Lewy bodies and accumulation of a-
synuclein had been seen in GD patients with parkinsonism (Goker-Alpan et al, 2010; Tayebi
et al., 2003). Furthermore, GD cellular and animal models recapitulate a-synuclein
accumulation and mitochondrial dysfunction (Cleeter et al., 2013; Osellame et al., 2013; Peng
etal, 2021). Last, this GD disease iPSC line was previously employed together with a p.L444P
heterozygous PD patient and its isogenic control (Schoéndorf et al., 2014). The observed
defects in calcium homeostasis and autophagic-lysosomal pathway, as well as accumulation
of a-synuclein protein levels, were comparable between the GD and PD line (Schoéndorf et al.,
2014). Western blot analysis also showed increased interaction. Using expansion microscopy,
increased co-localization between p.L444P mutant GCase and LONP1 was confirmed in iPSC-
derived neurons as well as midbrain organoids (Baden et al., 2022). Recently it has been
reported that LONP1 does not only have protease activity, but that it is as well involved in the
folding of mitochondrial proteins (Shin et al, 2021). Upon CDDO treatment or LONP1 KD,
several proteins including subunits of Cl were found to aggregate in mitochondria (Shin et al.,
2021). As p.L444P mutant GCase interacts to a higher degree with LONP1, this might prevent
LONP1 from its function in protein biogenesis. In this way, LONP1 clients might start
accumulating as seen in our proteome analysis and cause CI dysfunction. This could explain
why inhibition of LONP1 by CDDO treatment only reduced CI activity in isogenic controls and
notin GCase mutant neurons (Baden et al., 2022). Furthermore, this gain-of-function of mutant
GCase by preventing LONP1 from its activity in protein folding could as well explain that there
was only a trend towards decreased ClI activity in GBA1 KO iPSC-derived midbrain neurons
(Schondorf et al., 2018).

Having defects in mitochondrial Cl and general respiration, neurons which are highly
dependent on ATP, need to compensate for the decreased ATP production by mitochondria.
A possible compensatory mechanism is to rely more on glycolysis for ATP production (Wang
et al., 2021). An increase in protein expression of the glycolytic pathway points towards this
mechanism in dopaminergic neurons of RecNcil homozygous mutant organoids compared to
the isogenic control (Baden et al., 2022). The switch towards increased glycolysis was seen
as well in a novel PD mouse model, in which one catalytic subunit of Cl was knocked out in
dopaminergic neurons (Gonzalez-Rodriguez et al., 2021). In this model, mitochondrial

deficiency led to disturbances of dopaminergic signaling, which started in the striatal axons
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(Gonzalez-Rodriguez et al., 2021). As signaling issues proceed to the soma, motor symptoms
start to arise (Gonzalez-Rodriguez et al., 2021). Upon loss of TH signal in the substantia nigra,
gross motor function is affected as seen in PD (Gonzalez-Rodriguez et al., 2021). This study
highlights the importance of mitochondria as potential disease driver of PD. Therefore, based
on the presented data, improving GCase activity in mitochondria could be a potential target in
GBA1-related PD but as well other PD forms in which GCase activity is decreased (Burbulla
et al., 2019; Burbulla et al., 2017; Rocha et al., 2015a; Ysselstein et al., 2019). Increasing
GCase activity in LRRK2 mutant lines lead to a decrease in PD pathological markers in iPSC-
derived neurons (Ysselstein et al., 2019). In addition, treatment to stimulate GCase activity
might as well prevent the vicious cycle between GCase deficiency and a-synuclein
accumulation. Thereby as well preventing the negative effect of a-synuclein on mitochondria.
It has been previously observed that a-synuclein co-localizes with mitochondrial markers in
primary cortical neurons and brain slices from 9H/PS-NA mice (Xu et al, 2014). PD models,
including a p.L444P heterozygous mouse model, and patient brain samples have also shown
the import of a-synuclein into mitochondria (Devi et al, 2008; Wang et al, 2019b). Accumulation
of a-synuclein was shown to lead to mitochondrial defects (Devi et al., 2008; Wang et al.,
2019b; Yun et al., 2018). To treat consequences of decreased GCase activity in different forms
of PD, stabilizers, and activators of GCase activity like S-181 might be of interest. This
compound was shown to cross the BBB in D409V heterozygous mutant mice resulting in
increased GCase activity (Burbulla et al., 2019). Elevation of GCase activity by S-181 was as
well as observed in iPSC-derived neurons from LRRK2 and Parkin mutants and sporadic PD
patients (Burbulla et al., 2019). Upon treatment with S-181, iPSC-derived dopaminergic
neurons of LRRK2 mutant cells as well as idiopathic PD accumulate less a-synuclein and less
oxidized dopamine (Burbulla et al., 2019). Reduced oxidized dopamine might be an indicator
for reduced mitochondrial stress, as mitochondrial antioxidants were shown to decrease the
occurrence of oxidized dopamine as well (Burbulla et al., 2017). This might occur due to
improved mitochondrial respiration. Therefore, it would be interesting to investigate whether S-
181 as well improved mitochondrial GCase function. If so, S-181 could have the potential to

be used to treat pathology resulting from GCase activity deficits in different PD patient groups.

To conclude, we identified that GCase traffics to mitochondria through a HSC70-, TOM70- and
TIM23-dependent mechanism. Furthermore, we show that WT GCase potentially supports Cl
assembly by stabilizing TIMMDCH1. In this case, mutant GCase loss-of-function leads to a
decrease in this interaction, thereby potentially leading to Cl integrity issues. In the severe
p.L444P mutant, an additional gain-of-function mechanism was uncovered. p.L444P mutant
GCase promotes the interaction with LONP1 and it might prevent LONP1 to assist folding of

Cl proteins. Figure 6-1 summarizes the proposed mechanism.
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Figure 6-1: lllustration of proposed role of WT and mutant GCase in mitochondria function and
dysfunction. A) (1) WT binds HSC70 in the cytosol. (2) HSC70 targets WT GCase to TOM70. (3)
GCase is transported by TOM and TIM complex into the mitochondrial matrix. (4) GCase interacts with
TIMMDCA1 to support Cl subcomplex assembly allowing proper mitochondrial respiration. B) (1) Like,
WT GCase, mutant GCase is trafficked in a HSC70-, TOM and TIM complex-dependent way. (2) In the
mitochondrial matrix, misfolded mutant GCase associates with LONP1. (3) Thereby mutant GCase
prevents LONP1 from folding Cl subunits like NDUFA9, which start to accumulate in the matrix. (4) Less
mutant GCase associates with TIMMDC1 leading to reduced CI integrity, resulting in reduced
mitochondrial respiration.
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7 Outlook

In this study, we present data providing a direct link between GCase and mitochondrial
function. We show that GCase is imported into the mitochondrial matrix in a HSC70-TOM-TIM-
dependent manner, and it supports the stability or assembly of mitochondrial Cl. However, PD-
linked GBA1 mutations lead to a decreased interaction with TIMMDC and CI protein with
defects in CI integrity in supercomplex. Interestingly, the severe mutant p.L444P GCase
interacts more with LONP1, preventing LONP1 from its protease and chaperoning activity,
likely leading to worsened mitochondrial dysfunction. Even though these data make GCase an
interesting target for GBA7-related PD, it might as well be interesting in general for PD patients.
As described above, GCase activity is as well decreased in sporadic PD and it was reported
that the reduced GCase activity correlated with accumulation of GCase substrate, GlcSph
(Rocha et al., 2015a). Both decreased GCase activity and increase GLS levels lead to
increased a-synuclein levels. However, additional questions need to be addressed.

One crucial point to address is the mitochondrial GCase import and if the import of mutant
GCase is perturbed as it looks like interaction with import proteins is slightly increased in
p.L444P mutant GCase. This might as well help to find ways to target GCase to mitochondria
and potentially improve mitochondrial function in PD. In case, the import of mutant GCase is
disturbed, it would be interesting to assess, whether this has an effect on import of other
mitochondrial proteins. Since it was shown that a-synuclein impacts mitochondrial import (Di
Maio et al, 2016), it would be interesting to investigate if mitochondrial GCase levels are
decreasing with increasing a-synuclein pathology. In how far the increased interaction of
mutant GCase with LONP1 is part of the previously described mechanism of supporting the
overloaded proteosome needs to be investigated as well.

Even though our data indicate a defect in Cl integrity in GBA71 mutant and KO neurons,
additional experiments must validate this observation. In addition, it needs to be investigated
how GCase functions with regard to Cl stability. It would be interesting to find out whether
increasing mitochondrial GCase could rescue CI dysfunction in GBA17-related PD. Our data
showing improved mitochondrial respiration after GCase overexpression point towards this
possibility. A first step would be to assess the effect of mitochondrial targeted WT GCase on
the mitochondrial function and compare this to what happens when mutant GCase is targeted
to the mitochondria. This could then be compared to overexpression of WT and mutant GCase
or a mutant variant that does not have the iMTS-Is anymore. Although one has to keep in mind,
that deletion of the iIMTS-Is will as well impact GCase structure and activity. As ClI dysfunction
may be one of the most important events in the development of PD (Gonzalez-Rodriguez et
al., 2021) and GCase activity is decreased in several forms of familial as well as sporadic PD
(Burbulla et al., 2019; Rocha et al., 2015a; Ysselstein et al., 2019), it would be interesting to

see whether increasing mitochondrial GCase can as well rescue genetic and idiopathic PD.
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On the other hand, improving GCase activity will as well lead to a decrease in a-synuclein
pathology, thereby improving GCase activity and trafficking to the different compartments. This
in turn might improve both a-synuclein and mitochondrial pathology. If this treatment would
need to be based on AAV-dependent overexpression of GCase or if a stabilizer like S-181
could be sufficient still needs to be investigated.

A slight increase in the Cl protein NDUFA10 has been observed, unfortunately not reaching
significance on the blot, though several Cl proteins were increased in the more sensitive
LC/MS analysis. It would be interesting to see whether the increase is due to an upregulation
of the expression or if it is an accumulation at the protein level.

In the light of this new potential role of GCase in mitochondrial function, it would be interesting
to monitor the GCase activity over time and assess whether in sporadic PD GCase activity is
decreased before diagnosis. This might give a hint whether decreased GCase activity is a

driver of PD or a result of other pathological mechanisms, like a-synuclein aggregation.
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9 Appendix

9.1 Detailed list of materials

In the following sections the materials used for the thesis are listed. If a material was already

described in a previous section, the details are not repeated.

9.1.1 Cloning constructs into plasmid

‘ Material Manufacturer Catalogue N° ‘
Accutase Sigma-Aldrich A6964-100 mi
Aflll (10 U/ul) and 10x Buffer O Thermo Fisher Scientific Inc. ER0831
ALLin™ RPH Polymerase highQu HLEO0101
Ampicillin sodium salt Gibco 11593027
BactoTM Agar BD 214010
Coverslip (round & 12 MM NR.1) VWR 31-1577
DNeasy Blood & Tissue kit Qiagen 69504
EcoRI (10 U/pl) Thermo Fisher Scientific Inc. ER0271
EndoFree Plasmid Maxi Kit (10) Qiagen 12362
HEK 293 / /

Ingenio electroporation solution Mirus MIR 50111

Matrigel® Growth Factor Reduced (GFR)

Basement Membrane Matrix, 10mL Corning 354230
Moonlab® Petrischale, @: 90 mm, Héhe:

15 mm, 3 Nocken, klar, steril, PS, 50 x 10 "€°!ab 4-0085
Natrium Chloride Merck 1.06404.1000
One Shot™ TOP10 Chemically Competent . ™

E. coli with SOC medium RS AR08
Paraformaldehyde powder, 95% Sigma-Aldrich 158127-500G
pcDNA™3.0 Invitrogen™ n.a.
pcDNA™5/FRT/TO Invitrogen™ V652020
Polyethylenimine 25kD linear (dissolved to . :
1mg/ml in Milli-Q H-0) Polysciences 23966-2
QlAprep Spin Miniprep Kit (250) Qiagen 27106
QlAquick Gel extraction Kit Qiagen 28706
QuikChange Il XL Site-Directed Mutagenesis .

Kit. 10 Rxn Agilent 200521
SeaKem LE Agarose Lonza 50001

T4 DNA ligase and buffer New England BioLabs inc. (NEB) = MO0202S
Trypton/Pepton from Casein Carl Roth 8952.4

Xhol (10 U/uL) and 10 x Tango Buffer Thermo Fisher Scientific Inc. ER0691
Yeast extract BioChemica PanReac AppliChem A1552,1000

LB medium preparation: 10 g Tryptone, 10g NaCl, 5 g yeast extract were mixed, and Milli-Q

water was added to reach a volume of 1L. The mixture was autoclaved for sterilization. After

cooling to RT, the LB medium was stored at 4°C.

LB Agar plates: 15 g Agar was added to the LB medium mix and Milli-Q water was added to

1L volume followed by autoclaving. When the sterilized LB Agar reached about body
temperature, the antibiotics (50 pg/ml) were added and mixed. Then the 10cm dishes were

poured and left to cool down. The plates were then stored upside down at 4°C.
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9.1.2 PCR and sequencing analysis

Material Manufacturer Catalogue N°
1x Phosphate Buffered Saline (PBS) Sigma-Aldrich D8537-500ML
BigDye v3.1 kit incl. Buffer Thermo Fisher Scientific Inc. 4337455
Boric acid Carl Roth P010.2
DMSO for cell culture Sigma-Aldrich D4540-1L
dNTS Thermo Fisher Scientific Inc. R0182
Ethanol absolute 299,8% VWR Chemicals 20821330
Ethylenediamine tetraacetic acid disodium salt
dih;’ drate (EDTA) Carl Roth 8043.2
GeneRuler DNA Ladder Mix Thermo Fisher Scientific Inc. SMO0331
(RBOTag Il Polymerase kit with 5X Green GoTaq® Promega M3005
eaction Buffer
Hi-Di™ Formamide Applied Biosystems™ 4401457
Midori Green Advance NIPPON Genetics M604
QuickExtract DNA extraction solution Epicentre QE09050
Sodium acetate trihydrate Carl Roth 6779.2
Sodium hydroxide Merck 1.06462.1000
Tris Pufferan Carl Roth AE15.3

TBE buffer: For TBE buffer 108g Tris Pufferan, 55 g boric acid, 40 ml of 0.5 M EDTA (pH8)

was mixed. Then the volume was filled up to 1 L with Milli-Q H2O.

0.5 M EDTA (pH 8): 93.05 g EDTA powder was mixed with 300 ml H2O. NaOH is added until
EDTA starts to dissolve. Then pH is adjusted to 8 using HCI or NaOH and the total volume to
500 ml with Milli-Q H20.

Sodium acetate buffer: Mix 1 ml 3M sodium acetate with 24 ml pure Ethanol.

9.1.3 T-Rex HEK cell culture and transfection

Material Manufacturer  Catalogue N°
Calcium chloride Carl Roth CN93.1

HEK 293 / /

HEPES Sigma-Aldrich H4034-25G
Sodium chloride Sigma-Aldrich S7653-250G
Sodium phosphate dibasic Sigma-Aldrich S5136-100G
T-REx™-293 cell line Invitrogen™ R78007
Venor GEM Classic (Mycoplasma Detection Kit) Minerva Biolabs 11-1100

2x HBS: 28 ml of 5M sodium chloride, 11.9g HEPES, 750 pl 1M Na:HPO4 were mixed with
about 350 ml Milli-Q H20. After adjustment of pH to 7.1 with NaOH, the volume was adjusted

to 500 ml and sterile filtered.

9.1.4 Immunoprecipitation
10x TBS: In 1.5 L Milli-Q H20, 121.14 g Tris Pufferan and 175.32 g of NaCl are dissolved.
When everything is dissolved, the pH is adjusted to 7.4 with HCI and the volume adjusted to
2L with Milli-Q H20O.
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6x Laemmli buffer: 3.12 ml of 2 M Tris/HCI (pH 6.8) was mixed with 2 g SDS, 10 ml Glycerin,
0.01 g Bromophenol blue, 2.5 ml 3-Mercaptoethanol and then filled with Milli-Q H2O up to 20

ml.

Material Manufacturer
Anti- GBA MaxPab (Rabbit) antibody = Abnova

Catalogue N°
H00002629-D01

Anti-Flag M2 Affinity Gel Sigma-Aldrich A2220

Flag Peptide Sigma-Aldrich F3290
Glycerin Carl Roth 3783.1

HCI Merck 1.00316.1000
HPLC-grade Water for MS Merck Millipore 1153331000
IGEPAL® CA-630 (NP40) Sigma-Aldrich 18896-50ML
Microspin™ Columns GE Healthcare 27-3565-01
normal rabbit IgG Enzo Life Sciences CVL-PAB01004-P
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific Inc. = 23225
Protease and Phosphatase Inhibitor = Thermo Fisher Scientific Inc. A32959
Protein G agarose fast flow beads Merck Millipore 16-266

SDS Carl Roth CN30.3
3-Mercaptoethanol Sigma-Aldrich 805740
Tween-20 Carl Roth 9127 .1

Water for chromatography Merck Millipore 1153331000

9.1.5 Mass spectrometry measurement

Material Manufacturer Catalogue N°
Benzonase® Nuclease Sigma-Aldrich = E1014-5KU

9.1.6 Generation of iPSC

Material Manufacturer Catalogue N°

(10x) Trypsin (1:250)/EDTA-LAsung (0,5 %/0,2 %) Biochrom L2153
Amaxa nucleofection kit for human dermal fibroblasts = Lonza VPD-100
BD regular Bevel Needles 26 G 0,45x23 mm Terumo AN2623R1
pCXLE-hOct3/4 Addgene 27076
pCXLE-hSK Addgene 27078
pCXLE-hUL Addgene 27080
Rock inhibitor (Y27632) Selleckchem S1049
Sodium butyrate Sigma-Aldrich B5887-1G
Vitronectin XF™ StemCell™ Technologies 100-0763

9.1.7 Gene-correction

Material Manufacturer Catalogue N°

Alt-R Cas9 Nuclease V3 100 ug IDT 1081058
Atto550 labelled tracrRNA IDT 1075928
Falcon® 40um Cell Strainer, Sterile Corning 352340

G418 InvivoGen ant-gn-1

9.1.8 Differentiation of iPSC into NPC and midbrain DA neurons

‘ Material Manufacturer Catalogue N° ‘
B27 without Vitamin A Gibco 12587010
BDNF PeproTech 450-02
CHIR99021 Sigma-Aldrich SML1046
Corning® Matrigel® Growth Factor Reduced (GFR) Corning 354230

Basement Membrane Matrix, 10mL

dbcAMP PanReac AppliChem A0455,1000

—
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Material

DMEM Knockout Medium
DMEM/ Hams F12 without HEPES
Dorsomorphin

FGF8B

GDNF
Knockout-Serum-Replacement
N2

NEEA

Neurobasal

PMA

SB431542

TGF-R3

9.1.9 Western blot analysis

Material

Acrylamide - Solution 40%
Anti-mouse IgG, HRP linked Antibody
Anti-rabbit IgG, HRP linked Antibody
ECL western blot HRP Substrate
Glycine

Immobilon PVDF

Methanol

Nonfat dried milk powder

NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.5 mm,

10-well

NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.5 mm,

15-well

NuPAGE™ MOPS SDS Running Buffer (20X)
Precision Plus Protein™ Dual Color Standards

SignalFire™ Elite ECL Reagent
TEMED

Tris/Cl

UltraCruz® Autoradiography Film
Western Blocking Reagent, Roche

Manufacturer
Gibco

Gibco
Sigma-Aldrich
PeproTech
PeproTech
Gibco

Gibco

Gibco

Gibco

Merck
Selleckchem
PeproTech

Manufacturer
PanReac AppliChem

Cell Signaling Technology
Cell Signaling Technology

Millipore

Carl Roth

Life Technologies
VWR

PanReac AppliChem

Thermo Fisher Scientific Inc.

Thermo Fisher Scientific Inc.

Thermo Fisher Scientific Inc.

BioRad

Cell Signaling technology

Carl Roth
Carl Roth
Santa Cruz
Sigma-Aldrich

10% APS: 5 g of APS are dissolved in 50 ml Milli-Q H20.

Catalogue N°
10829018
11320033
P5499

100-25
450-10
10828028
17502048
11140-035
21103049
540220-5MG
S1067
100-36E-50uG

Catalogue N°
A3658-1000
7076S

7074S
WBKLS0500
3908.3
IPVHO00010
20847,307
A0830

NP0335BOX

NP0336BOX

NP0001
1610374
12757S
2367.1
9090.3
sc-201697
11921681001

Lower Buffer: 45.43 g of Tris Pufferan is mixed with 1 g of SDS, and Milli-Q H.O was added.

When everything was dissolved, the pH was adjusted to 8.8. Then the total volume was topped

up to 250 ml.

Upper Buffer: 15.14 g Tris Pufferan and 1 g SDS were added to Milli-Q H2O. After adjustment
of the pH to 6.8 with HCI, the total volume was adjusted to 250 ml with Milli-Q H2O.

10x Running buffer: 60.6 g Tris Pufferan, 290 g Glycine and 20 g SDS were weighted in. Milli-

Q H20 was added and when everything was dissolved it was topped up to 2L.

Strong stripping buffer: 7.57 g of Tris Pufferan was mixed with 20 g SDS and 7.18 g B-

Mercaptoethanol. The total volume was filled to 1 L.
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Soft stripping buffer: 3.8 g Glycine, 0.5 g SDS, 5 ml Tween-20 where mixed with Milli-Q H20.
The pH was adjusted to 2.2 with HCI and the volume adjusted to 250 ml with Milli-Q H2O.

10x Transfer buffer: 60.56 g Tris Pufferan and 288.16 g Glycine were dissolved in Milli-Q H2O.
At the end, the volume was filled with Milli-Q H2O up to 2L.

9.1.10 Immunofluorescent staining

‘ Material Manufacturer Catalogue N°
Alexa Fluor 488 goat anti-mouse Invitrogen A-11001
Alexa Fluor 488 goat anti-rabbit Invitrogen A-11008
Alexa Fluor 568 goat anti-mouse Invitrogen A-11004
Alexa Fluor 568 goat anti-rabbit Invitrogen A-11011
Dako Mounting Medium Agilent S302380-2
DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) Biolegend 422801
Normal goat serum Biozol VEC-S-1000
Objekttrager SuperFrost Ultra Plus OmniLab 5429581
Triton-X 100 Carl Roth 3051.4
9.1.11PLA

‘ Material Manufacturer  Catalogue N° ‘
Duolink In Situ Red Starter Kit Mouse/Rabbit Sigma-Aldrich DUO092101-1KT

Nunc™ Lab-Tek™ Chamber Slide System (16-well) Fisher Scientific 178599PK

9.1.12 RNA isolation, reverse transcription, and qRT-PCR

Material Manufacturer Catalogue N°
MicroAmp™ Optical 384-Well Reaction Plate with Barcode Applied Biosystems™ 4309849
QuantiTect Rev. Transcription Kit (200) Qiagen 205313
QuantiTect SYBR Green PCR Kit Qiagen 204145
RNaseZAP™ Sigma-Aldrich R2020-250ML
RNeasy Mini Kit (250) Qiagen 74106

9.1.13 Lentiviral KD in T-Rex HEK cells

Material Manufacturer = Catalogue N°
Lenti-X™ GoStix™ Plus TaKaRa 631280
Opti-MEM™ | Reduced Serum Medium, no phenolred  Gibco 11058021
pMD2.G Addgene 12259
psPAX2 Addgene 12260
Puromycin InvivoGen Ant-pr-1
Syringe Filter PVDF 33mm 0.45um STR Fisher Scientific = 15191499
TRANSIT™-X2 DYNAMIC DELIVERY Mirus MIR-6004

Vivaspin 20 centrifugal concentrator (Sartorius VS2042) = Sigma-Aldrich Z614688-48EA
9.1.14 GBA activity assay

‘ Material Manufacturer Catalogue N° ‘

4-methylumbelliferyl-B-D-glucopyranoside Glycosynth 44059

Citric Acid monohydrate Sigma-Aldrich C1909-500G
Conduritol B Epoxide Calbiochem 234599-100MG
Microplates for Fluorescence-based Assays, Thermo Fisher Scientific Inc M33089
96-well )

Taurocholic acid sodium salt hydrate Sigma-Aldrich T4009

Sodium citrate phosphate buffer: 2.3 g citric acid monohydrate and 1.42 g Sodium phosphate
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dibasic were added to separate tubes and H?0 was added to 50 ml total volume. 25 ml of each

solution were transferred to a common tube and the pH was adjusted to 5.4.

MUB-GIc solution: 0.0169 g MUB-Glc were dissolved in 10 ml sodium citrate phosphate buffer

Taurocholic acid solution: 0.025 g taurocholic acid was resuspended in 10 ml Milli-Q H.O. Then

100 pl Triton-X 100 was added and mixed. The 300 ul of the resulting solution was distributed
into 2 ml tubes and where dried at 37°C.

9.1.15 Seahorse analysis

Material Manufacturer Catalogue N°
Antimycin A from Streptomyces sp. Sigma-Aldrich A8674-25MG
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone Sigma-Aldrich C2920-10MG
Oligomycin A, 295% (HPLC) Sigma-Aldrich  75351-5MG

Rotenone Sigma-Aldrich | R8875-1G
Seahorse XF 1.0 M glucose solution, 50 mL Agilent 103577-100
Seahorse XF 100 mM pyruvate solution Agilent 103578-100
Seahorse XF DMEM medium, pH 7.4, 500 mL Agilent 103575-100
Seahorse XFe96 FluxPak Agilent 102601-100

9.1.16 Split GFP materials

Material Manufacturer Catalogue N°
Ibidi USA U SLIDE 8 WELL IBITREAT Ibidi 80826
MitoTracker™ Red CM-H2Xros Invitrogen™ M7513
Opti-MEM™ | Reduced Serum Medium, no phenol Thermo Fisher Scientific

red Inc. 11058021
ViaFect Transfection Reagent Promega E4981

9.1.17 General plasticware

Material Manufacturer Catalogue N°

0.5 mL SafelLock Tube Eppendorf 0030 121.023

1 mL Syringe Santa Cruz sc-358901

1.5 mL SafelLock Tube Eppendorf 0030 120.086

1000_x17mm Dish, Nunclon™ Delta 100 x 20 mm Schubert und Weiss FALC353003
ptilux (Falcon)

12-well plate Greiner 665180

15 ml CellStar tube Greiner Bio-One 188271

150x21mm Dish, Nunc™ Cell culture dishes Thermo Fisher Scientific Inc. 168381

2 mL SafelLock Tube Eppendorf 0030 121 880

2.5 pl SafeSeal tips Biozym 690005X

24-well plate Greiner 662160

48-well plate Greiner 677180

50 ml CellStar tube Greiner Bio-One 227261

6-well plate Greiner 657160

96-well flat bottom Greiner 655101

Cell scraper Sarstedt 831830

Corning 10 ml Stripette Corning 4101

Corning 25 ml Stripette Corning 4251

Corning 5 ml Stripette Corning 4051

Corning 50 ml Stripette Corning 4501

Injekt® 20 ml, Luer-Ansatz, exzentrisch Braun 4606205V

Millex filter unit, 33mm Pes 0.22 um Merck SLGPO033RS

Nunc Cryotube Vial Thermo Fisher Scientific Inc. = 368632

Nunc Easy Flask 175 Filter Thermo Fisher Scientific Inc. 156499
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‘ Material Manufacturer Catalogue N°
PCR stripes VWR 732-4802
SurPhob 10 pl sterile tips Biozym VT0200
SurPhob 100 ul sterile tips Biozym VT0230
SurPhob 1000 ul sterile tips Biozym VT0260
SurPhob 200 ul sterile tips Biozym VT0240
Vakuum Filtersystem Corning CORN431097

9.2 Sequences of constructs
first base after leader sequence

V5 sequence

Overlap V5 and Flag sequence

Flag sequence

Repetition of GCase sequence

Mitochondrial targeting sequence from COX8A
GFP 1-10

GFP s118

9.2.1 V5-Flag-tag control sequence
GCCGCCACCATGATCCCTAACCCTCTCCTCGGTCTCGATTACAAGGATGACGACGATAAGTGA

9.2.2 WT GBA1

GCCGCCACCATGGAGTTTTCAAGTCCTTCCAGAGAGGAATGTCCCAAGCCTTTGAGTAGGGTAA
GCATCATGGCTGGCAGCCTCACAGGATTGCTTCTACTTCAGGCAGTGTCGTGGGCATCAGGTEC
CCGCCCCTGCATCCCTAAAAGCTTCGGCTACAGCTCGGTGGTGTGTGTCTGCAATGCCACATACT
GTGACTCCTTTGACCCCCCGACCTTTCCTGCCCTTGGTACCTTCAGCCGCTATGAGAGTACACGC
AGTGGGCGACGGATGGAGCTGAGTATGGGGCCCATCCAGGCTAATCACACGGGCACAGGCCTG
CTACTGACCCTGCAGCCAGAACAGAAGTTCCAGAAAGTGAAGGGATTTGGAGGGGCCATGACAG
ATGCTGCTGCTCTCAACATCCTTGCCCTGTCACCCCCTGCCCAAAATTTGCTACTTAAATCGTACT
TCTCTGAAGAAGGAATCGGATATAACATCATCCGGGTACCCATGGCCAGCTGTGACTTCTCCATC
CGCACCTACACCTATGCAGACACCCCTGATGATTTCCAGTTGCACAACTTCAGCCTCCCAGAGGA
AGATACCAAGCTCAAGATACCCCTGATTCACCGAGCCCTGCAGTTGGCCCAGCGTCCCGTTTCA
CTCCTTGCCAGCCCCTGGACATCACCCACTTGGCTCAAGACCAATGGAGCGGTGAATGGGAAGG
GGTCACTCAAGGGACAGCCCGGAGACATCTACCACCAGACCTGGGCCAGATACTTTGTGAAGTT
CCTGGATGCCTATGCTGAGCACAAGTTACAGTTCTGGGCAGTGACAGCTGAAAATGAGCCTTCTG
CTGGGCTGTTGAGTGGATACCCCTTCCAGTGCCTGGGCTTCACCCCTGAACATCAGCGAGACTT
CATTGCCCGTGACCTAGGTCCTACCCTCGCCAACAGTACTCACCACAATGTCCGCCTACTCATGC
TGGATGACCAACGCTTGCTGCTGCCCCACTGGGCAAAGGTGGTACTGACAGACCCAGAAGCAGC
TAAATATGTTCATGGCATTGCTGTACATTGGTACCTGGACTTTCTGGCTCCAGCCAAAGCCACCCT
AGGGGAGACACACCGCCTGTTCCCCAACACCATGCTCTTTGCCTCAGAGGCCTGTGTGGGCTCC
AAGTTCTGGGAGCAGAGTGTGCGGCTAGGCTCCTGGGATCGAGGGATGCAGTACAGCCACAGC
ATCATCACGAACCTCCTGTACCATGTGGTCGGCTGGACCGACTGGAACCTTGCCCTGAACCCCG
AAGGAGGACCCAATTGGGTGCGTAACTTTGTCGACAGTCCCATCATTGTAGACATCACCAAGGAC
ACGTTTTACAAACAGCCCATGTTCTACCACCTTGGCCACTTCAGCAAGTTCATTCCTGAGGGCTC
CCAGAGAGTGGGGCTGGTTGCCAGTCAGAAGAACGACCTGGACGCAGTGGCACTGATGCATCC
CGATGGCTCTGCTGTTGTGGTCGTGCTAAACCGCTCCTCTAAGGATGTGCCTCTTACCATCAAGG
ATCCTGCTGTGGGCTTCCTGGAGACAATCTCACCTGGCTACTCCATTCACACCTACCTGTGGCGT
CGCCAGTGA

9.2.3 V5-Flag-tagged GBA1

GCCGCCACCATGGAGTTTTCAAGTCCTTCCAGAGAGGAATGTCCCAAGCCTTTGAGTAGGGTAA
GCATCATGGCTGGCAGCCTCACAGGATTGCTTCTACTTCAGGCAGTGTCGTGGGCATCAGGTEC
CCGCCCCATCCCTAACCCTCTCCTCGGTCTCGATTACAAGGATGACGACGATAAGGCCCGCCCC
TGCATCCCTAAAAGCTTCGGCTACAGCTCGGTGGTGTGTGTCTGCAATGCCACATACTGTGACTC
CTTTGACCCCCCGACCTTTCCTGCCCTTGGTACCTTCAGCCGCTATGAGAGTACACGCAGTGGG
CGACGGATGGAGCTGAGTATGGGGCCCATCCAGGCTAATCACACGGGCACAGGCCTGCTACTG
ACCCTGCAGCCAGAACAGAAGTTCCAGAAAGTGAAGGGATTTGGAGGGGCCATGACAGATGCTG
CTGCTCTCAACATCCTTGCCCTGTCACCCCCTGCCCAAAATTTGCTACTTAAATCGTACTTCTCTG
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AAGAAGGAATCGGATATAACATCATCCGGGTACCCATGGCCAGCTGTGACTTCTCCATCCGCACC
TACACCTATGCAGACACCCCTGATGATTTCCAGTTGCACAACTTCAGCCTCCCAGAGGAAGATAC
CAAGCTCAAGATACCCCTGATTCACCGAGCCCTGCAGTTGGCCCAGCGTCCCGTTTCACTCCTTG
CCAGCCCCTGGACATCACCCACTTGGCTCAAGACCAATGGAGCGGTGAATGGGAAGGGGTCACT
CAAGGGACAGCCCGGAGACATCTACCACCAGACCTGGGCCAGATACTTTGTGAAGTTCCTGGAT
GCCTATGCTGAGCACAAGTTACAGTTCTGGGCAGTGACAGCTGAAAATGAGCCTTCTGCTGGGC
TGTTGAGTGGATACCCCTTCCAGTGCCTGGGCTTCACCCCTGAACATCAGCGAGACTTCATTGCC
CGTGACCTAGGTCCTACCCTCGCCAACAGTACTCACCACAATGTCCGCCTACTCATGCTGGATGA
CCAACGCTTGCTGCTGCCCCACTGGGCAAAGGTGGTACTGACAGACCCAGAAGCAGCTAAATAT
GTTCATGGCATTGCTGTACATTGGTACCTGGACTTTCTGGCTCCAGCCAAAGCCACCCTAGGGGA
GACACACCGCCTGTTCCCCAACACCATGCTCTTTGCCTCAGAGGCCTGTGTGGGCTCCAAGTTCT
GGGAGCAGAGTGTGCGGCTAGGCTCCTGGGATCGAGGGATGCAGTACAGCCACAGCATCATCA
CGAACCTCCTGTACCATGTGGTCGGCTGGACCGACTGGAACCTTGCCCTGAACCCCGAAGGAGG
ACCCAATTGGGTGCGTAACTTTGTCGACAGTCCCATCATTGTAGACATCACCAAGGACACGTTTT
ACAAACAGCCCATGTTCTACCACCTTGGCCACTTCAGCAAGTTCATTCCTGAGGGCTCCCAGAGA
GTGGGGCTGGTTGCCAGTCAGAAGAACGACCTGGACGCAGTGGCACTGATGCATCCCGATGGC
TCTGCTGTTGTGGTCGTGCTAAACCGCTCCTCTAAGGATGTGCCTCTTACCATCAAGGATCCTGC
TGTGGGCTTCCTGGAGACAATCTCACCTGGCTACTCCATTCACACCTACCTGTGGCGTCGCCAGT
GA

9.2.4 Mito-GFP 1-10 construct

GCCGCCACCATGTCCGTCCTGACGCCGCTGCTGCTGCGGGGCTTGACAGGCTCGGLCCGGLG
GCTCCCAGTGCCGCGCGCCAAGATCCATTCGTTGTCCAAAGGAGAAGAACTGTTTACCGGTGTT
GTGCCAATTTTGGTTGAACTCGATGGTGATGTCAACGGACATAAGTTCTCAGTGAGAGGCGAAGG
AGAAGGTGACGCCACCATTGGAAAATTGACTCTTAAATTCATCTGTACTACTGGTAAACTTCCTGT
ACCATGGCCGACTCTCGTAACAACGCTTACGTACGGAGTTCAGTGCTTTTCGAGATACCCAGACC
ATATGAAAAGACATGACTTTTTTAAGTCGGCTATGCCTGAAGGTTACGTGCAAGAAAGAACAATTT
CGTTCAAAGATGATGGAAAATATAAAACTAGAGCAGTTGTTAAATTTGAAGGAGATACTTTGGTTA
ACCGCATTGAACTGAAAGGAACAGATTTTAAAGAAGATGGTAATATTCTTGGACACAAACTCGAAT
ACAATTTTAATAGTCATAACGTATACATCACTGCTGATAAGCAAAAGAACGGAATTAAAGCGAATTT
CACAGTACGCCATAATGTAGAAGATGGCAGTGTTCAACTTGCCGACCATTACCAACAAAACACCC
CTATTGGAGACGGTCCGGTACTTCTTCCTGATAATCACTACCTCTCAACACAAACAGTCCTGAGC
AAAGATCCAAATGAAAAAGGAACATAA

9.2.5 Mitochondrial targeted GBA1

ATGGAGTTTTCAAGTCCTTCCAGAGAGGAATGTCCCAAGCCTTTGAGTAGGGTAAGCATCATGGC
TGGCAGCCTCACAGGATTGCTTCTACTTCAGGCAGTGTCGTGGGCATCAGGTGCCCGCCCCTCC
GTCCTGACGCCGCTGCTGCTGCGGGGCTTGACAGGCTCGGCCCGGCGGCTCCCAGTGCCGCG
CGCCAAGATCCATTCGTTGGCCCGCCCCTGCATCCCTAAAAGCTTCGGCTACAGCTCGGTGGTG
TGTGTCTGCAATGCCACATACTGTGACTCCTTTGACCCCCCGACCTTTCCTGCCCTTGGTACCTT
CAGCCGCTATGAGAGTACACGCAGTGGGCGACGGATGGAGCTGAGTATGGGGCCCATCCAGGC
TAATCACACGGGCACAGGCCTGCTACTGACCCTGCAGCCAGAACAGAAGTTCCAGAAAGTGAAG
GGATTTGGAGGGGCCATGACAGATGCTGCTGCTCTCAACATCCTTGCCCTGTCACCCCCTGCCC
AAAATTTGCTACTTAAATCGTACTTCTCTGAAGAAGGAATCGGATATAACATCATCCGGGTACCCA
TGGCCAGCTGTGACTTCTCCATCCGCACCTACACCTATGCAGACACCCCTGATGATTTCCAGTTG
CACAACTTCAGCCTCCCAGAGGAAGATACCAAGCTCAAGATACCCCTGATTCACCGAGCCCTGCA
GTTGGCCCAGCGTCCCGTTTCACTCCTTGCCAGCCCCTGGACATCACCCACTTGGCTCAAGACC
AATGGAGCGGTGAATGGGAAGGGGTCACTCAAGGGACAGCCCGGAGACATCTACCACCAGACC
TGGGCCAGATACTTTGTGAAGTTCCTGGATGCCTATGCTGAGCACAAGTTACAGTTCTGGGCAGT
GACAGCTGAAAATGAGCCTTCTGCTGGGCTGTTGAGTGGATACCCCTTCCAGTGCCTGGGCTTC
ACCCCTGAACATCAGCGAGACTTCATTGCCCGTGACCTAGGTCCTACCCTCGCCAACAGTACTCA
CCACAATGTCCGCCTACTCATGCTGGATGACCAACGCTTGCTGCTGCCCCACTGGGCAAAGGTG
GTACTGACAGACCCAGAAGCAGCTAAATATGTTCATGGCATTGCTGTACATTGGTACCTGGACTT
TCTGGCTCCAGCCAAAGCCACCCTAGGGGAGACACACCGCCTGTTCCCCAACACCATGCTCTTT
GCCTCAGAGGCCTGTGTGGGCTCCAAGTTCTGGGAGCAGAGTGTGCGGCTAGGCTCCTGGGAT
CGAGGGATGCAGTACAGCCACAGCATCATCACGAACCTCCTGTACCATGTGGTCGGCTGGACCG
ACTGGAACCTTGCCCTGAACCCCGAAGGAGGACCCAATTGGGTGCGTAACTTTGTCGACAGTCC
CATCATTGTAGACATCACCAAGGACACGTTTTACAAACAGCCCATGTTCTACCACCTTGGCCACTT
CAGCAAGTTCATTCCTGAGGGCTCCCAGAGAGTGGGGCTGGTTGCCAGTCAGAAGAACGACCTG
GACGCAGTGGCACTGATGCATCCCGATGGCTCTGCTGTTGTGGTCGTGCTAAACCGCTCCTCTA
AGGATGTGCCTCTTACCATCAAGGATCCTGCTGTGGGCTTCCTGGAGACAATCTCACCTGGCTAC
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TCCATTCACACCTACCTGTGGCGTCGCCAGGGCGACGGCGGCAGCGGCGGLCGGCAGCCGGGA
CCACATGGTGCTGCACGAGTACGTGAACGCCGCCGGCATCACATGA

9.2.6 GBA1-GFP s118

ATGGAGTTTTCAAGTCCTTCCAGAGAGGAATGTCCCAAGCCTTTGAGTAGGGTAAGCATCATGGC
TGGCAGCCTCACAGGATTGCTTCTACTTCAGGCAGTGTCGTGGGCATCAGGTGCCCGCCCCTGC
ATCCCTAAAAGCTTCGGCTACAGCTCGGTGGTGTGTGTCTGCAATGCCACATACTGTGACTCCTT
TGACCCCCCGACCTTTCCTGCCCTTGGTACCTTCAGCCGCTATGAGAGTACACGCAGTGGGCGA
CGGATGGAGCTGAGTATGGGGCCCATCCAGGCTAATCACACGGGCACAGGCCTGCTACTGACC
CTGCAGCCAGAACAGAAGTTCCAGAAAGTGAAGGGATTTGGAGGGGCCATGACAGATGCTGCTG
CTCTCAACATCCTTGCCCTGTCACCCCCTGCCCAAAATTTGCTACTTAAATCGTACTTCTCTGAAG
AAGGAATCGGATATAACATCATCCGGGTACCCATGGCCAGCTGTGACTTCTCCATCCGCACCTAC
ACCTATGCAGACACCCCTGATGATTTCCAGTTGCACAACTTCAGCCTCCCAGAGGAAGATACCAA
GCTCAAGATACCCCTGATTCACCGAGCCCTGCAGTTGGCCCAGCGTCCCGTTTCACTCCTTGCC
AGCCCCTGGACATCACCCACTTGGCTCAAGACCAATGGAGCGGTGAATGGGAAGGGGTCACTCA
AGGGACAGCCCGGAGACATCTACCACCAGACCTGGGCCAGATACTTTGTGAAGTTCCTGGATGC
CTATGCTGAGCACAAGTTACAGTTCTGGGCAGTGACAGCTGAAAATGAGCCTTCTGCTGGGCTGT
TGAGTGGATACCCCTTCCAGTGCCTGGGCTTCACCCCTGAACATCAGCGAGACTTCATTGCCCGT
GACCTAGGTCCTACCCTCGCCAACAGTACTCACCACAATGTCCGCCTACTCATGCTGGATGACCA
ACGCTTGCTGCTGCCCCACTGGGCAAAGGTGGTACTGACAGACCCAGAAGCAGCTAAATATGTT
CATGGCATTGCTGTACATTGGTACCTGGACTTTCTGGCTCCAGCCAAAGCCACCCTAGGGGAGA
CACACCGCCTGTTCCCCAACACCATGCTCTTTGCCTCAGAGGCCTGTGTGGGCTCCAAGTTCTG
GGAGCAGAGTGTGCGGCTAGGCTCCTGGGATCGAGGGATGCAGTACAGCCACAGCATCATCAC
GAACCTCCTGTACCATGTGGTCGGCTGGACCGACTGGAACCTTGCCCTGAACCCCGAAGGAGGA
CCCAATTGGGTGCGTAACTTTGTCGACAGTCCCATCATTGTAGACATCACCAAGGACACGTTTTA
CAAACAGCCCATGTTCTACCACCTTGGCCACTTCAGCAAGTTCATTCCTGAGGGCTCCCAGAGAG
TGGGGCTGGTTGCCAGTCAGAAGAACGACCTGGACGCAGTGGCACTGATGCATCCCGATGGCT
CTGCTGTTGTGGTCGTGCTAAACCGCTCCTCTAAGGATGTGCCTCTTACCATCAAGGATCCTGCT
GTGGGCTTCCTGGAGACAATCTCACCTGGCTACTCCATTCACACCTACCTGTGGCGTCGCCAGG
GCGACGGCGGCAGCGGCGGCGGCAGCCGGGACCACATGGTGCTGCACGAGTACGTGAACGCC
GCCGGCATCACATAA

9.2.7 GBA1-AMTS

GAATTCGCCGCCACCATGGAGTTTTCAAGTCCTTCCAGAGAGGAATGTCCCAAGCCTTTGAGTAG
GGTAAGCATCATGGCTGGCAGCCTCACAGGATTGCTTCTACTTCAGGCAGTGTCGTGGGCATCA
GGTGCCCGCCCCTGCATCCCTAAAAGCTTCGGCTACAGCTCGGTGGTGTGTGTCTGCAATGCCA
CATACTGTGACTCCTTTGACCCCCCGACCTTTCCTGCCCTTGGTACCTTCAGCCGCTATGAGAGT
ACACGCAGTGGGCGACGGATGGAGCTGAGTATGGGGCCCATCCAGGCTAATCACACGGGCACA
GGCCTGCTACTGACCCTGCAGCCAGAACAGAAGTTCCAGAAAGTGAAGGGATTTGGAGGGGCCA
TGACAGATGCTGCTGCTCTCAACATCCTTGCCCTGTCACCCCCTGCCCAAAATTTGCTACTTAAAT
CGTACTTCTCTGAAGAAGGAATCGGATATAACATCATCCGGGTACCCATGGCCAGCTGTGACTTC
TCCATCCGCACCTACACCTATGCAGACACCCCTGATGATTTCCAGTTGCACAACTTCAGCCTCCC
AGAGGAACTGCAGTTGGCCCAGCGTCCCGTTTCACTCCTTGCCAGCCCCTGGACATCACCCACT
TGGCTCAAGACCAATGGAGCGGTGAATGGGAAGGGGTCACTCAAGGGACAGCCCGGAGACATC
TACCACCAGACCTGGGCCAGATACTTTGTGAAGTTCCTGGATGCCTATGCTGAGCACAAGTTACA
GTTCTGGGCAGTGACAGCTGAAAATGAGCCTTCTGCTGGGCTGTTGAGTGGATACCCCTTCCAG
TGCCTGGGCTTCACCCCTGAACATCAGCGAGACTTCATTGCCCGTGACCTAGGTCCTACCCTCG
CCAACAGTACTCACCACAATGTCCGCCTACTCATGCTGGATGACCAACGCTTGCTGCTGCCCCAC
TGGGCAAAGGTGGTACTGACAGACCCAGAAGCAGCTAAATATGTTCATGGCATTGCTGTACATTG
GTACCTGGACTTTCTGGCTCCAGCCAAAGCCACCCTAGGGGAGACACACCGCCTGTTCCCCAAC
ACCATGCTCTTTGCCTCAGAGGCCTGTGTGGGCTCCAAGTTCTGGGAGCAGAGTGTGCGGCTAG
GCTCCTGGGATCGAGGGATGCAGTACAGCCACAGCATCATCACGAACCTCCTGTACCATGTGGT
CGGCTGGACCGACTGGAACCTTGCCCTGAACCCCGAAGGAGGACCCAATTGGGTGCGTAACTTT
GTCGACAGTCCCATCATTGTAGACATCACCAAGGACACGTTTTACAAACAGCCCATGTTCTACCA
CCTTGGCCACTTCAGCAAGTTCATTCCTGAGGGCTCCCAGAGAGTGGGGCTGGTTGCCAGTCAG
AAGAACGACCTGGACGCAGTGGCACTGATGCATCCCGATGGCTCTGCTGTTGTGGTCGTGCTAA
ACCGCTCCTCTAAGGATGTGCCTCTTACCATCAAGGATCCTGCTGTGGGCTTCCTGGAGACAATC
TCACCTGGCTACTCCATTCACACCTACCTGTGGCGTCGCCAGGGCGACGGCGGCAGCGGCGGC
GGCAGCCGGGACCACATGGTGCTGCACGAGTACGTGAACGCCGCCGGCATCACATAA
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9.3 Off-target Heidelberg (Stemmer et al., 2015)

‘ Off-target sequence and PAM  position Location

AAGGTGGTGTCTCTTCCCTACGG Intergenic ~ FGF16
CAGTGTCTGTGTCTTCCCTAAGG Intergenic = SRRM1
GAGCCAGTCTGTCTTCCCTATGG Intergenic ~ NA
CATGCAATCTGTCTTCCCTAGGG Intergenic =~ AC099791.1
AAGAGGGTGTGCCTTCCCTAAGG Intergenic ~ RP1-159A19.3
-
CAGGCGGTGTGTCTCCCCTAGGG % GBA
CAGAAGTTGTTTCTTCCCTAAGG Intronic CDH4
CAGTAGGTCAGTCTTCCCTAGGG Intergenic = RP11-448N11.1
CAGAGGGAGTTTCTTCCCTAAGG Intronic THSD4
TAAGCTGTGTGTATTCCCTAAGG Intergenic =~ RGS4
CTGTCTGTGTGTCCTCCCTATGG Intronic ATP6AP1L
CCTGCGCTGTGTCCTCCCTAAGG Intronic RP11-619F23.2
CAGGTGTTGGATCTTCCCTAGGG Intronic RP11-839D17.3
CGGGCACTGTGTCCTCCCTATGG Intronic TMEM105
CGGGTGGGGTGTCCTCCCTAGGG Intronic RBFADN
CAGGCAGCGGGCCTTCCCTA GGG  Intronic THEM6
GAGGTGATGTGTCTTACCTA  AGG | Intronic E2F2
CAGGAGGTGGGTCTTGCCTA AGG  Intronic RP11-236J17.6
CAGGGTATGTGTCTTTCCTA TGG  Intergenic =~ AC134698.1
CAGGGGCTGGGTCTCCCCTA GGG  Intronic RP11-326119.3
CTGGGGGTGTGCCTGCCCTA GGG | Intergenic = HNRNPA1P23
CAGGCCTTGTGCCGTCCCTA TGG Intronic CCDC37
CTGGCAGTGTGACTGCCCTA TGG  Intergenic = RP11-114H21.2
AAGGAGGTGTGTTTCCCCTA GGG Intronic SEMA4D

CATGAGCTGTGTCTTCTCTA GGG | Intronic ASTN2
CAGCAGGTGTGTTTACCCTA TGG  Intergenic  KLF14

CAGGAGGGATGTCTTCACTA GGG | Intronic PTP4A1P7
GAGGAGGTGTGGCTTCACTA GGG Intergenic =~ CDK1
CAGGCGGGGTGCCTTCGCTA GGG | Intronic RP11-98L4.1

CAGCAGGTGTTTCTTCCTTA TGG  Intronic ABCC6
CAGGCCCTGTGTTTTCTCTA GGG Intergenic = RP11-323A7.1
CAGGTGGTCTGTCTTCCCCA  TGG | Intergenic = C1QL2
L
CAGGGTGCGTGTCTTCCCCA %M NA
CAGGGTGCGTGTCTTCCCGA CGG Intergenic = NA
CTGGCGCTGTGTCTGCTCTA  TGG | Intergenic = IGLC6
CAGGCACTATGTCTTCCCCA  AGG  Intronic AC108142.1

CCGGCGGAGGGTCTTCCCCA AGG | Intronic IL33
GAGCTGGTGTGTCTTCCCTG GGG  Intergenic = POLD2P1
CAGGGGCTGGGTCTTCCCCA GG Intergenic =~ ZBTB32
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CAGGCAATGAGTCTTCCCCA GGG  Intergenic = AC016831.6
CAGGAGCTGTTTCTTCCCCA GGG Intronic RP11-1134114.4
GAGGGGATGTGTCTTCCCTG = AGG | Intronic MEGF11
CAGGCAGTGTGTGTTCCCCA CGG  Intergenic = RP11-1338A24.1
CAGTGTGTGTGTCTTCCCTG @ TGG  Intronic SDCH1
CAAGCACTGTGTCTTCCCTC  TGG  Intronic MYOF
CAAGAGGAGTGTCTTCCCTT  TGG  Intronic RIC3
I
CAGGTGATGTGTTTTCCCCA %M EML5
CAGGGTGTTTGTCTTCCCTC TGG Intronic KRT13
AAGGCAGTGTTTCTTCCCTC  AGG  Intronic RP11-467L24.1
CTGGCTGTGTCTCTTCCCTT TGG Intronic TTC39A
CAGGAAGTGTGTCTTGCATA CGG  Intergenic NA
CAGGAAGTGTGTCTTGCATA GGG  Intergenic = NA
CAGGCCCTGAGTCTTCCCTG @ AGG | Intronic ZNF816
CCGGAGGTGTGGCTTCCCTG TGG  Intronic BBC3
CAGGGTGTGTGTCTGCCCCA  AGG  Intronic CAMK2B
CAAGGGGTGTGTTTTCCCTT GGG Intronic snoU13
GAGGCGTTGTGTCTTGCCCA  AGG | Intronic RP11-67L3.2
CAGGAGGCGTGTTTTCCCTG AGG Intronic SCN5A
CAGCCAGTGTGTCGTCCCTG GGG Exonic IFNA12P
CAGGCTGAGTGTCTTACCTT AGG Intronic FAM185A
CATGAGGTGTGTCTTCTCTT TGG  Intronic CLDN11
CAGGTGCTGTGTCTTCACTG AGG Intronic TMEM143
CAGGCCGTGTGTCTTCCCGG CGG | Intergenic = RP11-862G15.1
GAGGGGGTGTGTCTTCCCCT TGG  Intronic C1orf21

9.4 CRISPOR off-targets list (Concordet & Haeussler, 2018)

‘ Off-target Sequence Position and gene name

GAGGTGATGTGTCTTACCTAAGG
AAGAGGGTGTGCCTTCCCTAAGG
CAGGCAGCGGGCCTTCCCTAGGG
GAGGGGATGTGTCTTCCCTGAGG
CAGGCTGAGTGTCTTACCTTAGG
CAGGCCCTGAGTCTTCCCTGAGG
CAGGAGGCGTGTTTTCCCTGAGG
CAGGCGGTGTGTCTCCCCTAGGG
AAGGTGGTGTCTCTTCCCTACGG
CATGCAATCTGTCTTCCCTAGGG
AAGGCGGTGTGATTTCTCTAAGG
GAGCCAGTCTGTCTTCCCTATGG
CAGGCAATGAGTCTTCCCCAGGG
GAGCTGGTGTGTCTTCCCTGGGG
TAGGCGGTGTGTCCTACCTGTGG
CAAGAGGAGTGTCTTCCCTTTGG

intron: E2F2

intergenic: FGR-RP1-159A19.3

intergenic: THEM6/CTD-2292P10.2-THEM6
intergenic: MEGF11-MIR4311

intron: FAM185A

intergenic: ZNF816-ZNF321P/ZNF816/ZNF321P-ZNF816-ZNF321P/ZNF816
intron: SCN5SA

exon: GBA

intergenic: FGF16-ATRX

intergenic: NFIA-AC099791.1

intergenic: PSKH1-PSKH1/CTRL/CTC-479C5.12
intergenic:RP11-174E22.2-PCDH7
intergenic:AC016831.6-AC016831.7

intergenic: POLD2P1-NR2F1-AS1
intergenic:RP11-65J21.1-RP11-65J21.4

intron: RIC3
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TAAGCTGTGTGTATTCCCTAAGG
CAAGGGGTGTGTTTTCCCTTGGG
CAGGTGTTGGATCTTCCCTAGGG
CCGGAGGTGTGGCTTCCCTGTGG
CAGAGGGAGTTTCTTCCCTAAGG
CGGGCACTGTGTCCTCCCTATGG
CAGGTGCTGTGTCTTCACTGAGG
CAGGCCCTGTGTTTTCTCTAGGG
CAGGCTGTGTGCCTTTCCTGAGG

intergenic:RP11-331H2.3-RGS4
intergenic: CCDC64-snoU13
intron:RP11-839D17.3

intergenic: BBC3/MIR3191-BBC3

intron: THSD4

intron: TMEM105

intron: TMEM143
intergenic:RP11-323A7.1-RP11-470F18.1
intergenic:RP11-469N6.1-RP11-555G19.1

CAGGCAGTCTGTATTCCTTAGGG
CAGGCCGTGTGTCTTCCCGGCGG
CAGGAGGGATGTCTTCACTAGGG
CTGGCTGTGTCTCTTCCCTTTGG
CAGGGTATGTGTCTTTCCTATGG
CAGGAGGTGTTATTTCCCTATGG
CAGGTGATGTGTTTTCCCCATGG
CAGCAGGTGTGTTTACCCTATGG
CAGGCACTATGTCTTCCCCAAGG
GAGGAGGTGTGGCTTCACTAGGG
CAAGCACTGTGTCTTCCCTCTGG
CAGAAGTTGTTTCTTCCCTAAGG

CAGTGTGTGTGTCTTCCCTGTGG
CAGGGTGCGTGTCTTCCCCACGG
AAGGAGGTGTGTTTCCCCTAGGG
CGGGTGGGGTGTCCTCCCTAGGG
CAGGCCGTGTGACTTTCCTTTGG
CAGTGTCTGTGTCTTCCCTAAGG
CAGGGTGCGTGTCTTCCCGACGG
CAGTAGGTCAGTCTTCCCTAGGG
CAGGTGGTCTGTCTTCCCCATGG
CATGAGCTGTGTCTTCTCTAGGG
GAGGGGGTGTGTCTTCCCCTTGG
AAGGCAGTGTTTCTTCCCTCAGG
CCGGCGGAGGGTCTTCCCCAAGG
CATGAGGTGTGTCTTCTCTTTGG
CAGGCTGTCTGCCTTCCCTCAGG
CCTGCGCTGTGTCCTCCCTAAGG
CAGCAGGTGTTTCTTCCTTATGG

CAGCCGGTGTGATTTCCCTCAGG
CAGGCAGTGTGGCTTCACAATGG
CAGGGGCTGGGTCTTCCCCAGGG
CAGGGGCTGGGTCTCCCCTAGGG
CAGGAGGTCTGTTTTCCCGAAGG

CAGACGGTGTCTGTTACCTACGG
CTGTCTGTGTGTCCTCCCTATGG
CAGGTGGTTTTTATTCCCTATGG

intergenic:RP11-45901.2-RNGTT
intergenic: GOLGA5-RP11-862G15.1
intergenic: PTP4A1P7-PAPPA2

intron: TTC39A
intergenic:AC134698.1-RP11-643N23.2
intron: FOLR4

intron:EML5

intergenic: TSGA13-KLF14
intergenic:RP11-402C9.1/AC108142.1-MIR1305
intergenic: CDK1-RHOBTB1

intron: MYOF

intron: CDH4

intron: SDC1

intergenic: KRT8P17-RP11-3D23.1

intron: SEMA4D

intergenic: RBFADN-RP11-795F19.5/RBFADN
intergenic:GM2AP1-RPL21P39

intergenic: SRRM1-CLIC4

intergenic: KRT8P17-RP11-3D23.1
intergenic:RP11-448N11.1-RP11-448N11.2
intergenic: MARCO-C1QL2

intron: ASTN2

intron:C1orf21

intron:RP11-467L24.1

intron:IL33

intergenic: SLC7A14/CLDN11-CLDN11
intron: PLIN4

intron:RP11-619F23.2

intron: ABCC6

intergenic: CTB-95D12.1-RNA5SP 199
intergenic:AL096864.1-NRG3
intergenic:AC002314.4-ZBTB32
intron:RP11-326119.3
intron:AC090505.6

intron:RP4-753D10.5
intron: ATP6AP1L
intergenic: YPEL2-MIR4729
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CAGGGTGTTTGTCTTCCCTCTGG
CAGGAAGTGTGTCTTGCATAGGG
CAGGAAGTGTGTCTTGCATACGG
CAGGAGGTGGGTCTTGCCTAAGG
CAGGCGGAGAGTCTCCCCTCAGG
CAGGAGCTGTTTCTTCCCCAGGG
CAGGCTGTGTGTTTTTCCAAGGG
CAGGCGGGGTGCCTTCGCTAGGG
CAGGCAGTGTGTGTTCCCCACGG
GAGGCGGTGTGAGTTTCCTAAGG
CTGGCAGTGTGACTGCCCTATGG
GAGGCGTTGTGTCTTGCCCAAGG
CTGGGGGTGTGCCTGCCCTAGGG
CAGGCGGTGTTTATTCTCCATGG
CAGGCGGTGTGTCCCTCCTGGGG
CAGGCTGTGTGTCCTGCCTTGGG
CAGCCGGTGTTTCTCCCCAAAGG
CAGGCCATGTTTCTTCGCTAGGG
CAGGCAGTGAGTCTGCCCCAGGG
CTGGCGCTGTGTCTGCTCTATGG
CAGGAGGTGTGTCCTGCCCACGG
CAGGAGGTGTGTCCTGCCCATGG
CAGGGTGTGTGTCTGCCCCAAGG
CAGGCGGTTTCTCTGCCCCAGGG
CAGGCGGTGGGTCTGGCCCAGGG
CAGGCCTTGTGCCGTCCCTATGG
CAGCCAGTGTGTCGTCCCTGGGG
CAGGAGGTGTGTAGTCCATAGGG

intergenic: KRT13-KRT13/AC019349.5
intergenic: RNU6-184P-SURF6P1
intergenic: RNU6-184P-SURF6P1

intergenic:RP11-236J17.6/TUB-RP11-236J17.5

intergenic: GNA12-AC006028.11

intergenic: NDUFA5P12-RP11-1134114.4

intergenic: SLC35B3-HULC
intergenic:RP11-98L4.1-HMGN1P33

intergenic: CPZ/GPR78-RP11-1338A24.1

intergenic: SPARCL1-RP11-742B18.1
intergenic:RP11-114H21.2-CTB-1121.1
intergenic:RP11-67L3.2-TTC22
intergenic: CASR-HNRNPA1P23
intron: PTPRT

intron: FAM120B
intergenic:AC090103.1-EBF2

intron: GRAMD4

exon: WDR1

intron: FAM19A5

intergenic: IGLJ6-IGLC6

intergenic: CTB-60B18.17-CGB5
intergenic: CGB-NTF6A

intron: CAMK2B

intergenic: NSG2-CTC-229L.21.1

exon: CCDC155

intron: CCDC37

exon: IFNA12P

intergenic: RN7SKP191-RP11-112N13.1
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