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Abstract

LRRK2 is a kinase involved in different cellular functions, including autophagy,
endolysosomal pathways and vesicle trafficking. Mutations in LRRK2 cause autosomal
dominant forms of Parkinson’s disease (PD). Heterozygous mutations in GBAL, the gene
encoding the lysosomal enzyme glucocerebrosidase (GCase), are the most common genetic
risk factors for PD. Moreover, GCase function is altered in idiopathic PD and in other genetic
forms of the disease. Recent work suggests that LRRK2 kinase activity can regulate GCase
function. However, both a positive and a negative correlation have been described. To gain
insights into the impact of LRRK2 on GCase, we investigated GCase levels and activity in
LRRK2 G2019S knockin mice, in clinical biospecimens from PD patients carrying this
mutation and in patient-derived cellular models. In these models we found a positive
correlation between the activities of LRRK2 and GCase, which was further confirmed in cell
lines with genetic and pharmacological manipulation of LRRK2 kinase activity. Overall, our
study indicates that LRRK2 kinase activity affects both the levels and the catalytic activity of
GCase.
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Introduction

Mutations in LRRK2 cause autosomal dominant Parkinson’s disease (PD) with age- and
mutation-dependent penetrance!~, whereas heterozygous mutations in GBA1 are the most
common genetic risk factors for PD and the cause of the lysosomal storage disorder Gaucher
disease when present in homozygosis*®. LRRK2 is a large, multi-domain protein with two
enzymatic domains, a Ser/Thr kinase domain and a small GTPase domain (ROC), where the
bulk of the pathogenic PD-linked mutations are located. While its full range of cellular
functions has yet to be characterized, it has been robustly associated with endo-lysosomal
pathways and vesicular trafficking (reviewed in Bonet-Ponce and Cookson, 2021°). These
activities are likely mediated by its phosphorylation of multiple members of the Rab GTPase
family, which is increased in the context of the disease-linked mutations’, and potentially also
in cases of PD not linked to mutations in LRRK28,

The main function of the lysosomal enzyme glucocerebrosidase (GCase) is to hydrolyse
glucosylceramide and glucosylsphingosine to glucose and either ceramide or sphingosine
respectively; and most of the mutations in GBA1 associated with PD risk reduce the activity
of GCase®®. High levels of a-synuclein, another protein mutated in PD and the major
component of Lewy bodies, inhibit autophagic flux and the lysosomal activity of GCase'°.
GCase activity has been shown to be reduced also in peripheral monocyte extracts from PD
patients without mutations in GBA1'*'2 and in PD brains®3, overall suggesting that alterations
of GCase activity may be a common underlying feature of PD, similar to what has been

proposed for changes in LRRK2 kinase activity.

Using a novel method of assessing GCase activity in dried blood spots, in 2015 Alcalay and
colleagues reported a significant increase in GCase activity in carriers of the LRRK2 G2019S
mutation®*, suggesting that carriers of the gain of function mutation have higher GCase
activity and therefore the activities of the two enzymes are positively correlated in blood
cells. Shortly after, using brain lysates from LRRK2 knock-out (KO) mice, we found that loss
of LRRK2 results in decreased GCase levels, which corresponded to an increase in GCase
specific activity'®. Because of the role played by LRRK2 in the vesicular and endo-lysosomal
systems, several studies have followed to assess the link between mutant LRRK2 and GCase
activities.

Recently, GCase activity of induced pluripotent stem cell (iPSC)-derived dopamine neurons
from LRRK2-PD patients, carrying either the G2019S or the R1441C mutations, was found

to be reduced compared to neurons from healthy controls, suggesting a negative correlation
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between these two activities'®. There may be several possibilities for the discrepancy between
this result and the results obtained from blood samples. First, there may be a cell-type
specific link between the activities of LRRK2 and GCase, manifesting in divergent ways in
neuronal cells compared to peripheral blood immune cells. Second, methodological
differences in the assessment of GCase activity (i.e., cell based vs. in vitro) may capture
different aspects of this interplay. A further study on blood samples from PD-patients
identified a correlation between the LRRK2 variant M1646T and increased GCase activity*’,
consistent with the result we had obtained for LRRK2 G2019S carriers®*,

Interestingly, the interplay between LRRK2 and GCase was also identified in iPSC-derived
astrocytes derived from PD patients carrying GBAL mutations, in which LRRK2 inhibition
could rescue the lysosomal and inflammatory defects?®.

To shed more light into the relationship between LRRK2 and GBA1, here we assessed GCase
activities in multiple LRRK2 cellular and in vivo models, including plasma and PBMC
samples from idiopathic PD and LRRK2 G2019S cohorts. Our findings support a model in

which increased LRRK2 kinase activity leads to enhanced intrinsic GCase activity.
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Results
G2019S LRRK2 mutation impacts GCase function in mouse brain.

To understand the effect of LRRK2 mutations on GCase function in brain tissues, we
performed GCase activity assays and western blot analysis on brain lysates from different
regions (midbrain, striatum and cortex) in 6-month-old G2019S knockin (GSKI) and WT
mice. GCase activity normalized by total proteins is different across brain regions, but not
across genotypes (Fig. 1a, two-way ANOVA, Bonferroni post-test; brain region, P = 0.0015;
genotype, P = 0.0708; interaction, P = 0.7089; n = 4-5). Specifically, the GCase activity
measured in lysates from midbrain and cortex is higher compared to that observed in the
striatum (Fig. 1a). Considering that dopaminergic neurons in the midbrain are the most
vulnerable in PD, we focused on this region to further evaluate GCase levels. Strikingly,
GCase protein levels are significantly lower in GSKI midbrain lysates as compared to WT
(Fig. 1b). The specific GCase activity (i.e., activity normalized by the amount of enzyme) in

GSKI midbrains was significantly higher than in WT midbrains (Fig. 1c).

GCase activity is increased in affected LRRK2 G2019S mutation carriers.

It has been previously reported that GCase activity is elevated in LRRK2 G2019S carriers
using a novel dried blood spot assay'*. Here we tested if these results can be replicated in
purified PBMCs from a similar cohort, hypothesizing that GCase measurements from
PBMCs would be more accurate than measurements in dried blood spots. In this cohort, we
previously found that in vitro LRRK2 kinase activity purified from PBMCs is significantly
increased in both affected and healthy carriers of the LRRK2 G2019S mutation compared to
healthy controls and PBMCs from idiopathic PD (iPD) patients®®.

As expected, GCase activity in PBMCs from carriers of GBA1 mutations was significantly
lower compared to PBMCs from healthy control subjects (Fig. 2a). Likewise, as reported
previously?, the GCase activity in PBMCs from iPD patients was not significantly different
from healthy controls (Fig. 2a). Interestingly, we found that GCase activity is increased in
PBMCs from G2019S carriers, in agreement with our previous study* (Fig. 2a). This was
evident only in PBMCs from affected carriers of the LRRK2 G2019S mutation, as non-
manifesting carriers exhibit GCase activity similar to controls. We had insufficient amounts
of PBMC extracts normally required for the evaluation of GCase protein level and for crude
isolation of lysosomes; thus, for these experiments, the fluorescent signal arising from GCase

activity in the whole lysate was normalized to total protein expression. It is worth noting that
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the distribution of GCase activities in symptomatic G2019S carriers is larger compared to the
other groups. This could be due to sampling variance, but could also suggest that when PD
manifests, the G2019S mutation increases the likelihood that GCase activity is enhanced.
Thus, in this mixed immune cell population, the link between LRRK2 kinase activity and
GCase activity is not strictly tied to either LRRK2 mutation status, or disease status alone,
but rather a synergistic effect between the two may be needed to alter the intrinsic activity of
GCase.

A similar trend was obtained by measuring GCase activity in plasma from a small pilot
cohort (see Material and Methods) constituted by LRRK2 G2019S PD patients, GBA1 PD
patients, iPD patients and controls (Fig. 2b).

Endolysosomal compartment defects correlate with GCase activity in LRRK2 G2019S patient

fibroblasts.

To further investigate the role of the hyperactive LRRK2 G2019S mutant on GCase behavior
in another type of patient-derived cells, we analyzed PD-patient fibroblasts carrying G2019S
LRRK2 mutation. Three patient cell lines were first analyzed by Transmission Electron
Microscopy (TEM) in comparison with age and sex matched controls, to identify
macroscopic alterations in the endo-lysosomal compartment in relationship to LRRK2
mutation and GCase activity. Representative TEM micrographs reported in Fig. 3a show a
striking accumulation of electron dense or lamellar structures in LRRK2 patient cells. They
are likely endo-lysosomes engulfed with undigested materials, autophagic vacuoles and
multilamellar bodies, which are all typical hallmarks of altered autophagic lysosomal
pathways. Interestingly, multilamellar bodies (MLBs) were also found in fibroblasts from
PD-patients carrying the N370S mutation in the GBA gene??2, Quantification of the number
of MLBs per area across the different cell lines revealed an increase in patient lines compared
to controls, but still G2019S carrier lines showed a higher degree of variability (Fig. 3b-c).
These morphological alterations are not accompanied by an altered level of the lysosomal
marker LAMP-1 as evaluated by western blot analysis, nor by a significant change in the
activity or level of GCase in the patient lines compared to controls, likely because of the high
variability among individuals (Fig. 3d-e). Nevertheless, in LRRK2 G2019S fibroblasts, the
trend in terms of GCase activity and level is similar to the one found in the GSKI brains and

in G2019S blood samples from PD patients. Moreover, there is a trend suggesting a negative
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correlation between GCase activity/GCase protein level and the amount of MLBs present in

patient fibroblasts, while the same does not occur for controls (Fig. 3f).

GCase activity is increased in iPSC-derived dopaminergic neurons from G2019S LRRK2

patients.

We next evaluated the role of LRRK2 kinase activity on GCase function in a human-derived
disease-relevant model. To this aim, we took advantage of iPSC-derived dopaminergic
neurons. iPSC lines of PD patients and controls stained positive for stem cell markers (SOX2,
OCT4, TRA-1-60, SSEA4). Karyotype analysis excluded genetic abnormalities of
reprogrammed iPSCs. Dopaminergic neurons differentiated from all iPSC lines cultured up to
70 days in vitro stained positive for neuronal (TUJ1) and dopaminergic (TH, DAT) markers,
confirming appropriate differentiation (Fig. 4a).

As a first screen, we measured GCase activity in iPSC-derived neurons carrying mutations in
different PD genes, i.e., GBAl1 (L444P), LRRK2 (G2019S) and compared to 5 different
healthy controls. In line with results obtained in PBMCs, and as expected, iPSC-derived
dopaminergic neurons carrying L444P mutation in GBAL gene showed decreased activity of
GCase, compared to healthy controls (Fig. 4b). Consistent with data on GCase activity in
PBMCs from PD patients carrying G2019S LRRK2 mutation, two lines of iPSC-derived
dopaminergic neurons carrying the G2019S mutation in LRRK2 gene showed increased
GCase activity (Fig. 4b). To demonstrate that the effect on GCase activity is genuinely
mediated by the LRRK2 G2019S mutation, dopaminergic neurons were differentiated from an
isogenic control line with wild type LRRK2 (LRRK2 #2 GC) corrected from iPSCs of a
LRRK2 G2019S patient (LRRK2 #2) and from an isogenic line from a control subject
(CTR5) edited to carry LRRK2 G2019S mutation (CTR5 G2019S). The increase in the GCase
activity observed in the LRRK2 mutated line was significantly lowered in the isogenic
control with corrected LRRK2. Similarly, the introduction of the LRRK2 G2019S mutation in
the control line resulted in an increased GCase activity (Fig. 4c). Taken together, we
collected multiple lines of evidence that GCase activity is increased in different cell types,
including iPSCs-derived dopaminergic neurons and peripheral immune cells, expressing
hyperactive G2019S LRRK2.

Genetic or pharmacological inhibition of G2019S LRRK2 in HEK293T cells leads to an

increase in GCase levels, but a decrease in GCase activity.


https://doi.org/10.1101/2021.09.27.461935

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.27.461935; this version posted September 28, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

We next examined if the effect of the LRRK2 G2019S mutation on GCase activity
specifically depends upon the increased kinase activity associated with this mutation. To this
aim, we employed HEK293T cells transiently over-expressing LRRK2 G2019S, and
evaluated GCase activity and level upon pharmacological inhibition of LRRK2 kinase
activity using MLi-2. As shown in Fig. 5a, 100 nM MLi-2 inhibition for 90’ or 5 hours
caused a reduction of GCase activity normalized by GCase level by 50% of the activity
measured in untreated LRRK2 G2019S over-expressing cells. This is due to a combination
between the slight decrease in GCase activity when normalized by the total protein
concentration (Fig. 5b) and the increase in GCase protein level (Fig. 5a, 5b) as measured by
western blot analysis (n=4 independent experiments, One-way ANOVA test, Bonferroni
post-hoc test). The GCase inhibitor conduritol-B-epoxide (CBE) was used as a positive
control and efficiently reduced GCase activity upon 5 hours treatment, without significantly
affecting the protein level and the effect of MLi-2 was confirmed by the reduction of LRRK2
phosphorylation at Ser935 (Fig. 5a).

As a complementary approach, we transiently overexpressed LRRK2 WT, mutant LRRK2
G2019S, or a LRRK2 kinase-dead double mutant G2019S/K1906R, in HEK293T cells and
assessed GCase activity in crude lysosomal fractions. To confirm that the over-expressed
G2019S and G2019S/K1906R mutants elicited the expected effects on LRRK2 kinase
activity, we assessed auto-phosphorylation of LRRK2 at Ser1292. Cells expressing LRRK2
G2019S exhibit increased auto-phosphorylation at Ser1292, as expected, which is reversed by
the kinase-dead form of this mutant (Fig. 5¢).. In crude lysosomal fractions, we could detect
total LRRK2 (Fig. 5d), as well as a faint band corresponding to pS1292-LRRK?2 in lysosomes
of cells expressing LRRK2 G2019S, and increased pT71-RAB29. The lysosomal localization
of both phosphorylated as well as total LRRK2 was dependent on its kinase activity, as the

K1906R inactivating mutation blocked these accumulations (Fig. 5d).

To determine if LRRK2 and GCase activities are linked in this cellular model, we prepared a
crude lysosomal fraction and assessed GCase activity as above. Similar to what we observed
in other models, we found a significant increase in GCase activity in enriched lysosomal
fractions of cells expressing LRRK2 G2019S, as normalized to GCase levels (Fig. 5e). Again,
the kinase-dependency of this induction was confirmed by the reversal of this phenotype in
cells expressing kinase-dead G2019S/K1906R LRRK?2.

Lysosomal GCase activity in LRRK2 knockout macrophages.
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To further complement and expand these findings, we took advantage of the macrophage cell
model RAW?264.7 where LRRK2 biology is well-characterized 2?4, One advantage of this
model is that macrophages express both GCase and LRRK2 at high levels, allowing to study
the impact of LRRK2 kinase activity on GCase function without over-expressing LRRK2.
Moreover, in this cell type, LRRK2 exerts crucial functions in the regulation of immune and
inflammatory responses®*, but also in the control of lysosomal damage®>%. Here, we assessed
GCase activity using the 4-MU substrate based-assay in crude lysosomal preparations
isolated from LRRK2 WT and knockout (KO) macrophages and compared it with GCase
activity measured in cells using a live cell-based fluorescent assay (PFB-FDGIu)!!¢, Both
GCase levels and GCase activity assessed with the 4-MU substrate are reduced by 50% in
crude lysosomal preparations from LRRK2 KO cells (Fig. 6a-b). The graph in Fig. 6¢ shows
a decrease in GCase protein level in LRRK2 KO (~ 60%) and a non-significant increase in

GCase activity normalized to GCase levels in total cell extracts.

As the 4-MU substrate-based assay allows us to assess the intrinsic activity of GCase outside
its native cellular context, we were prompted to investigate GCase activity under native
conditions using the live cell-based fluorescent probe PFB-FDGlIu. Following published
methods®®, we first pre-incubated the cells with the GCase probe for 60 minutes to allow its
internalization and then measured the fluorescence increase over time. As shown in figure 6c¢,
there was a modest increase over time in GCase activity in KO cells compared with WT cells
upon normalization to total protein levels (Fig. 6d).

Overall, these results indicate that: 1) GCase activity measured in cells differs from GCase
activity probed in vitro; 2) the low in-cell GCase activity measured in WT cells may reflect a
faster substrate consumption as compared with KO cells occurring within the first 60 minutes
of dye uptake?’; 3) alteration in the lysosomal pH may affect the assay outcome, since PFB-
FDGIlu can be a pH-sensitive dye and LRRK2 mutants are known to alter pH in the

endolysosomal compartment in certain cell types?®2°,

Discussion

In this work we showed that an overall positive correlation exists between LRRK2 kinase
activity and GCase hydrolytic activity ex-vivo using a wide range of PD-relevant cellular and
tissue models, as well as human clinical samples and patient-derived iPSC dopaminergic
neurons. Our assessments reflect the intrinsic activity of GCase outside the cellular context

upon normalization by GCase protein levels (when possible). Interestingly, GCase protein
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levels also appear to be negatively affected by LRRK2 kinase activity and expression; yet,
when normalized by GCase protein levels, the intrinsic activity of the enzyme is increased in
the context of LRRK2 GSKI brains. Interestingly, GCase protein level is reduced also in the
cytosolic and lysosomal fraction of extracts of LRRK2 KO macrophages. These results are in
agreement with our previous study where we detected reduced GCase protein levels in the
whole brain of 12 month old LRRK2 KO mice and increased GCase activity when
normalized by GCase levels'®. Recently, the group of Morari and colleagues failed to detect a
difference in striatal GCase expression levels in three or 12 month old WT and KO mice®;
however, striatal GCase activity was reported to be increased in KO and kinase dead KI mice.
In contrast, G2019S-KI mice did not exhibit differences in striatal GCase activity. The
difference in findings between this report, our earlier study in vivo, and the current study are
likely due to methodological differences, such as the normalization of GCase activity and the

use of a specific GCase inhibitor (e.g. CBE) to reveal changes in specific activity.

In contrast to what was observed in total lysates, crude lysosomal preparations from LRRK2
KO macrophages display decreased intrinsic GCase activity. One possible interpretation is
that the amount of GCase that is correctly trafficked to the lysosomes in RAW LRRK2 KO is
less, and also less active, while the overall GCase produced in cells may still be reduced but
its activity would not be affected before it is trafficked to the lysosomes. Another possibility
is that the increased protein degradation generally observed in LRRK2 KO3 affects the
amount of GCase in the lysosomes. We were not able to reliably measure specific GCase
activity in the resulting cytoplasmic fraction, remaining after the gradient enrichment of
lysosomes, but the measurements obtained from total lysates indicate this as a possible

scenario.

To further support that the alterations in GCase are correlated to LRRK2 kinase activity, we
investigated GCase level and activity in HEK293T overexpressing LRRK2 G2019S. Two
approaches were used to manipulate LRRK2 kinase activity and monitor the relative GCase
function in these models. A genetic approach expressing a kinase-dead/G2019S LRRK2
double mutant (G2019S/K1906R) in HEK293T cells was chosen to confirm the results
obtained via pharmacological kinase inhibition. Consistently, these experiments support the

positive correlation between GCase hydrolytic activity and LRRK2 kinase activity in vitro.

In addition to these cellular models, we assessed GCase activity in additional patient-derived
models more relevant for LRRK2-PD pathology: PBMCs, plasma, fibroblasts and iPSC-

derived neurons. Overall, a positive correlation between LRRK2 kinase and GCase

10
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hydrolytic activities is observed in all these systems, although to different extents. In PBMCs,
LRRK2 G2019S PD patients display an increased GCase activity compared with healthy
controls®*, while the activity of GCase in PBMCs from non-manifesting LRRK2 G2019S
carriers is similar to that of controls. This may suggest that a synergistic effect of the
mutation and of the disease status occurs, at least in this immune cell population. Another
possible explanation is that GCase activity alterations in subjects carrying LRRK2 G2019S
mutations are measurable in this cell type only when the disease is already clinically
manifested, suggesting that GCase activity in these patients may be used as a marker for
disease progression or manifestation. Of note, a similar trend is observed in plasma, where
manifesting LRRK2 G2019S carriers exhibit higher (although not significant) GCase activity
as compared with iPD or healthy controls. It has been previously reported that lysosomal
enzyme activity can be measured in the plasma of patients®, suggesting that these proteins
are likely to be secreted in certain conditions. In particular, this may occur via lysosomal
exocytosis, which is a Ca?*-regulated process important for plasma membrane repair and
secretion®. This may be relevant and deserves further investigation to understand if LRRK?2
is involved in the regulation of the pathway and to evaluate if GCase measurement in the
plasma (together or alternatively to PBMCs) could be used as a biomarker at least for certain
PD forms and may allow patient stratification. Given the participation of LRRK2 in such
pathways, it is reasonable to envision a role for LRRK2 in regulating GCase release or

secretion.

GCase activity is significantly reduced in LRRK2 G2019S gene-corrected iPSC-derived
neurons, whereas it is increased in control iPSC-derived neurons in which the G2019S
mutation has been introduced. This suggests that, at least in this cell type, increased LRRK2
kinase activity is itself sufficient to impact on GCase and may be a peculiar feature of
dopaminergic neurons, associated with their prominent vulnerability to cell death in PD. In
contrast to our current and previous findings showing no difference in activity in mixed
PBMCs from two independent iPD cohorts?’, the group of Dzamko reports reduced GCase
activity in isolated CD14+ monocytes from idiopathic PD patients*'. A major difference from
the two studies is that Atashrazm and co-authors used an in-cell (PFB-FDGIu) method for
assessing GCase activity, but also raises the possibility that cell-type specific alterations in
GCase activity may exist in the different immune cell sub-types, since PBMCs are a more
heterogeneous cell population than CD14+ monocytes. Further studies assessing GCase

activity (using both methodologies) in purified monocytes from LRRK2 mutation carriers,

11
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are warranted. Our finding of decreased GCase activity in PD-patients carrying GBAL
mutations is consistent with previous reports in other models®343® and suggests that impaired
GCase activity may be a general contributing factor to PD, yet clearly interacting with certain
genetic backgrounds.

It has been reported that deficiency in GCase activity leads to the accumulation of a-
synuclein®. The increased GCase activity in LRRK2 G2019S patients may explain, at least in
part, the lack of Lewy Bodies in a subpopulation of LRRK2-patients®’, a hypothesis that
requires further investigations. In the case of LRRK2 G2019S PBMCs and iPSC-derived
neurons, normalization by GCase expression levels could not be performed. However, if the
trend in GCase protein levels is consistent with the other models, GCase intrinsic activity
may further increase also in these systems.

In human fibroblasts, as for all other human-derived cell types, the interindividual variability
was even more pronounced, and despite a trend for increase in GCase activity in mutant
LRRK2-patient derived fibroblasts, this did not reach statistical significance. What is striking
is instead the presence of MLBs in the LRRK2 G2019S cells that are almost completely
absent in control fibroblasts. The number of MLBs is negatively correlated with the GCase
activity when normalized by GCase level: the lower the activity, the more MLBs are present.
This resembles the behavior of fibroblasts from PD patients carrying the N370S GBAl
mutation, which have reduced GCase activity and accumulate MLBs?!. This may indicate
that LRRK2 mutant-expressing cells that fail to mount an adequate response via upregulation

of GCase activity transition to a state of dysfunction of the ALP.

Technical differences in the methods used to measure GCase activity and to normalize it may
account for the different results reported by Krainc and Dzamko groups'1®. In those studies,
lysosomal GCase activity was measured in iPSC-derived LRRK2 G2019S neurons using the
live-cell probe PFB-FDGIu rather than GCase activity in vitro, which is more akin to assess
the intrinsic activity of the isolated enzyme, possibly reflecting certain post-translational
modifications of the protein itself. In contrast, a cellular-based GCase probe would not just
reflect the net effect of the intrinsic GCase activity, but also the activities of other lysosomal
enzymes and co-factors, the trafficking of GCase to the lysosome, and lysosomal pH. It
should also be noted that the cellular GCase probe utilized in these studies may also be
sensitive to lysosomal pH, which is known to be altered in the context of LRRK2 G2019S
expression?®29, Additionally, the cellular uptake of this probe, through pinocytosis, may also

be affected by LRRK2 activity?’, further complicating the interpretation. Here, we also
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attempted to measure in-cell GCase activity using the PFB-FDGIu live-cell probe and found
that LRRK2 KO macrophages display a trend for an increase in GCase activity (Fig. 6), a
result in agreement with the previous studies'®, However, we feel that caution should be
taken in interpreting these data as we do not have information on GCase activity within the
first 60 minutes of probe uptake. This timeframe is required to allow substrate internalization
but, clearly, the substrate will be converted into its reaction product starting from t=0. Thus,
the ratio between internalized over converted probes may be a more representative, though
technically complicated, measurement.

The mechanisms by which LRRK2 kinase activity mediates GCase function seems to be
related to both GCase level and its intrinsic activity. Given its prominent role in membrane
trafficking, it is tempting to speculate that one potential mechanism for the effects of LRRK2
activity on GCase function is due to altered trafficking to the lysosome. Accordingly, in our
enriched lysosomal preps, we detect a significant increase in GCase activity in vitro in the
presence of LRRK2 G2019S. To determine whether the impact of LRRK2 on lysosomal
GCase content and activity is specific, it will be critical to evaluate whether GCase
transporters or co-factors, such as LIMP2 and the M6P receptor, or other lysosomal proteins
are affected in LRRK2 models.

Finally, carriers of both GBAL and LRRK2 mutations are frequently reported, particularly
within specific ethnic groups such as the Ashkenazi-Jewish community. While clinical
reports in the literature of such double carriers are few, in one study it was found that the
G2019S mutation in mutant GBAL carriers appeared to reduce the likelihood of patients
developing non motor symptoms®. In another recent study, LRRK2 G2019S/GBAl1 PD
patients showed a more benign course of the disease with respect to both motor and non-
motor symptoms when compared to GBA1-PD patients®. Our findings in this study point to
the possibility that this is due to the balance between the G2019S mutation in LRRK2, which
increases GCase activity at least in certain conditions, and GBAL1 mutations that reduced

GCase enzymatic function. However, this will need to be experimentally proven.

Clearly, more studies are warranted to uncover the link between these two key players in PD
pathogenesis and progression and the precise molecular mechanisms by which this interplay
occurs in the different idiopathic and genetic forms of the disease; and importantly, to have a
better understanding of the functional assessment of GCase activity (in vitro vs whole cell)
and its interpretation.
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Materials and Methods

Patient demographics. The samples assessed in this study were collected from
patients and control subjects at the Movement Disorder division in the Department of
Neurology at Columbia University Irving Medical Center. The demographic and clinical data
of the participants have been described in more detail elsewhere®. Participants were screened
for the LRRK2 G2019S mutation, as well as several GBA1 mutations and variants (see Table
1). All samples were collected under informed consent, and the study protocol was approved
by the IRBs of both Columbia University (CUIMC) as well as the Biomedical Research
Foundation of the Academy of Athens (BRFAA).

PBMC isolation. PBMCs were isolated using standard protocols. Briefly, sodium
citrate Vacutainer tubes (BD) were used to collect whole blood from study participants.
Blood was diluted 1X in sterile PBS and transferred to Ficoll-containing Leucosep tubes
(Griener) and centrifuged at 1000xg for 10 minutes at room temperature. The upper plasma
phase was then extracted and centrifuged at 300xg for 15 minutes at room temperature. The
banded cells were collected and washed 1X in PBS and centrifuged again at 300xg for 10
minutes before counting and aliquoting, in RPMI with 40% FBS and 10% DMSO, at 3 x 106
viable cells per cryovial. Frozen cells were stored at -80°C. In total, we report results from 70
participants, including 20 idiopathic PD, 18 healthy controls, 10 GBA1-PD, 4 non-
manifesting GBAL, 8 LRRK2-PD, 9 non-manifesting LRRK2, and one subject with PD and
both GBAL and LRRKZ2.

Plasma isolation. Whole blood was collected in EDTA vacutainer tubes, which were
centrifuged at 1,500xg for 15 minutes at 4° C, from which 1mL plasma aliquots were
extracted within 60 minutes of collection. Samples were stored in a -80°C freezer until
processing. In total, we report results from 40 subjects, including 10 idiopathic PD, 10
healthy controls, 10 GBAL1-PD, and 10 LRRK2-PD subjects.

Cell lines, plasmids, and transfection. Human HEK293T cells and murine RAW264.7
cells control and Lrrk2 knockouts (ATCC), were grown in DMEM (Sigma; high glucose)
supplemented with 10% FBS and penicillin/streptomycin. Primary fibroblasts, obtained from
the Coriel Institute and from Istituto G. Gaslini*°, were grown in DMEM plus 10% FBS and
antibiotics. Plasmids encoding Flag-tagged wild type or mutant LRRK2 were previously
described***2, For transient transfection, HEK293T cells were incubated with DNA:CaPO4

precipitates or PEI as transfection reagents, and growth media was changed 24h later.
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Crude lysosomal isolation. HEK293T or RAW264.7 cells were washed once with
PBS, then collected in PBS and centrifuged at 3500 rpm for 5 min at 4°C. The cell pellets
were lysed in 0.25M Sucrose/IXTBS buffer (pH 7.4) supplemented with 1x phosphatase
inhibitors (Roche) in a manual glass homogenizer. The lysates were centrifuged at 6,800 x g
for 15min at 4°C. The supernatant was kept and the pellet was then washed with the same
sucrose lysis buffer and centrifuged again as before. The combined supernatants from the
previous steps were centrifuged at 21,000 x g for 30min at 4°C to yield a pellet containing
lysosomes and supernatant containing cytoplasmic proteins. The lysosomal-enriched pellet
was washed with the sucrose buffer and then resuspended in 50ul activity assay buffer
(50mM Citric acid, 176mM K2HPO4, 10mM Sodium taurocholate, 0.01% Tween-20, pH
5.9). The lysosomal lysates were kept at -80°C or were processed for analysis immediately.

Electron microscopy of human fibroblasts. Samples were fixed with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 ON at 4°C. The samples were
postfixed with 1% osmium tetroxide plus potassium ferrocyanide 1% in 0.1M sodium
cacodylate buffer for 1 hour at 4°. After three water washes, samples were dehydrated in a
graded ethanol series and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin sections
(60-70nm) were obtained with an Ultrotome V (LKB) ultramicrotome, counterstained with
uranyl acetate and lead citrate and viewed with a Tecnai G2 (FEI) transmission electron
microscope operating at 100 kV. Images were captured with a Veleta (Olympus Soft Imaging
System) digital camera.

Human differentiated dopaminergic neurons. Fibroblasts were isolated from skin biopsies of
4 control subjects with wild type LRRK2, 2 unrelated Parkinson’s disease patients carrying a
heterozygous G2019S mutation of the LRRK2 gene, 1 Parkinson’s disease patient carrying a
heterozygous L444P mutation of GBA1 gene, and 2 Parkinson’s disease patientS carrying
SNCA gene mutations (gene duplication and the heterozygous A53T mutation). Fibroblasts
were reprogrammed into iPSCs through viral transfection of KIf4-Oct3/4-Sox2, cMyc, and
Kif4 (CytoTune™-iPS 2.0 Sendai Reprogramming Kit, ThermoFisher Scientific). One of the
LRRK2-mutated iPSC line underwent genome editing to obtain an isogenic control with
corrected LRRK2 (LRRK2 #2 GC). In the same way, another control iPSC line (CTR5) was
genome edited to generate a mutant G2019S LRRK2 line (CTR5 G2019S). iPSCs were
cultured in E8 medium (ThermoFisher Scientific) and passaged with EDTA 5 mM every 1-3
days. Generated iPSCs underwent karyotype analysis, which was negative for chromosomal
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rearrangements. Proper reprogramming of iPSCs was assessed by expression of stem cell
markers (SOX2, OCT4, TRA-1-60, SSEA4).

All iPSC lines were differentiated into dopaminergic neurons according to the protocol
described by Kriks et al. (2011)* with modifications as described in Monzio Compagnoni et
al. (2018)*. Immunofluorescent analysis for markers of dopaminergic identity (TUJ1, TH,
and DAT) was performed to assess dopaminergic differentiation. Antibodies were used with
following dilutions: TUJ1 (Abcam ab18207, 1:250), TH (Thermo Scientific PA5-17800
1:100), DAT (Millipore Ab2231, 1:600).

LRRK2 transgenic animals. Homozygous LRRK2 G2019S (GSKI) and WT mice were
housed at the National Institute on Aging, NIH, according to a protocol approved by the
Institutional Animal Care and Use Committee of the National Institute on Aging, NIH (463-
LNG-2019). Dissections of cortex, midbrain and striatal regions were performed in 6 months-

old mice of all genotypes. 4-5 mice/genotype were used in all experiments.

Brain and fibroblast lysates preparation. Brain lysates were obtained by mechanically lysing
the different regions on ice in 25 mM pH 7.5 Tris-HCI, 150 mM NaCl, 1% (v/v) NP40, 1%
(w/v) sodium deoxycholate, 0,1% (w/v) SDS, 2 mM EGTA, 20 mM sodium fluoride, 50mM
beta glycerophosphate, 50 mM sodium pyrophosphate, 20 mM sodium orthovanadate.
Fibroblasts were lysed in RIPA buffer, supplemented with protease inhibitors. Protein lysates
were clarified by centrifugation and total protein concentration was determined by BCA
assay (PierceTM, Thermo Fisher). Fifty ug of protein samples for brain lysates and 20 ug of
protein samples were resolved on polyacrylamide gels (see Western Immunolotting for
details).

Measurement of GCase activity. We assessed activity of B-glucocerebrosidase (GCase) using
two different approaches. With the fluorescent GCase substrates blue fluorogenic substrate 4-
methylumbelliferyl-p-D-glucopyranoside (4-MU) (Sigma-Aldrich; as described in 112),
PBMCs were washed 2x with PBS and lysed in 60ul of activity assay buffer (50mM Citric
acid, 176mM K>HPO4, 10mM Sodium taurocholate, 0.01% Tween-20, pH 5.9) and we used
for this assay a standard volume of 5ul from total lysates. These total or lysosomal lysates
were diluted in Spl activity assay buffer (see above) or 5ul of 20mM Conduritol B Epoxide
(CBE) (Santa Cruz, sc-201356A) (specific GCase inhibitor) and incubated for 15 min at RT.
Subsequently, 25ul of 5SmM 4-MU (Sigma, M3633) were added and immediately incubated
for 25 min at 37°C. The reaction was stopped by adding 465ul stop buffer (1M NaOH, 1M

Glycine, pH 10). Fluorescence was measured (excitation 360 nm, emission 450 nm) in glass
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cuvettes in luminescence spectrometer (Perkin EImer LS 55), given as relative fluorescence
units (RFU). Each reaction was performed in duplicate. For each sample, the mean values in
the presence or absence of the CBE inhibitor were calculated. All measurements were
corrected by subtracting the average of nonspecific activity (incubation with CBE inhibitor)
from specific average activity (incubation with activity assay buffer). The resulting
measurements were then normalized to band intensities of GCase protein for lysosomal
fractions of cell lines. For PBMCs the GCase activity measurements were first normalized to
total protein concentration (Bradford method); or, as an alternative, to the band intensities of
the GBA/GAPDH ratio following Western immunoblotting using ImageJ.
GCase activity was also measured in lysates from brain regions (midbrain, cortex and
striatum) of different transgenic mice, lysed as previously described, and in lysates from
human fibroblasts. Brain or fibroblast lysates were diluted in Mcllvaine buffer pH 4.5
(standard volume of 2-5 pl from total lysates was used), and a final concentration of 2mM of
the fluorogenic substrate 4MU (Sigma, M3633) were added to reach a final volume of 60ul
and immediately incubated for 90 min at 37°C. The reaction was stopped by adding 200ul of
stop buffer (LM NaOH, 1M Glycine, pH 10). Fluorescence was measured (ex 360 nm, em
450 nm) in a plate reader (Victor X3, Perkin Elmer). Three technical replicates were
performed for each experiment and all measurements were corrected by background
subtraction. The resulting measurements were either normalized to band intensities of total
GCase protein or by the total proteins in solution (and this is clearly stated in the results). A
similar protocol was used to measure GCase activity in plasma from PD patients and healthy
controls. In this experiment, the enzymatic activity assay was performed on 20ul of plasma
and normalized by total protein concentration as evaluated via BCA assay.
For GCase activity detection in dopaminergic neurons, 20 ug of proteins were incubated for
30 minutes at room temperature with 25 pl of Mcllvaine buffer 4X (0.4 M citric acid, 0.8 M
Na2HPO4) pH 5.2, AMP-DNM (N-(5-adamantane-1-yl-methoxy-pentyl)-Deoxynojirimycin)
at a final concentration of 5 nM, and H20 to a final volume of 100 pl. At the end of
incubation, 25 pl of 4-MU was added at a final concentration of 6 mM and incubated for one
hour at 37°C. At the end of incubation, 10 pl of the reaction mixture were transferred to black
96-well plates and 190 ul of 0.25 M glycine pH 10.7 were added. Plates were read by Victor
microplate reader (Perkin Elmer). GCase activity was expressed as picomoles of converted
substrate/mg of proteins/minute.

The second approach to assess GCase activity is based on the measurement of cellular

fluorescence of the Fluorescein di-fB-D-glucopyranoside (PFB-FDGIu) (Marker gene
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technologies) probe in a fluorescence microplate reader (Victor X3, Perkin Elmer). Briefly,
the cells were incubated with 50pg/ml of PFB-FDGIu for 60 min at 37°C. Parallel cells were
pre-treated with 100 uM CBE (Santa Cruz,) for 1hr at 37°C before adding the PFB-FDGIu
substrate. Specific GCase activity was expressed as the difference in fluorescence signal with

and without treatment with CBE.

Western Immunoblotting. Equal amounts of protein were loaded on 10% SDS-PAGE gels.
For brain lysates, 18-well Criterion SDS-gels were used (Cat# 1704273, Biorad). Primary
antibodies were diluted in 5% milk/TBST or 5% BSA/TBST as recommended, and incubated
with first antibodies overnight at 4°C. The following primary antibodies were used: rabbit
anti-LRRK2 (abcam, UDD3 ab170993, 1:2000), rabbit anti-pS1292-LRRK2 (abcam,
ab206035, 1:2000), rabbit anti-pS935-LRRK2 [UDD2] (abcam, ab172382, 1:1000), rabbit
anti-LRRK2 (abcam, c41-2 abl133474, 1:1000), rabbit anti-Glucocerebrosidase (Sigma,
G4171, 1:1000), rabbit anti-Rab29 (abcam, ab199644, 1:1000), rabbit anti-pT71-Rab29
(abcam, ab241062), mouse anti-y tubulin (Sigma, T5326-25UL), mouse anti-GAPDH
(Millipore, #MAB374), rabbit anti-LIMP2 (Thermo Fisher Scientific, AB_2182836, 1:1000),
rabbit anti-SOD1 (Santa Cruz, sc11407, 1:1000), rabbit anti-human LAMP2A (abcam,
ab23322, 1:1000), mouse anti-LAMP1 (sc-20011). After washing 3 times for 10min with
TBST, the membranes were incubated with the appropriate secondary antibody conjugated
with horseradish-peroxidase (HRP). Bands were visualized with chemiluminescence using
Clarity ECL substrate (Biorad) or Immobilon Forte Western HRP Substrate (WBLUF0100,

Merck-Millipore) as per manufacturer’s instructions.

Statistical analyses.

All quantitative data are expressed as mean £ SEM (standard error of the mean) from at least
4 different mice/genotype or at least 3 independent cell cultures. Significance of differences
between two groups was verified by Student t-test while comparisons between 3 or more
groups were performed by one-way ANOVA with Dunnett’s Multiple comparison

test/Bonferroni’s post-hoc test/Tukey’s post-hoc test.
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Figure Legends
Figure 1. GCase activity and level measured in LRRK2 G2019S KI mice brains

a. GCase activity measured in brain extracts from different brain regions (midbrain,
cortex and striatum) shows limited differences between WT and GSKI brains, while
the difference is significant across the different measured tissue extract (n=4-5
samples per genotype, two-way ANOVA test, p=0.015 for brain regions and
P=0.0708 for genotype).

b. Western blot analysis of GCase protein levels and the relative B-actin loading control
of tissue extracts from the midbrain for WT and KI mice.

c. Quantification of the GCase level normalized to -actin showed a significant decrease
in GSKI midbrain compared with WT tissue extracts, while GCase activity was
significantly higher in GSKI mice tissue when normalized to the GCase level (n=4-5
samples per genotype, Student t test, **** p<0.00001; ** p<0.001).
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Figure 2. GCase activity and level measured in PBMCs and plasma from idiopathic PD
patients, in LRRK2 G2019S unaffected carriers and patients, in GBA1 PD patients
compared with controls.

a. GCase activity (normalized to total protein content) measured in PBMC extracts from
the indicated PD cohort. While GCase activity in GBA1 mutation carriers is reduced,
activity in affected G2019S-LRRK2 carriers is significantly elevated. (One-way
ANOVA, Tukey’s post-hoc tests were performed; ** p<0.01, **** p<0.0001).

b. GCase activity normalized by the total protein content measured in the plasma of
idiopathic patients, in patients carrying LRRK2 G2019S mutations or GBAl
mutations. The trend (although not statistically significant, one-way ANOVA,
Tukey’s post-test) is similar between plasma samples and PBMCs (10 individuals for

each group).

Figure 3. Ultrastructural analysis of endo-lysosomal compartment and GCase function
in fibroblasts from LRRK2 G2019S mutant compared with controls.

a. Low magnification (2-5 pm) TEM micrographs showing electron-dense structures
accumulating in the LRRK2 G2019S fibroblasts (Patient #1), while they are almost
completely absent in control cells (Control #1).

b. High magnification (500 nm) TEM images three patient fibroblast cell lines and age
and sex matched controls. Patient fibroblasts show accumulation of endo-lysosomal
structures that resemble multilamellar bodies (MLBS).

c. Cumulative distribution of the number of the MLBs per um? for each patient and each
control cell line, showing that the number of MLBs is larger in LRRK2 G2019S
fibroblasts than in control cells (given a certain degree of variability across
individuals).

d. Western blot analysis (each dot represents the average of n=3 technical replicates) of
GCase and LAMP1 levels in three LRRK2 G2019S fibroblast lines and in three
related controls.

e. Quantification of the GCase and LAMPL1 protein levels as measured by western blot
and normalized by B-actin; GCase activity normalized by total protein or by GCase
protein levels. This measurement shows no significant difference between LRRK2-
PD patients and controls.

f. Negative correlation between the intrinsic GCase activity (i.e., GCase activity/GCase
protein level) and the number of MLBs is observed in LRRK2 G2019S patients while
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is absent in control fibroblast lines (r = 0.92 for control cells and r = -0.88 for

patients’ cells, Pearson correlation analysis).

Figure 4. iPSc-derived neurons from LRRK2 G2019S PD patients and GBAL PD patient
show altered GCase activity compared to neurons derived from healthy subjects.

a. Representative confocal images of iPSC-derived neurons stained with TH, DAT and
TUJ1 antibodies to verify proper differentiation to dopaminergic cells.

b. GCase activity measured in iPSC-derived neurons obtained from four healthy
controls, one GBA1 L444P PD patients and two LRRK2 G2019S PD patients (2-3
replicates per individual). Data show that GBAL PD patients have a reduced GCase
activity compared with controls, while LRRK2 PD patients present increased GCase
activity.

c. GCase activity measured in iPSC-derived dopaminergic neurons obtained from one
healthy control in which the LRRK2 G2019S was introduced (Control #5 G2019S
edited) show an increased enzymatic activity compared with the non-edited neuronal
cells (Control #5). Similarly, GCase activity was reduced to a level similar to the
Control #5 iPSC-derived neurons in LRRK2 G2019S dopaminergic cells (LRRK2-
G2019S #2) upon gene correction (LRRK2-G2019S #2 GC). One-way ANOVA with
Tukey’s post-test (**p < 0.01; ****p < 0.0001).

Figure 5. GCase activity and level is altered in HEK293T cells in which LRRK2 kinase
activity is pharmacologically or genetically manipulated.

a. Representative western blot of LRRK2-flag, pSer935 LRRK2 and GCase activity in
HEK293 cells overexpressing LRRK2 G2019S and treated with the LRRK2 inhibitor
MIi2 for 90’ or 5 hours, or with the GCase inhibitor CBE for 5 hours.

b. Quantification of the GCase activity (normalized by total proteins or by GCase levels)
show that the pharmacological inhibition of LRRK2 activity reduces GCase activity
in both cases, even though to a lesser extent compared with CBE treatment. GCase
protein level is slightly increased upon both MLi-2 and CBE treatment, though non-
significantly. One-way ANOVA with Tukey’s post-test (**P < 0.01; ***P < 0.001;
****P < (0.0001).

c. Representative western blot of HEK293T cells over-expressing WT, G2019S, or
G2019S/K1906R (kinase-dead) LRRK2 probed for total (UDD3) and phosphorylated
(pS1292-LRRK2) LRRK2, LIMP1, GCase, phosphorylated Rab29 (T71), and y-
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tubulin. LRRK2 kinase function, increased autophosphrylation and phosphorylation
of endogenous Rab29 in cells expressing G2019S-LRRK2 is prevented by the kinase
inactivating mutation (K1906R).

d. Representative western blot of cytoplasmic and lysosomal fraction of HEK293T cells
over-expressing WT, G2019S, or G2019S/K1906R (kinase-dead) LRRK2 probed for
total (UDD3) and phosphorylated (pS1292-LRRK2) LRRK2, LIMP1, GCase,
phosphorylated Rab29 (T71), and y-tubulin.

e. Quantification of GCase activity normalized by GCase level in the lysosomal fraction
of HEK293T cells over-expressing WT, G2019S, or G2019S/K1906R (kinase-dead)
LRRK2 showed a significant increase in G20129S samples compared with LRRK2
WT or with the kinase-dead mutant. (One-way ANOVA with Tukey’s post-test; *p <
0.05).

Figure 6. GCase activity and level is reduced in lysosomal extracts from LRRK2 KO
RAW264.7 cells.

a. RAW264.7 cells, WT and LRRK2-deficient (KO) were processed for western
immunoblotting of the cytoplasmic fraction and crude lysosomal fraction, and the
membranes probed for LRRK2, GCase, and y-tubulin. GCase levels are unchanged in
the cytoplasmic fraction of LRRK2 KO cells, compared to WT cells; however, are
reduced in crude lysosomal fractions from KO RAW264.7 cells.

b. In the lysosomal fraction of RAW264.7 cells, levels of GCase are reduced by
approximately 50% in LRRK2-KO cells, compared to WT (set to 100%); and the
activity of GCase, normalized to GCase expression levels, is also significantly
reduced. (Two-tailed t-tests were performed; ** p<0.01, *** p<0.001).

c. In total cell extracts of RAW264.7 cells, GCase expression levels are likewise
reduced in KO cells compared to WT (set to 100%) cells; whereas normalized GCase
activity showed a non-significant increase compared to WT cells. (Two-tailed t-tests
were performed; ** p<0.01).

d. Representative graph (n=3 technical replicates) of lysosomal GCase activity measured
over time in live cells using the PDFGIlu probe and normalized by the total protein
level at the final time point. These findings suggest that upon MLi-2 treatment,
lysosomal GCase activity in WT RAW264.7 cells is increased to the level observed
for LRRK2 KO macrophages. However, upon MLIi-2 treatment LRRK2 KO
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RAW264.7 cells show an increase in lysosomal GCase activity, which would suggest
a spurious effect of MLi-2 on GCase that is not mediated by LRRK2. This trend was
observed in 3 out of 4 independent experiments with identical setup.
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