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Mutations in the gene GBA, encoding glucocerebrosidase (GCase), are the highest genetic risk factor for Par
kinson’s disease (PD). GCase is a lysosomal glycoprotein responsible for the hydrolysis of glucosylceramide into
glucose and ceramide. Mutations in GBA cause a decrease in GCase activity, stability and protein levels which in
turn lead to the accumulation of GCase lipid substrates as well as α-synuclein (αS) in vitro and in vivo. αS is the
main constituent of Lewy bodies found in the brain of PD patients and an increase in its levels was found to be
associated with a decrease in GCase activity/protein levels in vitro and in vivo. In this review, we describe the
reported biophysical and biochemical changes that GBA mutations can induce in GCase activity and stability as
well as the current overview of the levels of GCase protein/activity, αS and lipids measured in patient-derived
samples including post-mortem brains, stem cell-derived neurons, cerebrospinal fluid, blood and fibroblasts as
well as in SH-SY5Y cells. In particular, we report how the levels of αS and lipids are affected by/correlated to
significant changes in GCase activity/protein levels and which cellular pathways are activated or disrupted by
these changes in each model. Finally, we review the current strategies used to revert the changes in the levels of
GCase activity/protein, αS and lipids in the context of PD.

1. Introduction
Parkinson’s Disease (PD) is the second most common neurodegen
erative disοrder after Alzheimer’s disease [1]. It is characterized by the

loss of dopaminergic neurons in the substantia nigra and the presence of
protein deposits called Lewy bodies (LB) in the remaining neurons [2]. LB
are protein deposits mainly composed of the small pre-synaptic protein
α-synuclein (αS) but can also contain membrane-less organelles and

Abbreviations: αS, α-synuclein; ACC, Anterior cingulate cortex; AM, Amygdala; BBB, Blood brain barrier; BiP, Binding immunoglobulin protein; CAU, Caudate;
CBE, Conduritol-β-epoxide; CBM, Cerebellum; Cer, Ceramide; CHO, Chinese hamster ovary; Chol, Cholesterol; CHOP, C/EBP homologous protein; CMA, Chaperonemediated autophagy; CSF, Cerebrospinal fluid; DA, Dopaminergic neurons; DFUG, 6,8-difluoro-4-heptadecylumbelliferyl β-D-glucopyranoside; DLB, Dementia with
Lewy bodies; DNS, Dansyl; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; ER, Endoplasmic reticulum;
ERAD, Endoplasmic reticulum associated degradation; ERT, Enzyme replacement therapy; FCtx, Frontal cortex; GalCer, Galactosylceramide; GCase, Glucocere
brosidase; GD, Gaucher’s disease; GD-PD, Gaucher’s disease with Parkinsonism; GlcCer, Glucosylceramide; GlcSph, Glucosylsphingosine; GSL, Glycosphingolipids;
HIP, Hippocampus; HexSph, Hexosylsphingosines; HMW, High molecular weight; Hsc70, Heat shock cognate 70; iPD, Idiopathic Parkinson’s disease; iPSCs, Induced
pluripotent stem cells; iPSC-DA, Induced pluripotent stem cells-derived dopaminergic neurons; IRE1α, Inositol-requiring enzyme 1α; KD, Knocked-down; KO,
Knocked-out; L:P, Lipid-to-protein; LacCer, Lactosylceramide; LAMP, Lysosome-associate membrane proteins; LB, Lewy bodies; LC3-II, Microtubule associated
protein 1A/1B-light chain 3-II; LIMP, Lysosomal integral membrane protein; LP, Lewy pathology; LUVs, Large unilamellar vesicles; MUG, 4-methylumbelliferyl-β-Dglycopyranoside; NAC, Non-amyloid core; NCSC, Neural crest stem cells; NCSC-DA, Neural crest stem cells-derived dopaminergic neurons; NPCs, Neural precursor
cells; Ns, Non-significant; OCC, Occipital cortex; PBLs, Peripheral blood lymphocytes; PBMCs, Peripheral blood mononuclear cells; PD, Parkinson’s disease; PD-GBA,
Parkinson’s disease with GBA mutations; PC, Phosphatidylcholine; p-EIF2α, Phosphorylation of the eukaryotic initiation factor 2α; PHCtx, Parahippocampal cortex;
PI, Phosphoinositol; PS, Phosphatidylserine; PSAP, Prosaposin; PUT, Putamen; Res, Residues; S1P, Sphingosine-1-phosphate; Sap C, Saposin C; SC, Stem cells; SC-DA,
Stem cells-derived dopaminergic neurons; SDS, Sodium dodecyl sulfate; siRNA, Small interfering RNA; shRNA, Short hairpin RNA; SL, Sphingolipids; SN, Substantia
nigra; Sph, Sphingosine; SM, Sphingomyelin; SRT, Substrate reduction therapy; SUVs, Small unilamellar vesicles; TIM, Triose phosphate isomerase; UPR, Unfolded
protein response; WT, Wild type; Xbp1, X-box binding protein; ZFN, Zinc finger nucleases.
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S.S. Muñoz et al.

Biophysical Chemistry 273 (2021) 106534

lipids [3–5]. Both environmental and genetic factors can lead to PD, and
mutations in the GBA gene are the most important risk factor for PD [6,7].
Originally, homozygous mutations of the GBA gene were discovered in
patients suffering from Gaucher’s Disease (GD), a lysosomal storage
disorder in which the glycolipid substrate accumulates in macrophages
[8]. However, heterozygous carriers of GBA mutations have 10 to 30%
chance of developing PD by the age of 50 to 80 years, respectively [9].
Moreover, 5 to 10% of PD patients carry a GBA mutation (PD-GBA) and
these patients have a lower age of onset than idiopathic PD (iPD) patients
[10–12]. The most common GBA mutations are N370S and L444P and are
categorised as mild and severe mutations, respectively [13].
GBA encodes the protein glucocerebrosidase (GCase), a lysosomal
glycoprotein responsible for the hydrolysis of the lipid glucosylceramide
(GlcCer) into glucose and ceramide (Cer) [14]. The optimal activity of
GCase requires the binding of the co-factor Saposin C (Sap C) [15],
which is formed after proteolitical processing of prosaposin by cathepsin
D [16]. Mutations in the prosaposin gene (PSAP) have been linked with
rare forms of GD [17], but there is currently no evidence for a genetic
association of Sap C with PD [18,19].
GCase has been found in LB from PD patients and more frequently in
those with GBA mutations [20]. GBA mutations were shown to lead to
the reduction of GCase activity, lysosomal dysfunction, the accumula
tion of GCase lipid substrates in lysosomes [21] and increased levels of
soluble and aggregated αS in cell cultures and in vivo [7]. Moreover, the
activity of GCase was found to decrease in the brain of both iPD and PDGBA patients [22]. In particular, Mazzulli et al. (2011) proposed that
GCase and αS form a bidirectional loop where a decrease in GCase ac
tivity leads to an increase of soluble toxic αS assemblies and the accu
mulation of αS further contributes to a decrease in GCase activity [23].
Despite increasing evidence pointing towards a link between de
ficiencies in GCase activity, changes in lipid levels, and a higher pro
pensity of αS to aggregate both in vivo and in vitro, the mechanism by
which GCase activity/protein levels are influenced by/or affect those of
αS is not yet understood.
αS is a small pre-synaptic protein proposed to play a role in synaptic
plasticity [24–26]. αS is unfolded in solution but adopts an α-helical
structure upon binding to membranes [27–30]. The binding of αS to
membranes was found to lead not only to a change in the secondary
structure of the protein but also to the remodeling of the membrane (e.g.
bilayer thining, tubulation) [31,32]. This membrane interaction is
thought to be important for αS biological function but was also found to
trigger/accelerate its aggregation [33–39]. In fact, αS binds preferentially
to model membranes in the fluid phase and made with anionic lipids (e.g.
phosphatidylserine (PS), GM1) and was found to form amyloid fibrils at a
faster rate in the presence of some of them [33–39]. In particular, the
physico-chemical properties of lipids were found to modulate the kinetics
of amyloid formation by αS and vesicles containing short chain PS lipids,
gangliosides (e.g. GM1) and sphingolipids (SL) can trigger/accelerate αS
aggregation at low lipid-to protein (L:P) ratios [38,39].
In this review, we aim at describing the current evidence pointing
towards an interplay between the levels of GCase, αS and lipids at the
molecular levels and in patients’ derived samples in order to better
understand how they influence each other. We first describe the mo
lecular details of the structure of GCase as well as its interaction with its
functional partners and how the binding of αS or GBA mutations can
affect GCase activity and stability. We then gather and analyse the levels
of GCase activity/protein, αS and lipids measured in post-mortem
brains, stem cell (SC)-derived neurons, cerebrospinal fluid (CSF),
blood and fibroblasts of controls, iPD and PD-GBA patients and we were
able to find correlations among these levels. We also provide an over
view of the main cellular pathways activated or disrupted by a decrease
in GCase activity. Finally, we summarise the current most promising
strategies targeted at reversing the changes in the levels of GCase, αS and
lipids associated with both iPD and PD-GBA.

2. Methods
The values from the tables and the figures represent changes (Δ %) in
protein/lipid levels or activity in disease samples relative to controls,
unless stated otherwise. These data are stated as mentioned in the text or
extracted from the graphs of publications and reported as significant or
non-significant within error as indicated in each publication. In one
study, raw data from the supplementary information were taken and
divided into the groups of interest for analysis as shown in Fig. S1 [40].
Graphs and statistical analyses were generated using GraphPad Prism 8,
where Pearson correlation, unpaired t-test or One-way ANOVA analyses
were performed as specified in each figure.
The superimposition of imiglucerase (PDB id: 3GXI) and recombi
nant GCase with N370S mutation (3KE0) shown in Fig. 3 was done using
visual molecular dynamics (VMD) platform [41]. The superimposed
Root mean square deviation and Q-values were calculated using Struc
tural Alignment of Multiple Proteins (STAMP) plugin [42] as described
in the figure legend.
3. Biophysical characterization of GCase variants in the
presence of its binding partners
3.1. Source of recombinant GCase
The sources of recombinant GCase used for the structural,
biochemical and biophysical characterization of the protein were the
same as those used in the context of enzyme replacement therapy (ERT)
for GD patients (Table S1, see Section 6 for more details). GCase was
purified from either Chinese Hamster Ovary (CHO) cells (Cerezyme/
Imiglucerase, Genzyme), carrot cells (Taliglucerase-alfa, Protalix Bio
therapeutics) or human fibrosarcoma cells (Velaglucerase-alfa, Shire
Pharmaceuticals) [43]. The first two proteins have a single mutation
introduced at residue (res.) 495, R495H (Table S1). It is worth noticing
that the glycosylation state of GCase in these forms does not correspond
to that found in vivo but has been modified to ensure efficient uptake by
the macrophages [44] in the context of ERT (see Section 6). Despite the
different methods of enzyme production, the overall structure of all
GCase, independent of their origin, exhibit nearly identical conforma
tion, with a root mean squared differences of 0.6 Å [45], similar activity
and macrophage clearance [43] (Table S1).
3.2. GCase – structure and activity
Mature GCase consists of 497 amino acids, has two cysteine bonds
(4–16 and 18–23) and is glycosylated at positions 19, 59, 146, 270 and
462 [46,47] (Fig. 1). The glycosylation sites are located on the surface of
the protein [46] and glycosylation of N19 in the antiparallel β-sheet
domain is essential for enzyme activity [48]. Crystal structures of GCase
show that the protein folds as a dimer and that each monomer comprises
three domains: a three-stranded antiparallel β-sheet (domain 1, A1-N27
and L383-Q414, ice blue on Fig. 1), a two antiparallel β-sheets that
reassembles an immunoglobulin fold (domain 2, T30-F75 and S431Q497, light green on Fig. 1) and a (α/β)8 triose phosphate isomerase
(TIM) barrel which accommodates the active site made of the acid/base
catalyst E235 and the nucleophile E340 (domain 3, Q76-W381 and
M416-G430, mauve on Fig. 1) [45,47]. Three loops are located at the
proximity of the active site: loop 1 (H311-P319), loop 2 (C342-L354),
and loop 3 (V394-D399) (Fig. 1). Loop 1 can adopt two conformations in
native GCase: an extended loop and an α-turn, that were proposed to
correspond to a closed and open conformation, where the access to the
active site is restricted or available, respectively [47,49]. The preferred
substrate for GCase is GlcCer; however, recent studies have demon
strated that GCase is also able to transglucosylate cholesterol (Chol),
creating glucosylated Chol. Note, that this reaction is only occurring in
cases where Chol accumulates in specific diseases such as Niemann Pick
Type C disease [50]. Moreover, GCase has been proposed to require the
2
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Fig. 1. Amino acid sequence and three-dimensional
(3D) structure of GCase. (a) The three domains and
the loops of GCase are indicated with colored boxes
and lines, respectively (iceblue, lime, mauve and blue
for domains 1, 2, 3 and the loops, respectively). The
residues involved in the glycosylation and active site
are shown in black and yellow, respectively. The
amino acids involved in the most common mutations
associated with PD are shown in red. The disulfide
bounds are shown in orange. (b) 3D structure of
monomeric recombinant GCase at pH 5.5 (pdb code:
3GXI) where the different domains, loops and rele
vant amino acids are colored as described in (a). (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

interaction with negatively charged lipids and the protein Sap C for
optimal activity [15]. The details of the interaction between GCase, Sap
C and membranes are described in the next section.

conformational change, in which the α-helix bundle adopts a V-shaped
configuration leading to the exposure of an hydrophobic pocket previ
ously hidden from the solvent [58,62]. These hydrophobic residues were
found to interact with sodium dodecyl sulfate (SDS) and are likely to be
involved in the interaction with membranes [52]. Sap C and GCase were
initially proposed to interact with a 2:1 stoichiometry [63]. However,
recent observations by Gruschus et al. (2015) show that the binding
between Sap C and GCase is exothermic (ΔH = − 4.1 kcal.mol− 1) and
characterised by a 1:1 stoichiometry (KD = 2.1 ± 1.1 μM) [57]. The
interaction between GCase and Sap C is still elusive; however, Weiler
et al. (1995) suggested, by using small Sap C peptides, that res. 27–34
and 41–49 were important for the activation of GCase activity and res.
41–82 were involved in the binding with GCase in solution (Fig. 2c)
[63]. Atrian et al. (2008) showed, using a rigid docking model of GCase
and Sap C in solution, that res. 9, 20, 22, 25, 56, 57, 59, 60, 62–67, 69,
70, and 74 of Sap C and res. 314, 317, 318, 348, 358, 362, 365, 366, 369,
370, 372, 373, 441, 443–445, 463, 464, and 487 of GCase are involved
in the binding of the two proteins in solution (Fig. 2b,c) [64]. Finally,
more recent NMR measurements confirmed these findings and showed
that res. 63–66 and 74–77 of Sap C interact with GCase in solution [57].
Although the structural details of the interaction between GCase and Sap
C at the surface of the membrane are still missing, Sap C is proposed to
activate GCase by bringing GCase closer to the membrane and by acting

3.3. GCase, membranes and Saposin C
GCase is a membrane associated protein and is only fully extracted
from sediment fractions using ultracentrifugation [51]. GCase does not
have any apparent transmembrane domains and/or large cytoplasmic
tails typical for such proteins [52], but has been proposed to bind to
model membranes through loop 2 and 3 [53]. The activity of GCase was
shown to be highly regulated by the presence of vesicles, specifically
vesicles containing anionic lipids [54]. In particular, GCase was found to
bind preferentially to model membranes made with anionic lipids, such
as PS, compared to those made with phosphatidylcholine (PC) only (KD =
210 ± 6 nM (PC:PS) vs. 6.8 ± 1.7μM (PC)) [53,54] (Table 1 and Fig. 2a).
Finally, the binding of GCase to model membranes made with anionic
lipids increases its activity [55] and the binding of Sap C to membrane
bound GCase induces a further increase of its activity (Fig. 2a) [55–59].
Mature Sap C is an 80 amino acid glycoprotein with a single glyco
sylation site (N22), which folds as a dimer at low pH [60]. Each Sap C
monomer folds as a distorted four-helix bundle that is stabilized by three
disulfide bridges (Fig. 2b) [58,61]. At pH 5.4, Sap C undergoes a
3
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Table 1
GCase activity and binding affinities for model membranes, αS and Sap C.

GCase

GCase/αS

GCase/
Sap C

GCase/
αS/Sap
C

Solution conditions

Interaction

Activity

KD (μM)

Membrane binding
properties

Reference

100 mM citrate pH 5.3

–

–

–

[66,67]

50 mM MES pH 5.5 25 mM
NaCl
PC and PC:PS (1:1)

Electrostatic

Vmax = 15.5 ± 0.5 μmol.
min− 1.mg− 1
KM = 1.9 ± 0.5 mM
Vmax = ca. 1 μmol.min− 1.
mg− 1
KM = ca. 0.3 mM
(350 μM PC:PS)

GCase mean depth 6.6 Å
from the center of the
bilayer

[53,55]

50 mM MES pH 5.5

Electrostatic (αS-DNS-X, X: 100 or
136)

Unaffected – Similar to GCase
in solution

GCase mean depth 8.9 Å
from the center of the
bilayer

[53,55]

50 mM MES pH 5.5
25 mM NaCl
PC:PS (1:1)

Electrostatic (αS-DNS-X, X: 7, 40, 57,
100 or 136)

N/A

[55]

50 mM sodium acetate
pH 5.5, 25 mM NaCl
50 mM sodium acetate, pH
5.0, 100 mM NaCl

N/A

IC50 = 215 nM
(95% C.I. = 140 − 320 nM
(350 μM PC:PS, 50 nM
GCase)
N/A

0.210 ±
0.006 (PC:
PS)
6.8 ± 1.7
(PC)
40 ± 1 (αSDNS-100)
1 ± 1 (αSDNS-136)
1 ± 1 (αSDNS-100)
8 ± 2 (αSDNS-136)
0.26 ± 0.13

N/A

[56]

Stoichiometry 1:1 ΔH = − 4.1 kcal.
mol− 1 (res. 63–66 and 74–76 of Sap
C)
N/A

N/A

2.1 ± 1.1

N/A

[57]

10-fold increase in initial rate
(GCase:SapC 1:50 (M:M))

N/A

N/A

[65]

Electrostatic

N/A

2.4 ± 0.5

N/A

[56,68]

N/A

AC50 = 0.4 μM (350 μM PC:
PS, 50 nM GCase, 10 μM αS)

N/A

N/A

[55]

50mM sodium acetate
pH 4.8, 150 mM NaCl
PC:CHOL:PI:PE:DFUG,
(50:20:10:10:10)
50 mM sodium acetate
pH 5.5, 25mM NaCl
PC:PS (1:1)
50 mM sodium acetate
25mM NaCl, pH 5.5
POPC:POPS (1:1)

as a solubilizer of membrane-embedded lipids at the interface [64,65].
In particular, Allatia, et al. (2007) showed using 6,8-difluoro-4-heptade
cylumbelliferyl β-D-glucopyranoside (DFUG), a lipid-anchoring
analogue to GCase substrate, that Sap C increases the amount of sub
strate available for GCase hydrolysis [65].

result, E235 is less available for the catalysis of GCase substrates. Finally,
the mutations N370S and L444P may disrupt the binding between GCase
and Sap C and as a result prevent the activation of GCase by Sap C as both
mutations are localised in the Sap C binding site of GCase (Fig. 2b) [64].
3.5. GCase and αS

3.4. GCase mutations and PD

Recent work has suggested a bidirectional loop, linking the activity
and the protein levels of GCase with those of αS [23]. In fact, increased
levels of αS were found to lead to a decrease in GCase activity and/or
protein levels and vice versa in patient-derived samples, as we will
discuss in Section 4. However, the mechanism by which the two proteins
influence each other is not yet known.
αS is intrinsically disordered in solution but can adopt an α-helical
structure upon binding to biological and model membranes [27–30]. Its
amino acid sequence consists of a N-terminal region (res. 1-60), the
hydrophobic non-amyloid core (NAC) region (res. 61–95) and an acidic
C-terminal region (res. 96–140) [74–77]. The N-terminus and the NAC
region contain seven imperfect repeats of 11 amino acids, which are
characteristic of amphiphatic helices [78]. The NAC region is proposed
to be the core of the amyloid fibrils whereas the C-terminus remains
flexible and disordered in αS fibrils and when αS is bound to model
membranes [74–77,79].
GCase can bind to αS both in solution and at the surface of vesicles
[55] (Fig. 2a). In solution, GCase-αS interaction was found to be an
electrostatic coupling through residues in the C-terminus portion of αS
(res. 118–137 [70]). αS binds to GCase as an unfolded monomer and this
interaction does not affect GCase activity in the absence of membranes
[55]. GCase N370S binds to αS with a lower binding affinity (45 μM)
[70], suggesting that N370 may belong to the binding site of GCase to
αS. In the presence of model membranes made with negatively charged
phospholipids, αS binds to GCase as an α-helix and the GCase-αS binding
involves both the N- and C-terminus of αS (res. 57, 100 and 136 [55]).
The binding of αS to GCase at the surface of membranes was found to

The most common GBA mutations are N370S and L444P and are
categorised as mild and severe mutations, respectively [13,69]. The
mutation N370S does not affect the thermal and chemical stability of the
protein but it induces a decrease in both its affinity to anionic membranes
[70] and its activity measured using 4-methylumbelliferyl-β-D-glyco
pyranoside (MUG) as substrate when compared to wild-type (WT) GCase
[67]. On the contrary, the L444P mutation does not affect GCase activity
but decreases its stability [66,67,71]. N370S GCase is likely to be as stable
as WT GCase because asparagine and serine have similar physicochem
ical properties. However, introducing a proline residue at position L444,
which is located in the middle of a β-strand, will probably lead to more
substantial structural changes as proline can act as helix and strand
breaker [72]. Both residues (i.e. N370 and L444) are localized at the
interface between the TIM barrel and the immunoglobulin-like fold, too
far away from the active site to directly participate in the enzymatic
conversion [47]. However, the minor structural change induced by the
N370S substitution was proposed to affect the orientation of residues
near the active site and to change its exposure to the solvent and substrate
[73]. In the open conformation of WT GCase, where the active site is
accessible (loop 1 in α-turn conformation, grey in Fig. 3a), a hydrogen
bond is formed between N370 and W312, which in turn create the
appropriate conditions for Y313 to flip down, making the active site
“open” (Fig. 3b). In contrast, in N370S GCase, S370 cannot form a
hydrogen bond with W312 (loop 1, Fig. 3c), so the protein can only adopt
the closed conformation, where Y313 flips up towards the active site and
forms hydrogen bonds with the catalytic res. E235 (Fig. 3c) [73]. As a
4
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Fig. 2. Interaction between GCase, Sap C and αS in the absence and presence of membranes and the consequences on its activity. (a) Schematic representation of the
characterized interactions between GCase (grey), Sap C (green) and αS (blue) in the absence and presence of model membranes (tan). The activity and binding
constants are shown for the systems characterized (see Table 1 for more details). (b) 3D structure of monomeric GCase at pH 5.5 (pdb code: 3GXI). The residues
involved in the GCase-Sap C and GCase-αS binding sites are shown in green and blue, respectively [57,64]. (c) 3D structure of monomeric Sap C in the open
conformation at pH 4.0 (pdb code: 2z9a). The residues involved in the GCase-Sap C interaction are shown in grey and the residues involved in the disulfide bonds in
orange. DNS: Dansyl. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

lead to a decrease in GCase activity by influencing both the accessibility
and turnover of GCase substrates [53,55]. Both αS and GCase can indi
vidually bind to negatively charged model membranes and were found
to partially insert into the bilayer [53,80]. However, when αS and GCase
were incubated together in the presence of negatively charged vesicles,
the interaction between the two proteins was found to shift them away
from the membrane [53]. The displacement of GCase from the mem
brane surface by αS is thought to be responsible for the reported inhi
bition of GCase activity by αS as it likely prevents/disfavours the
interaction between GCase and its lipid substrates [53,55].

The addition of Sap C to the GCase/αS/membrane system was found
to abolish the inhibition of GCase activity by αS [56], likely due to the
displacement of αS from GCase by Sap C. Indeed, both Sap C and αS can
bind to GCase in the presence of membranes with a micro molar affinity
[56,57]. Moreover, both proteins interact with residues localised at the
interface between the TIM-barrel and the 8-stranded β-barrel of GCase,
suggesting that Sap C and αS competes for binding sites on GCase. Sap C
and αS are likely to enforce opposite effects, where Sap C brings GCase
closer to its substrate and αS further away from it [57,65].

5
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Fig. 3. Superimposed structures of GCase (Imiglucerase, grey) and recombinant GCase N370S (orange) at acidic pH. (a) Loop 1 in the α-turn conformation (open
access active site, grey) and in the extended conformation (closed active site, orange). (b, c) Zoom of (a) showing the distance between N370 and W312 and between
Y313 and E235 in WT (b) and N370S (c) GCase. (b) In the α-turn conformation of WT GCase, a hydrogen bond is formed between N370 and W312 (2.63 Å), which
leads to a large distance between Y313 and E235 (8.53 Å). (c) In N370S GCase, the mutation causes an increase in the distance between S370 and W312 (3.55 Å)
preventing the formation of a hydrogen-bond, which leads to a change in the orientation of Y313 allowing this residue to form a hydrogen bond with E235 (2.19/3.21
Å). PDB-ID: 3GXI (GCase WT) and 3KE0 (GCase N370S). The superposition of the two structures was performed using STAMP [42] (QH = 0.977, RMSD = 0.4617).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.6. GCase activity, lipids and αS aggregation

and/or are more pathogenic in human neurons than those formed in the
presence of PC:GlcCer and PC:S1P vesicles [83].
Ganglioside containing vesicles were also found to affect both the
secondary structure and the aggregation kinetics of αS at both acidic and
neutral pH [35,36,38]. In particular, PC:GM1 (1:1) small unilamellar
vesicles (SUVs) were found to inhibit αS aggregation at a L:P ratio of
10:1 (w:w), 93:1 (M:M), under shaking conditions at neutral pH [36]. At
this L:P ratio, the majority of αS monomers were found to be bound to
the PC:GM1 (1:1) vesicles as an α-helix [36]. Under acidic and quiescent
conditions, αS does not form amyloid fibrils if incubated alone in nonbinding PEG-ylated plates for ca. 140 h but PC:GM1 and PC:GM3 (9:1)
SUVs were found to initiate the formation of αS amyloid fibrils at L:P
ratios of 5:1, 10:1, 15:1 and 25:1 (M:M) [35,38]. At t = 0 and at these L:P
ratios, αS is present in solution as unfolded monomers and as α-helix
monomers bound to the vesicles with the percentage of αS bound to the
PC:GM1 and PC:GM3 (9:1) SUVs ranging from ca. 3% (L:P, 5:1) to ca.
14% (L:P, 25:1) [38]. This observed modulation of αS aggregation by
GM1 and GM3 containing vesicles was described earlier for PS vesicles
[33] and can be summarized as follows. At low L:P ratios, αS populates
both the free unfolded monomer and the α-helical membrane bound
monomer and the aggregation occurs via the primary nucleation at the
surface of the lipid vesicles (conditions observed by Gaspar et al (2018)
and Grey et al. (2015) [35,38]). At high L:P ratios, all monomeric αS is
bound to the vesicles and limited concentration of αS in solution can
contribute to the formation of amyloid fibrils (conditions observed by
Martinez et al. (2007) [36]). Finally, the interaction between αS and
GM1 containing membranes was found to lead not only to the formation
of HMW structures and amyloid fibrils but also to the remodelling of the
membrane via bilayer thinning [84].
Altogether, these results show that αS can form amyloid fibrils in the
presence of vesicles containing SLs whose levels are disturbed in asso
ciation with GBA mutations in patient-derived samples (see Section 4).
The nature of the aggregates formed (oligomers vs amyloid fibrils) ap
pears to depend on the chemical properties of the SLs. Finally, the L:P
ratio was found to modulate the kinetics of αS aggregation (Table 2).

A decrease in GCase activity due to GBA mutations in patient-derived
samples were found to lead to the accumulation of the GCase substrate,
GlcCer, as well as changes in the levels of other lipids, including gluco
sylsphingosine (GlcSph), sphingosine (Sph), sphingosine-1-phosphate
(S1P), GM1 and GM3 (see Section 4 for more details). Such changes in
lipid levels were found to be associated with changes in the levels of total,
aggregated and pathological αS in vivo as it will be discussed in the Section
4. However, it is not clear yet whether these observed changes in lipid
levels that are associated with a deficiency in GCase activity directly, via
protein-lipid interactions, or indirectly, lead to a higher propensity of αS
to form high molecular weight (HMW) structures and amyloid fibrils.
It is now well established that the interaction between αS and mem
branes can modulate αS aggregation and that the physicochemical
properties of lipids encompassing the membrane dictate whether or not
the membrane will lead to the formation of amyloid fibrils by αS
[33,35–39,81,82].
GlcCer, GlcSph, Sph and S1P containing vesicles were reported to
induce changes in the secondary structure of αS as well as the formation
of different HMW/oligomeric species and amyloid fibrils by αS at acidic
(lysosomal) and neutral pH in vitro [23,83]. In particular, αS was found
to form amyloid fibrils at a lower rate in the presence of PC:GlcCer
(25:75) vesicles than in the absence or the presence of PC:GlcCer (90:10)
vesicles [23]. This observed delay in the formation of amyloid fibrils by
αS was proposed to be due to the formation of SDS and heat stable HMW
species during the lag phase of the reaction of amyloid formation [23].
This effect was specific to GlcCer as other SL such as lactosylceramide
(LacCer), galactosylceramide (GalCer), GlcSph were not found to in
crease the formation of HMW species along the formation of αS fibrils
[23]. αS was also found to form amyloid fibrils in the presence of PC:
GlcCer and PC:S1P vesicles, oligomers in the presence of PC:GlcSph
vesicles and a mixture of oligomers and fibrils in the presence of PC:Sph
at neutral pH [83]. The fibrils formed by αS in the presence of these SL
containing vesicles were found to resemble those formed by αS alone
[83]. The different aggregates formed by αS in the presence of these PC:
SL vesicles were added to the media of HEK293 cells and induced
pluripotent stem cells (iPSC)-derived neurons and only those formed in
the presence of PC:GlcSph and PC:Sph vesicles were found to induce
further aggregation of αS in the cells [83]. These observations suggest
that the species formed by αS in the presence of GlcSph and Sph con
taining vesicles either are taken up more efficiently by neuronal cells

4. Changes in the levels of GCase activity/protein, αS and lipids
in patient-derived samples
4.1. Post-mortem brain samples
Post-mortem studies of human brains are highly necessary to
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carry GBA mutations or who were not genotyped for GBA mutations and
(ii) PD-GBA patients only. In the iPD group, we also included data from
three studies where mixed cohorts of iPD patients and PD-GBA patients
were investigated and for which no significant differences in the level of
GCase protein levels and/or activity were reported [86,88,89].

Table 2
Binding and aggregation propensity of αS in presence of model membranes
composed of lipids, whose levels are affected by a decrease in GCase activity.
Lipid

Membrane
system

L:P ratio
(M:M)

Effect on αS
aggregation

Solution
conditions

Reference

GlcCer

SUV
DPPC:
GlcCer (1:1)
LUV
Egg PC:
GlcCer
SUV
DPPC:GM1
(1:1)
LUV
Egg PC:GM1
SUV
DOPC:GM1
(9:1)

20:1

Oligomer
formation

37 ◦ C, pH
7.4

[85]

10:1

Fibril
formation

37 C, pH
7.4

[83]

20:1

Oligomer
formation

37 ◦ C, pH
7.4

[85]

10:1

No
aggregation
Faster fibril
formation

37 ◦ C, pH
7.4
37 ◦ C, pH
5.5

[83]

Inhibition of
fibril
formation
Oligomer
formation
Oligomer and
fibril
formation
Fibril
formation

pH 7.5

[36]

37 ◦ C, pH
7.4
37 ◦ C, pH
7.4

[83]

37 ◦ C, pH
7.4

[83]

GM1

GlcSph
Sph
S1P

SUV
DPPC:GM1
(1:1)
LUV Egg PC:
GlcSph
LUV Egg PC:
Sph
LUV Egg PC:
S1P

5:1,
10:1,
15:1,
25:1
10:1 (w/
w), 93:1
(M:M)
10:1
10:1
10:1

◦

4.1.2.1. iPD patients. The levels of GCase activity and protein were
significantly decreased in five brain regions of iPD patients compared to
controls: SN, cerebellum (CBM), hippocampus (HIP), anterior cingulate
(ACC) and caudate (CAU) [22,86–88,90,91] (Table 3, Fig. 4b and e). No
significant changes were reported in the amygdala (AM), PUT, frontal
cortex (FCtx) and occipital cortex (OCC) [22,40,87–90] (Fig. S2a and b).
The fact that no changes in GCase activity were reported in the PUT, a
region of the brain that is affected by PD pathology with a severe loss of
dopaminergic neurons, for iPD patients compared to controls is likely
due to the fact that GCase activity decreases with age in this brain region
in controls [87]. The observed changes in GCase protein and activity
levels were reported to be associated with changes in the levels of αS
and/or lipids in the SN, HIP and ACC of iPD patients compared to
controls. In particular, the levels of GCase protein and activity were
found to be negatively correlated with the levels of SDS-soluble αS in the
ACC of iPD patients [91,92]. Moreover, the pS129/total αS ratio was
found to be negatively correlated with both GCase protein and activity
levels in the SN of patients from a mixed cohort including both PD or
dementia with Lewy Bodies (DLB) cases (idiopathic and familial (GBA))
[89]. Changes in the level of specific lipids were reported in the SN, PUT,
HIP and ACC of iPD patients compared to controls but the significance of
these changes was found to be influenced by the age of the studied
cohort. For example, the levels of glycosphingolipids (GSL) and GlcCer
were significantly higher, whereas the level of GT1b was significantly
lower in the SN of iPD-80s but not in the SN of iPD-70s compared to
aged-matched controls [86]. On the contrary, the levels of the ganglio
sides GM1a or GD1a were significantly lowered in the SN of iPD-70s
patients but not of iPD-80s patients compared to aged-matched con
trols [86]. This age-dependence significance of the changes in lipid
levels is likely due to the fact that the levels of some lipids such as GM1a,
GD1a or total gangliosides decreases with age in the SN of both controls
and iPD patients, whereas GT1b decreases and GlcCer and total GSL
increases with age in iPD patients only. In the particular case of GlcSph,
Huebecker et al. (2019) reported that its level was higher in the SN of
iPD-80s patients but not in the SN of iPD-70s patients compared to agedmatched controls; whereas Rocha et al. (2015) reported that GlcSph
levels increased in the SN of iPD-60s but not in the SN of iPD-70s and
iPD-80s compared to aged-matched controls. The discrepancy in these
results is likely due to a decrease in GCase activity in the SN during
normal ageing, and the levels of lipids affected by age may vary from one
control population to another. In addition to changes in the SN, the
levels of GlcSph in HIP were found to be increased [87], whereas those
of Cer (total and sub-species) and Sphingomyelin (SM) were found to be
increased in the ACC of iPD patients compared to controls [93]. Finally,
a positive correlation between αS levels and those of most ceramides was
reported in the ACC of iPD patients [91–93]. Specifically, Abbott et al.
(2014) showed an increase in short chain ceramides and a decrease in
long chain ceramides and SM in the ACC region but not in the OCC of iPD
patients [93]. These data suggest the importance of studying the role of
GCase in PD even when the patients do not carry GBA mutations.

[38]

[83]

understand the complex relationship between the levels of GCase ac
tivity and protein and those of αS and lipids in the context of PD pa
thology. We first reviewed clinical studies where the levels of GCase
protein and activity as well as those of αS and lipids were quantified in
different brain regions of neurologically unaffected individuals (con
trols), patients diagnosed with iPD and PD-GBA (Table 3).
4.1.1. Controls
Before describing the changes in the levels in GCase activity/protein,
αS and lipids reported in iPD and PD-GBA brains compared to controls, it
is worth noting that normal ageing influences GCase activity. Measure
ments of GCase activity in the substantia nigra (SN) and putamen (PUT) of
controls in their 6th, 7th and 8th decade of age (Ctrl-60s, Ctrl-70s and Ctrl80s, respectively) showed that the levels of GCase activity significantly
decreased with age [86,87] (Table 3, Fig. 4a and d). In particular, GCase
activity was found to be 48% lower in the PUT of Ctrl-80s compared to
Ctrl-60s, although no significant changes were detected when comparing
Ctrl-70s and Ctrl-60s [87]. On the contrary, in SN, a progressive and
significant decrease in GCase activity was observed in the SN of Ctrl-70s
(− 35%) and Ctrl-80s (− 48%) compared to Ctrl-60s [87]. Huebecker
et al. (2019) also reported a decrease (− 20%) in GCase activity in the SN
of Ctrl-80s when compared to Ctrl-70s [86]. This age-dependent decrease
in GCase activity was associated with age-dependent changes in the levels
of specific lipids in the SN of controls [86]. In particular, the levels of the
gangliosides GM1a and GD1a significantly decreased with age in the SN of
controls whereas those of GlcCer, LacCer, GD1b and GT1b were not
affected by normal ageing [86]. These observed age-dependent changes
in GCase activity and lipid levels in the SN and PUT of controls highlight
the importance of using the right age-matched controls when studying
these levels in the brain of iPD or PD-GBA patients.

4.1.2.2. PD patients’ carriers of GBA mutations. The levels of GCase ac
tivity and/or protein were significantly decreased in five brain regions of
PD-GBA patients compared to controls: SN, CBM, AM, PUT and FCtx
(Table 3, Fig. 4c and f, Fig. S2a and b) [22,40,89,90]. Although GCase
activity was found to be decreased in the SN and CBM of iPD patients
compared to controls, GBA mutations were found to lead to a much more
pronounced decrease of the protein activity in these brain regions as
well as in the AM, PUT and FCtx (Fig. 4c). This observed decrease in

4.1.2. PD patients
We observed that the levels of GCase activity and protein were only
changed in specific brain regions and that the magnitude of these
changes and the number of brain regions affected were larger in PD-GBA
patients compared to iPD (Table 3, Fig. 4 and S2). We therefore pre
sented the reported variations in GCase protein and activity levels as
well as those of αS and lipids in two groups: (i) iPD patients who do not
7
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S.S. Muñoz et al.

Table 3
Changes in the levels of GCase protein, GCase activity, αS and lipids in different brain regions of PD patients relative to controls. Mixed PD cohorts: * 2/26
with GBA mutation with no significant difference when they were excluded, ** 4/18 with GBA mutation with no significant difference when they were excluded and
*** 2/15 Control-GBA, 6/15 PD-GBA and 4/15 DLB-GBA; & mixed PD and DLB cohort with no significant difference between PD and DLB samples. Values in bold and
italic represent significant and non-significant (ns) changes within error, respectively.
Brain region

Diagnosis

Δ GCase
activity (%)

Substantia nigra
Stage I/II cell loss
Stage III/IV LP

Healthy

70s: ¡40,
80s: ¡48
(to 60s)

[87]

80s: ¡20
(to 70s)

[86]

iPD

¡33

Δ GCase
protein (%)

Δ αS (%)

Δ Lipids (%)

Reference

[22,90]

¡35

60s: ¡49,
70s: +13,
80s: − 11

GlcSph: 60s: þ82,70s: +20,
80s: +20

[87]

[88]*

¡14
70s: ¡34,
80s: ¡26

GlcCer: 70s: +37, 80s: þ74;
GlcSph: 70s: +64, 80s: þ115;
GM1a: 70s: ¡20, 80s: − 16;
GD1a: 70s: ¡37, 80s: − 33;
GT1b: 70s: − 22, 80s: ¡27;
Gangliosides: 70s: ¡28, 80s: − 27;
GSLs: 70s: +36, 80s: þ68

[86]**

¡21

GlcCer: þ48, GM1a: ¡25, GD1a: − 47,
GD1b: ¡30; GT1b: ¡33,
Gangliosides: ¡48, GSLs: þ35

[86]

− 13
+1
PD-GBA

[40]
− 21

¡24

¡39

¡58

¡45

pS129/total: þ1920
(Ins), þ50 (Sol)

GlcSph: +10

[89]***,

GlcSph: +30

[89]&

&

[22,90]
[40]

¡44
Cerebellum
Not associated with neurodegeneration
and LP

iPD

¡24

− 65

¡41

GlcCer: − 13, GlcSph: − 15, SM: +11

[22,90]

GlcSph: +44

[87]

− 3

[88]*

PD-GBA

¡47

Hippocampus
Atrophy associated with PD

iPD

¡41

Anterior cingulate
Associated with αS accumulation

iPD

Early PD:
¡27, late PD:
¡50

Caudate

iPD

¡20

[88]*

Amygdala
Stage III/IV cell loss and LP

iPD

− 18

[22,90]

PD-GBA

¡40

Putamen
Most severely dopamine-depleted region
of the striatum in PD
Rarely shows LP and mild LP

Healthy

70s: +5,
80s: ¡48
(to 60s)

iPD

− 19

¡69

GlcCer: +23 (C24:0 þ112),
GlcSph: − 26, SM: +6

[22,90]

GlcSph: þ135

[87]

Cer: ¡53/¡59, SM: ¡42 (shift long
chain to short chain Cer and SM)

[91–93]

[88]*

+11
SDS-soluble: Early PD
þ59, late PD þ264

¡85

[87]

− 23

60s: ¡44,
70s: ¡45,
80s: +38

GlcCer: − 27, GlcSph: +150,
Chol: − 16, SM: +20

[22,90]

GlcSph: 60s: +5, 70s: +5, 80s: +19

[87]

0

[88]*

− 6

PD-GBA

[40]

− 8

− 10

¡33
¡48

pS129/total: þ7080
(Ins), þ50 (Sol)

GlcSph: +10

[89]***,

¡39

GlcSph: +20

[89]&

¡57

GlcCer: − 32, GlcSph: +25,
Chol: − 13, SM: +13

[22,90]

&

(continued on next page)
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Table 3 (continued )
Brain region

Diagnosis

Δ GCase
activity (%)

Δ GCase
protein (%)

Δ αS (%)

Δ Lipids (%)

[40]

¡43
Frontal Cortex
Stage V/VI LP

iPD

[22,90]

+13
− 5

GlcSph: − 19

− 3

[40]

− 11

− 20

− 27

¡38

pS129/total: þ3460
(Ins), þ20 (Sol)

GlcSph: þ30

[89]***,

GlcSph: þ60

[89]&

− 17
iPD

ns

&

[22,90]
[40]

¡33
Occipital cortex
Spared in PD

[87]
[88]*

+1

PD-GBA

Reference

ns

SDS-soluble: Early PD
+10, late PD − 30

Cer: ns, SM: ns

[91]

Fig. 4. Reported significant changes in the levels of GCase protein, GCase activity, αS and lipids in specific brain regions of controls and PD patients. (a-c) Percentage
changes in the level of GCase activity in specific brain regions of controls (control, a) in their 7th and 8th decade of age (Ctrl-70s and Ctrl-80s, respectively) relative to
Ctrl-60s (except open symbol, relative to Ctrl-70s), idiopathic PD patients (iPD, b) and PD patients’ carriers of GBA mutations (PD-GBA, c) relative to controls. (d-f)
Schematic representation of different brain regions where significant changes in the levels of GCase protein, GCase activity, αS and/or lipids were reported and where
a correlation between these values was found. Controls (d), iPD patients (e) and PD patients’ carrier of GBA mutations (f). SN: Substantia nigra, PUT: putamen, CBM:
cerebellum, HIP: hippocampus, ACC: anterior cingulate cortex, CAU: caudate, AM: amygdala, FCtx: frontal cortex.
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Table 4
Changes in the levels of GCase protein, GCase activity, αS and lipids in stem cell-derived neurons of PD and GD patients relative to controls. * Values
compared to their gene corrected lines (isogenic controls). § GCase protein levels were considered significant based on the text. Values in bold and italic represent
significant and non-significant changes within error, respectively.
Disease

Model

GBA genotype

Δ GCase activity
(%)

Δ GCase protein
(%)

Δ αS (%)

iPD

NCSC-DA

WT

+10

− 30

+75

iPSC-DA

WT

− 14

− 37

+14

[99]

NCSC-DA

N370S/WT

¡40

¡61

þ172

[101,102]

¡50

− 13

− 15 (þ159 in
media)

þ65 (C16:0), ¡30 (C20:0),
þ65 (C24:0)

[104]
[105]

PDGBA

iPSC-DA

Δ GlcCer (%)

Δ GlcSph
(%)

Reference
[102]

¡32 (¡25*)

¡24 (¡39*)

+38 (þ63*)

þ446 (þ108*)

RecNcil/WT

¡49 (¡37*)

¡34 (¡41*)

+28 (þ72*)

þ416 (þ114*)

L444P/WT

¡43 (¡42*)

¡26 (¡40*)

þ56 (þ53*)

N370S/WT unaff twin
cl1

¡67

¡53

þ217

N370S/WT unaff twin
cl2

¡54

¡79

þ261

N370S/WT aff twin cl1

¡50

¡76

þ230

N370S/WT aff twin cl2

¡53

¡82

þ248

84GG/WT

¡35 (¡32*)

(þ59*)

[99]

[103]

¡61

þ329

iPSCNeurons

L444P/WT

¡72

+31

0

[98]

GD-PD

iPSC-DA

N370S/N370S

¡74

¡87

þ872

þ35000

þ1060

[100]§

N370S/c0.8dupG

¡76

¡84

þ547

þ100000

þ2500

GD

iPSC-DA

N370S/84GG

¡93

L444P/L444P

¡72

¡73

þ69

þ270

N370S/N370S

¡60

− 20

þ71

þ374

¡63

¡60

+100

þ70000

iPSCNeurons

[23]

þ325

[105]

þ1033

¡66

0

þ50000

þ619

¡97

þ524

þ120000

þ3160

¡95

þ124

þ4134

¡79

þ171

þ1579

¡95

− 13

þ662

IVS2+1G>T/L444P

¡99

L444P/P415R
G325/C342G
L444P:E236K;L444P:
E236K

GCase activity was found to be associated with increased levels of the
pS129/total αS ratio in the SN, PUT and FCtx of patients from a mixed
cohort including PD and DLB cases [89]. Moreover, the levels of specific
GlcCer species in CBM [90] and GlcSph in FCtx [89] were found to be
increased in PD-GBA patients compared to controls.

[100]§

[98]

included the data collected from all brain regions (Fig. S2c).
Correlations among the levels of αS, those of lipids and disease
progression were also found in other studies that did not report GCase
activity and/or protein levels [92,95–97]. In particular, increased αS
levels were observed in the parahippocampal cortex (PHCtx) in iPD
patients compared to controls [92], and a positive correlation between
SDS-soluble pS129 αS and disease progression was found in the FCtx, a
region mostly affected by LP [97]. Moreover, membrane-associated αS
was also positively correlated with Chol levels in the ACC of early PD
patients [96]. Other regions analyzed, e.g. the temporal cortex, did not
show changes in GlcCer levels at different stages of the disease when
compared to controls [95].
To summarise, normal ageing leads to a decrease in the levels of
GCase activity and/or protein in the SN and PUT of controls. These levels
were also decreased in the ACC, CAU, SN, HIP and CBM of iPD patients
and in the AM, FCtx, SN, PUT, CBM of PD-GBA patients compared to
controls. Changes in GCase activity/protein levels were associated with
changes in αS levels (total, SDS-soluble or pathological) in the SN and
ACC of iPD and in the PUT, SN and FCtx of PD-GBA patients and with
changes in lipid levels in the ACC and HIP of iPD patients and in the FCtx
and CBM of PD-GBA patients. Finally, a correlation between the levels of
GCase activity and/or protein and those of αS or lipids were reported in
the ACC and SN of iPD patients. After compiling all measured levels of

4.1.3. Correlation between GCase protein/activity, αS and lipid levels and
PD pathology
Most of the regions affected by a decrease in GCase activity and/or
protein level in iPD and/or PD-GBA patients are also involved in cell
loss, Lewy pathology (LP) and/or αS pathology (SN, HIP, AM, PUT, FCtx,
AAC) whereas most of the unaffected ones (OCC) are not. SN, which is
the most affected region in PD, showed a decrease in GCase activity of
− 25% in iPD patients and a further decrease of − 40% in PD-GBA pa
tients. However, other brain regions such as CBM, which is not associ
ated with neurodegeneration and LP, showed the same trend with a
reduction in GCase activity of − 30% in iPD and − 50% in PD-GBA. Other
unaffected regions in iPD but affected only in PD-GBA, such as AM, PUT
or FCtx are involved in cell loss/LP [22,94]. Moreover, ageing leads to a
decrease in GCase activity levels in the SN and PUT of controls [86,87],
and both a decrease in GCase activity and an increase in GlcCer levels in
the SN of PD patients [86]. Overall, we found a positive correlation
between the levels of GCase activity and those of GCase protein when we
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Fig. 5. Reported significant changes in the levels of GCase protein, GCase activity, αS and lipids in stem cell-derived neurons. (a-c) Percentage changes in the level of
GCase activity (Δ GCase activity, a), GCase protein (Δ GCase protein, b) and αS (Δ αS, c) in PD-GBA, GD-PD and GD neurons compared to controls. (d-f) Pearson
correlation analysis to test the strength of the association between Δ GCase protein and Δ GCase activity (d), Δ GCase protein and Δ αS (e) and Δ GCase protein and Δ
GlcCer (f). (g) Overview of the significant (↑ or ↓) or non-significant (ns) changes reported in the levels of GCase protein, GCase activity, αS and lipids in the stem cellderived neurons of each disease. #p < 0.05 and ###p < 0.001 when compared to PD-GBA; §p < 0.05 and §§p < 0.01 when compared to GD-PD using unpaired t-test or
one-way ANOVA with Tukey’s post-hoc test for multiple comparisons. *p < 0.05 and **p < 0.01 using Pearson correlation analysis.

GCase activity/protein, αS and lipids, we could not find correlations
among these levels for a given brain region most likely due to the limited
number of quantitative measurements.

activity as well as those of αS and lipids were quantified in human
pluripotent SCs from (i) iPD (with no GBA mutations), (ii) PD-GBA, (iii)
GD with parkinsonism (GD-PD) and (iv) GD (with specific GBA muta
tions) patients as shown in Tables 4 and S2.
Changes in the levels of GCase activity and lipids were already
observed in some of iPSCs before differentiation and at the stage of
neural precursor cells (NPCs). Before differentiation, PD-GBA and GD

4.2. Stem cells
We then reviewed studies where the levels of GCase protein and
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iPSCs showed a reduction in GCase activity compared to controls [98]
but the levels of αS were non-significantly changed in iPD and PD-GBA
iPSCs when compared to controls [99] (Table S1). Moreover, the levels
of GlcCer were increased only in GD iPSC and those of GlcSph were
increased in both PD-GBA and GD iPSCs compared to controls [98]. At
an intermediate stage of the differentiation process into neurons, PDGBA, GD-PD and GD iPSC-derived NPCs have a significant reduction
in GCase activity compared to controls [98,100]. The levels of αS were
only measured in iPD and PD-GBA NPCs and were the same as those of
controls [99] (Table S2). This decrease in GCase activity was associated
with increased levels of GlcCer and GlcSph only in L444P/P415R GD
NPCs and increased levels of GlcSph, in G325R/C342G GD NPCs [98].
These observations show that the level of GCase activity and those of
lipids are mainly altered in iPSCs carrying GBA mutations before their
differentiation into neurons.
The levels of GCase activity/protein, αS and lipids were affected to a
much greater extent when the SCs were differentiated into dopaminergic
(DA) neurons (SC-DA neurons) (Table 4). The DA neurons described in
this section were differentiated from two types of SCs: neural crest stem
cells (NCSCs) [101,102] or iPSCs [23,98–100,103–105]. The iPD SC-DA
neurons did not show a significant decrease in GCase protein level or
activity, neither an increase in αS, when compared to controls (Table 4,
Fig. S3a-c). However, most of SC-DA neurons from patients carriers of
either heterozygous (PD-GBA) or homozygous (GD-PD and GD) GBA
mutations showed a significant decrease in GCase protein level and
GCase activity, and an increase in αS levels compared to controls
(Fig. 5a–c and Fig. S3a–c). Moreover, we observed a significantly more
pronounced decrease in GCase activity in GD (- ca. 85%) and GD-PD (- ca.
75%) DA neurons compared to that in PD-GBA DA neurons (- ca. 50%)
derived from iPSCs (Fig. 5a). In addition, the increase in αS levels was
larger in GD-PD DA neurons (+ ca. 750%) than that in PD-GBA (+ ca.
175%) and GD neurons (+ ca. 225%) derived from iPSCs (Fig. 5c).
Moreover, total GlcCer levels were significantly increased in PD-GBA,
GD-PD and GD samples when compared to controls (Fig. S3d) but no
changes were reported for individual GlcCer species [98]. Only GD-PD
and GD iPSC-derived neurons samples had increased expression of
GlcSph levels (Fig. S3e).
In the light of these results, we investigated whether or not corre
lations could be found among the levels of GCase activity/protein, αS
and lipids that were reported for SC-DA neurons carrying GBA mutations
(i.e. PD-GBA, GD-PD and GD). We performed Pearson correlation ana
lyses for two sets of published data: (i) including only significant
changes (Fig. 5d–f) and (ii) including both significant and nonsignificant changes (Fig. S4a–h). When all significant values from PDGBA, GD-PD and GD SC-derived neurons were included, we found a
positive correlation between the levels of GCase protein and those of
GCase activity (Fig. 5d), and a negative correlation between the levels of
GCase protein and those of αS and between the levels of GCase protein
and those of GlcCer (Fig. 5e and f). When we included non-significant
changes such as the non-significant change in GCase activity in iPD
neurons, we found an additional negative correlation between the levels
of αS and those of GCase activity (Fig. S4e). A negative correlation was
also found between the levels of αS and those of GCase protein when we
considered values measured in PD-GBA SC-derived neurons only
(Fig. 5i) and between αS levels and GCase activity when we considered
values measured in GD iPSC-derived neurons only (Fig. 5j).
Some of the studies mentioned in the previous paragraph generated
isogenic controls to revert the GBA mutations in iPSC-DA neurons using
either zinc-finger nucleases (ZFN) [105] or CRISPR/Cas9 [103].
Schöndorf et al. (2014) corrected 3 specific GBA mutations (RecNcil,
N370S and L444P) and differentiated the PD-GBA samples and isogenic
controls into iPSC-DA neurons. When the PD-GBA samples were
compared to their respective isogenic controls, there was a similar sig
nificant reduction in GCase activity (− 25 to − 42%) and protein levels
(− 39 to − 41%) as that when comparing them to the control lines (− 32
to − 49% and − 24 to − 34%, respectively) [105] (Table 4). Moreover, the

L444P line showed similar increase in αS (+53% to isogenic control and
+59% to control lines), but both N370S and RecNcil, which had a nonsignificant increase in αS when compared to controls (+38% and +72%,
respectively), showed a significant increase when compared to their
respective isogenic controls (+63% and +78%, respectively). In addi
tion, the increase of GlcCer was significant when compared to the
isogenic controls (+108% N370S and +114% RecNcil), but not as high
as that observed when compared to control lines (+446% N370S and
+416 RecNcil) [105]. Similar results were found in Burbulla et al.
(2019), where GCase activity levels showed similar significant decrease
in PD-GBA cell lines when compared to controls (− 35%) or to isogenic
controls (− 32%), and where GlcCer levels were found to be increased
when compared to isogenic controls [103] (Table 4). These data suggest
that the GBA mutations have a direct effect in the accumulation of αS
and GlcCer levels in iPSC-DA neurons.
iPSCs have also been differentiated into other cell types besides
neurons for PD-GBA patients. Aflaki et al. (2020) showed that iPSCderived astrocytes had a decrease in both GCase activity and protein
level [106] (Table S3). There was an increase in GlcCer levels in all
samples analyzed except GD N370S/N370S, and only two iPSC-derived
astrocytes lines showed an increase in GlcSph [106].
Altogether, these studies show that mutations in GBA lead to a
decrease in the levels of GCase activity and protein and an increase in
those of αS, GlcCer and GlcSph in PD-GBA, GD-PD and GD SC-DA neu
rons (Fig. 5g). Moreover, we found a negative correlation between the
levels of GCase activity and those of αS and GlcCer in these neurons.
These results support the hypothesis of a reciprocal relationship between
the levels of GCase activity and those of αS.
4.3. Other patient-derived samples
We then reviewed the levels of GCase protein and/or activity and their
influence on the levels of αS and lipids in patients derived samples other
than brains and DA neurons, including CSF, blood and fibroblasts (Table 5).
The analysis of CSF from iPD patients showed a reduction in GCase
activity (- ca. 30%) that was associated with worse cognitive performance
compared to controls (Fig. S5a) [107,108]. This decrease in GCase ac
tivity was associated with either a decrease or non-significant changes in
αS levels in iPD CSF compared to controls [108,109]. In particular, Par
netti et al. (2014) reported that the levels of oligomeric αS were not
significantly changed in iPD CSF but the level of total αS was decreased
and that of the oligomeric/total αS ratio was increased in iPD CSF
compared to controls [108]. Finally, the levels of specific GSL were found
to be affected in iPD CSF compared to controls: those of LacCer and GM3
increased whereas those of GM2, GD3, GD1a, GD1b, GT1b and total
gangliosides decreased [86]. GCase activity was reduced to a higher
extent in PD-GBA CSF (- ca. 50%) [105,107,109] (Fig. S5a) and the level
of αS was found to be consistently decreased compared to controls [109].
Other studies analyzed blood samples such as dried blood spots,
serum or plasma, but also specific blood cells such as peripheral blood
lymphocytes (PBLs), leukocytes, peripheral blood mononuclear cells
(PBMCs) or monocytes (Table 5). GCase activity was found to be
significantly decreased in PD-GBA and GD dried blood spots (Fig. S5b),
PD-GBA and GD-PD leukocytes, PD-GBA PBMCs, and iPD and PD-GBA
monocytes compared to controls [110–114] but not in iPD dried blood
spots, serum, PBLs, leukocytes or PBMCs [86,112–116]. The levels of αS
were determined in some of these models: total αS was found to be
significantly increased only in the exosome fraction of iPD plasma [115],
and oligomeric αS was significantly increased in PD-GBA dried blood
spots but not in iPD [114]. Moreover, the levels of plasma oligomeric αS
were found to be significantly decreased with age in both controls and
GD patients, to be significantly higher in GD compared to controls and to
be negatively correlated to the levels of GCase activity measured in
leukocytes [117,118]. Finally, the levels of specific SL were found to be
affected in these models: the levels of hexosylsphingosine (HexSph)
were increased in PD-GBA and GD but not in iPD dried blood spots, those
12
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Table 5
Changes in the levels of GCase protein, GCase activity, αS and lipids in other patient-derived samples of PD and GD patients relative to controls. * Represents
values obtained by median instead of mean. ** Compared to asymptomatic GBA carriers. § 3/61 controls and 10/79 PD with GBA mutations. §§ 3/44 controls and 9/48
PD with GBA mutations. Values in bold and italic represent significant and non-significant changes within error, respectively.
Model

Disease

GBA genotype

Δ GCase activity
(%)

Δ GCase
protein (%)

Δ αS (%)

Δ Lipids (%)

Reference

CSF

iPD

WT

¡29

[124]

− 13

[105]

Early PD: ¡25,
late PD: ¡45

[107]
Total: +4

[109]

− 15

[125]*
LacCer: þ21, GA2: +5, GM3: þ40,
GM2: ¡24, GD3: ¡31, GM1a: − 15,
GD1a: ¡40, GD1b: ¡42, GT1b: ¡51,
Gangliosides ¡39

PDGBA

Dried blood
spots*

Total: ¡11

[107]*§
[107]*
[105]

E236K, T369M, T297S

Total: ¡15

N370S

Total: ¡25

L444P, G202R, R359X, W184R,
c.1265-1319del

Total: ¡30

PDGBA

Olig: − 15

HexSph: +6

E236K, T369M

− 24

Olig: þ250

HexSph: þ15

N370S, L444P

¡48

Olig: þ430

HexSph: þ56

N370S

¡46

L444P

¡36

84GG

¡40

R496H

¡32

IVS2+1

− 33

E326K

¡18

T369M

¡36

[114,126]

[110]

¡94

HexSph: þ14473

[114,126]

WT

0

LacCer: 0, GM3: − 7,
GM2: − 14, GM1a: ¡23, GD1a: ¡18

[86]

+8

GD
iPD

WT

Leukocytes*

iPD

WT

Olig: þ280

[117]

Plasma: − 6,
exosomes: þ104

[115]

+7

[116]

+12

[112]**

PDGBA

N370S, 84GG, R496H, E326

¡37

GD PD

N370S/N370S, N370S/R496H,
N370S/A456P

¡78

iPD

WT

+1

+12

PDGBA

D409H, L444P, N370S, IVS101G>A

¡50

¡50

iPD

WT

¡25

[113]

[111]
Plasma: +20

¡28

Fibroblasts

[109]

+13

PBLs

Monocytes

¡28

¡50

Plasma

PBMCs

[108]*

¡54

WT

iPD

Olig: +46
total: ¡45,
olig/total: þ170

GBA+

GD
Serum

¡32

RecNcil, L444P, N370S

iPD

[86]

Plasma Cer: ¡28

[111]§§

PDGBA

GBA+

¡29

[111]

iPD

WT

− 14

+5

[119]

0

− 36

[122]
(continued on next page)
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Table 5 (continued )
Model

Disease

PDGBA

GBA genotype

Δ GCase activity
(%)

Δ GCase
protein (%)

Δ αS (%)

Δ Lipids (%)

Reference

− 42

+8

[120]

+17

+29

[123]

N370S/WT, L444P/WT

¡49

− 13

[119]

N370S/WT, E326K/WT

¡64

− 26

[120]

N370S/WT

¡32

¡48

[122]

L444P/WT

¡35

¡56

¡26

+12

L444P/wt, 1483G>C and
1947G>C

¡40

N370S, L444P, RecNcil

¡43

¡46

Total SL: þ26
Shift long chain to short chain for
HexCer, SM and Cer

[123]

GlcCer: − 41, GlcSph: +97

[98]
[121]*

E236K/E236K

¡20

¡71

Non-manifesting carriers N370S,
L444P

¡29

¡47

GD-PD

R463C/R463C, L444P/R463C,
N370S/L444P

¡80

¡83

GD

N370S/N370S, N370S/L444P

¡76

− 61

N370S/c1263del55, N370S/
N370S, N370S/L444P, N370S/
203insC

¡57

¡95

L444P/P415R

¡95

GlcCer: +26,
GlcSph: þ325

G325R/C342G

¡72

GlcCer: − 34, GlcSph:þ132

L444P:E236K/L444P:E236K

¡97

GlcCer: − 17,
GlcSph: þ168

of GM1a and GD1a were decreased in iPD serum and those of Cer were
decreased in PD-GBA plasma. Interestingly, the total Cer levels in plasma
was correlated with GCase activity in monocytes [111].
Human fibroblasts were also studied as a model that lacks αS
expression (Table 5). GCase activity was reduced in all PD-GBA, GD-PD
and GD fibroblasts, but not iPD fibroblasts (Fig. S5c) [98,119–123].
GCase protein expression was decreased in most fibroblasts (PD-GBA,
GD-PD, GD) where a decrease in GCase activity was observed (Fig. S5d)
[119,120,122]. When analysing all the levels measured in human fi
broblasts, we found a positive correlation between the levels of GCase
activity and those of GCase protein (Fig. S5e). The levels of GlcCer and
GlcSph were analysed in some PD-GBA and GD fibroblasts and a sig
nificant increase in GlcSph was only observed in GD but not in PD-GBA
fibroblasts and the levels of GlcCer were not affected in PD-GBA and GD
fibroblasts. However, the levels of short chain GlcCer, SM and Cer were
found to be increased and those of long chain HexCer, SM and Cer to be
decreased in PD-GBA-L444P fibroblasts [123]. Moreover, the ratios
short chain:long chain HexCer, SM and Cer were observed to be
inversely proportional to GCase activity in fibroblasts [123]. Finally,
lipids isolated from PD-GBA-L444P fibroblasts were found to be more
prone to accelerate recombinant αS aggregation in vitro compared to
those from control fibroblasts [123].
Altogether, these results show that GCase activity is decreased only
in the CSF and the leukocytes of iPD patients and that this decrease can
be associated with lower αS levels in these samples. Mutations in GBA
cause a decrease in GCase activity in patients’ CSF, blood and fibroblast
samples, which can be associated with a decrease in αS levels in CSF, an
increase in oligomeric αS in dried blood spots and leukocytes and a shift
from long chain to short chain HexCer, Cer and SM in fibroblasts.

[120]

[121]*

[98]

used extensively to investigate PD pathology [127]. SH-SY5Y cells can
be differentiated into a dopaminergic phenotype with the addition of
retinoic acid into the cell culture media for 7 days [128]. The easy
accessibility to this cell type together with the facility to modify its
genome have made it a cell line widely used. Whereas some studies
claim that αS is not detectable in undifferentiated SH-SY5Y cells [129],
other studies have been able to detect it in both undifferentiated and
differentiated cells [130–136]. We analyzed this cell model to further
understand the possible link among the levels of GCase activity, GCase
protein, αS and lipids when GCase and/or αS expression have been
genetically modified and when GCase activity was chemically inhibited
(Table 6).
The protein levels of GCase were modified in SH-SY5Y cells by
overexpressing GCase WT, N370S and L444P, by generating GBA
knocked-down (KD) using either small interfering RNA (siRNA) or
short hairpin RNA (shRNA) or generating GBA knocked-out (KO) using
ZFN. The activity of GCase was inhibited using conduritol-β-epoxide
(CBE) treatment.
The overexpression of mutant GCase in undifferentiated SH-SY5Y
cells led to a significant increase in the levels of total and pS129 αS
(N370S and L444P), and oligomeric αS (L444P only) (Table 6) [135].
These changes were not observed when WT GCase was overexpressed in
these cells [135]. In undifferentiated SH-SY5Y cells, GBA KD led to a
decrease in GCase activity (- ca. 66%) as well as an increase in Chol
levels without affecting those of αS, GlcCer, Cer or SM [131,133].
Knocking down GBA in differentiated SH-SY5Y cells led to a similar
decrease of GCase activity (- ca. 69%) but also to an increase in the levels
of total αS [130,136]. Treating these cells with recombinant GCase
rescued GCase activity and αS levels to those of parental SH-SY5Y cells
[130]. Those observations support the hypothesis of a direct link be
tween the level of GCase activity and/or protein and those of αS.
The treatment of undifferentiated and differentiated SH-SY5Y cells
with CBE led to a decrease in GCase activity (– ca. 95%) (Table 6)

4.4. SH-SY5Y cells
SH-SY5Y cells are a human neuroblastoma cell line that has been
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Table 6
Changes in the levels of GCase protein, GCase activity, αS and lipids in SH-SY5Y cells relative to their respective controls. § measured via immunocyto
chemistry. Values in bold and italic represent significant and non-significant (ns) changes within error, respectively.
SH-SY5Y

System/chemical

Diff/
Undiff

GCase overexpression

myc-His-GCase

Undiff

GBA KD

Δ GCase protein
(%)

Δ αS (%)

þ

Total: ns, pS129: ns§,
olig: ns§

myc-His-GCase N370

þ

Total: þ100, pS129: þ600§
olig: ns§

myc-His-GCase L444P

þ

Total: þ210, pS129: þ800§
olig: þ4000§

siRNA

Undiff

¡56

shRNA

¡62

¡59

Total: +25

shRNA + veraglucerase
alpha

− 32

þ330

Total: +20

¡75

¡69

Diff

shRNA
shRNA + GCase WT
CBE treatment

Undiff

Δ Lipids (%)

[131]

Total: þ84

[136]

Total: þ83§

[130]

¡71

Total: þ48§

− 17

Total: − 14§
[133]

¡92
Total: ns

[132]

Total: ns
¡98
Total: þ300§, pS129: þ930§
olig: þ1300§

αS-pcDNA3.1

Undiff

GBA KO and
αS overexpression

V1-αS/αS-V2 + ZFN

Diff

[135]

Total: þ59

[131]

Total: ns

[132]

Total: þ

[134]

Total: − 12

[136]

¡33

þ

[22]

¡87

þþ

¡70

αS-pcDNA3.1 + siRNA

[137]

GlcCer: þ950

¡95

Undiff

GBA KD and
αS overexpression

[134]
GlcCer: þ148

¡95

¡99

αS overexpression

[133]

¡61

¡95

Diff

Reference
[135]

GlcCer: ns, Cer: ns,
SM: ns,
Chol: þ35

¡70

siRNA

GCase chemical
inhibition

Δ GCase activity
(%)

Total: þ55
Total: þ76§

¡89

V1-αS/αS-V2 + ZFN +
GCase WT

Total: − 2§

V1-αS/αS-V2 + ZFN +
GCase E235K

Total: þ100§

[133]
GlcCer: þ50

[130]

[138]

Ad5-αS vector + ZFN exon 3

¡90

¡

Intracellular: Sol: +17,
Insol: þ83,
Extracellular: Sol: þ78,
Insol: þ265

GlcCer: þ88

Ad5-αS vector + ZFN exon
11

− 4

ns (truncated)

Intracellular: Sol: +14,
Insol: − 8,
Extracellular: Sol: 0,
Insol: +15

GlcCer: − 31

[131–133,136,137] and an increase in GlcCer levels [135,137]. The
levels of αS were measured in some of these cells but their changes were
inconsistent as the levels were found to increase in some studies
[131,134,135] and not to be affected in others for the same decrease in
GCase activity [132,134,136].
The overexpression of αS in undifferentiated SH-SY5Y cells led to a
concentration-dependent reduction in the levels of both the protein and
activity of GCase (Table 6) [22]. Knocking down GBA in these cells led to
an increase in total αS levels [133]. Knocking out GBA using ZFN in
differentiated SH-SY5Y cells overexpressing αS led to a 90% decrease in
GCase activity and an increase not only in the levels of GlcCer but also in

those of total and aggregated αS over time [130,138]. These results were
confirmed after αS levels were restored to those of parental SH-SY5Y
cells upon exogenous addition of WT GCase, but not upon addition of
the GCase E235K [130]. Moreover, Bae et al. (2015) generated SH-SY5Y
cells overexpressing αS with frame shift mutations directed to two
different regions of the GBA gene (exon 3 and exon 11) [138]. The loss of
GCase activity when the frame shift was directed to exon 3 led to a
significant increase in GlcCer, insoluble intracellular αS and both soluble
and insoluble extracellular αS, but there were no significant changes of
either GlcCer or αS when the frame shift targeted exon 11, generating a
truncated but still active form of GCase [138].
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S.S. Muñoz et al.

Biophysical Chemistry 273 (2021) 106534

Table 7
Changes in the levels of markers of specific pathways associated with a significant decrease in GCase activity in patient-derived samples relative to
controls. Up/down arrows and bold text represent significant changes within error and ns and italic text represent non-significant changes within error.
Pathways

Markers

Level

Disease

Model

ER-UPR

CHOP

↑

PD-GBA

L444P fibroblasts

[111]

PUT and N370S fibroblasts

[22,122]

PD-GBA

PUT, iPSC-DA and fibroblasts

[22,104,121,122,142]

GD

Fibroblasts

[121]

ns

PD-GBA

N370S fibroblasts

[122]

↑

PD-GBA

iPSC-DA and fibroblasts

[104,121]

GD

Fibroblasts

[121]
[104,142]

ns
BiP

Calnexin

Autophagy

↑

Calreticulin, Xbp1, PDI, IRE1α, p-PERK and peIF2α

↑

PD-GBA

iPSC-DA

Oxidative stress

↑

PD-GBA and GD

Fibroblasts

[121]

LC3-II

↑

PD-GBA and GD

iPSC-DA

[104,105]

GBA KO

SH-SY5Y

[133]

iPD

ACC

[91]

ns

Beclin
p62

Hsc70

Lysosomes

References

LAMP1

↑

PUT, NCSC-DA and fibroblasts

[22,102,121]

Fibroblasts

[120,121]

PD-GBA

iPSC-DA

[104]

↓

iPD

ACC

[91]

↑

PD-GBA

iPSC-DA

[104]

GBA KO and + αS
overexpression

SH-SY5Y

[130,133,138]

ns

PD-GBA and GD

Fibroblasts

[121]

↓

PD-GBA

NCSC-DA

[102]

ns

GBA KO

SH-SY5Y

[133]

↓

iPD

ACC

[96]

PD-GBA

PBMCs

[113]

↑

PD-GBA and GD

iPSC-DA

[104,105]

GBA KO

SH-SY5Y

[133]

ns

LAMP2A

PD-GBA
GD-PD and GD

↑

iPD

ACC

[91]

PD-GBA

NCSC-DA and fibroblasts

[101,102,121]

GD

Fibroblasts

[121]

PD-GBA

iPSC-DA

[104]

ns

↓

NCSC-DA and PBMCs

[102,113]

GBA KO

SH-SY5Y

[133]

iPD

ACC

[91]

LAMP3

ns

iPD

ACC

[91]

LIMP2

↑

PD-GBA

iPSC-DA

[104]

ns

iPD

SN and ACC

[22,91]

PD-GBA

SN and fibroblasts

[22,119]

ATP13A2 (PARK9)

↓

iPD

ACC

[92]

Parkin, p20S and Sap C

ns

PD-GBA

Fibroblasts

[119]

Cathepsin A

↑

iPD

ACC

[91]

Cathepsin B

ns

PD-GBA

NCSC-DA

[101]

Cathepsin D

↑

iPD

ACC

[91]

PD-GBA

iPSC-DA and fibroblasts

[104,121]

ns

GD

Fibroblasts

[121]

GBA KO

SH-SY5Y

[133]

iPD

SN and CBM

[22]

PD-GBA

PUT, SN, FCtx, CBM and
fibroblasts

[22,40,101,119]
(continued on next page)
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Table 7 (continued )
Pathways

Markers

Level

Disease

Model

References

↓

iPD

CSF

[107]

PD-GBA

SN and NCSC-DA

[40,101]

Cathepsin K

ns

iPD

ACC

[91]

GCase 2

↓

iPD

SN

[86]

PD-GBA

iPSC-DA and CSF

[105]

GD

iPSC-DA

Galactocerebrosidase

α-Galactosidase

β-Galactosidase

ns

iPD

SN

[86]

↑

GD

Dried blood spots

[114]

ns

PD-GBA

ns

PD-GBA, GD-PD and GD

Fibroblasts

[120]

↓

iPD

SN

[86]

PD-GBA

Dried blood spots

[114]

↑

GBA KO

SH-SY5Y

[133]

ns

iPD

CSF

[108,124]

PD-GBA and GD

Fibroblasts

[121]

↓

[86]
[105]

GD

iPSC-DA

α-Glucosidase

ns

PD-GBA and GD

Dried blood spots

[114]

↑

iPD

CSF

[108]

PD-GBA and GD

Fibroblasts

[121]

GBA KO

SH-SY5Y

[133]

iPD

CSF

[107,124]

PD-GBA

PUT, SN, FCtx, iPSC-DA and
fibroblasts

[40,105,120]

GD-PD

Fibroblasts

[120]

GD

iPSC-DA and fibroblasts

↓

iPD

SN

[86]

α-Mannosidase

ns

PD-GBA, GD-PD and GD

Fibroblasts

[120]

↓

iPD

CSF

[124]

β-Mannosidase

ns

iPD

CSF

[108]

↓

iPD

CSF

[124]

↓

iPD

SN

[86]

PD-GBA

iPSC-DA

Neuraminidase

Mitochondria

SN
iPSC-DA and CSF

β-Hexosaminidase

ns

Dopamine

iPD
PD-GBA

Levels

↓

Metabolism

Altered

[103]

Oxidation

↑

[100]

Uptake

Dysreg

GD-PD

Calcium homeostasis

Dysreg

PD-GBA and GD

iPSC-DA

[105]

Normal

PD-GBA and GD

iPSC-DA

[99,100]

iPSC-DA and iPSC-neurons

[98,99]

Electrophysiology

Altered

Altogether, these observations show that an increase in αS levels led
to a decrease in GCase protein and/or activity levels in SH-SY5Y cells
(undifferentiated/differentiated and overexpressing αS or not) and
vice versa. Moreover, an increase in αS levels due to a decrease in
GCase expression levels in SH-SY5Y cells could be reverted by a
treatment with exogenous WT GCase. These studies highlight the
reciprocal relationship between the levels of GCase protein/activity
and those of αS [23].

[99]

[105]

levels influence those of αS and lipids in patient-derived samples and SHSY5Y cells. Some of these changes were also associated with disruptions
in specific cellular pathways. We have compiled the changes in the
markers of these pathways associated with a significant change in GCase
activity (Table 7). The main cellular pathways that were found to be
altered by GBA mutations and/or changes in GCase activity are divided
as (i) endoplasmic reticulum (ER) – unfolded protein response (UPR),
(ii) autophagy, (iii) lysosomal and (iv) other pathways. For each marker,
we also specified the models for which the levels were determined, i.e.
brain region, SC-DA neurons, CSF, blood, fibroblasts or SH-SY5Y cells
(Table 7).

5. Pathways affected by a decrease in GCase activity
In Section 4, we described how changes in GCase activity and protein
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5.1. Endoplasmic reticulum (ER) – unfolded protein response (UPR)

[145]. The main lysosomal markers that have been studied in associa
tion with a decrease in GCase activity levels are the lysosome-associated
membrane proteins (LAMP) 1, LAMP2A, LAMP3, lysosomal integral
membrane protein – (LIMP) 2, the ATPase ATP13A2 (PARK9), the GCase
activator Sap C, parkin, the proteasome 20S (p20S), and lysosomal hy
drolases such as cathepsin D, responsible for the cleaveage of prosaposin
into Sap A, B, C and D [16] (Table 7 and S3).
We observed that the protein/activity levels of these markers were
affected differently in association with a significant decrease in GCase
activity in patient-derived samples. These markers could be divided in
four different categories: those whose levels/activities consistently
either (i) increased or (ii) decreased among the different models (Table 7
and S3), (iii) those whose levels/activities increased in some models and
decreased in others and (iv) those whose levels were not affected. We
describe below the variation of the protein/activity levels of these
markers for each category in models where a significant decrease in
GCase activity was reported.

ER homeostasis is highly important for correct cell functionality, but
ER dysfunction has been studied as an important factor in the develop
ment of PD [139]. In particular, mutations in GBA give rise to misfolded
variants of GCase, which are retained in the ER, activating the two quality
control machineries of the cell: ER-associated degradation (ERAD) and
UPR [140,141]. The UPR system, which is required to increase the
folding capacity of the ER, is triggered upon ER stress. In addition, ERAD,
which is responsible for the clearance of misfolded proteins in the ER, is
activated via inositol-requiring enzyme 1α (IRE1α), the most conserved
UPR system. Detection of the ER-UPR activation can be done through
several markers: increased expression of the molecular chaperones cal
nexin and calreticulin, of protein disulphide-isomerase (PDI), an enzyme
required to help in protein folding, or through the three main markers of
UPR activation (increased levels of C/EBP homologous protein (CHOP)
and binding immunoglobulin protein (BiP) and splicing of the tran
scription factor X-box binding protein (Xbp1)), as described in Table 7.
The levels of most studied markers of ER stress and UPR activation were
found to be increased in association with a 32–71% decrease in GCase ac
tivity in PD-GBA PUT, iPSC-DA neurons, NCSC-DA neurons, fibroblasts and
GD fibroblasts (Table 7 and S3) [22,104,121,122,142]. Only the levels of
CHOP in PD-GBA PUT (Δ GCase = − 48%) and PD-GBA N370S fibroblasts
(Δ GCase = − 32%), BiP in PD-GBA N370S fibroblasts (Δ GCase = − 32%)
and Xbp1 in PD-GBA iPSC-DA neurons (Δ GCase = − 50%) were found not
to be significantly affected by a decrease in GCase activity [22,122].

5.3.1. Increased levels
The protein levels of LAMP1, when compared to controls, were re
ported to be increased in PD-GBA and GD iPSC-DA neurons (Δ GCase:
− 32 to − 50%), but not in iPD ACC (Δ GCase: − 27%) or PD-GBA NCSCDA neurons (Δ GCase: − 40%) and PD-GBA and GD fibroblasts (Δ GCase:
− 46 to − 71%) [91,101,104,105,121]. LIMP2 was reported to be
increased in PD-GBA iPSC-DA neurons (Δ GCase: − 50%) but not in iPD
and PD-GBA SN (Δ GCase: − 33 and 58%, respectively), iPD ACC and PDGBA fibroblasts (Δ GCase: − 49%) [22,91,104,119]. The levels of
cathepsin A were higher in iPD ACC and so were those of galactocere
brosidase in GD dried blood spots (Δ GCase: − 94%) [91,114].

5.2. Autophagy
ER stress can also initiate the activation of autophagy, a pathway
responsible for the digestion and recycling of intracytoplasmic proteins
and organelles. Autophagy, which can be divided in macroautophagy,
microautophagy and chaperone-mediated autophagy (CMA), has also
been shown to be impaired in PD [129,143]. The main autophagosome
marker is the microtubule associated protein 1A/1B-light chain 3 (LC3)II. However, other markers such as the autophagy regulators p62, a
ubiquitin-binding scaffolding protein, and beclin, involved in the early
formation and maturation of autophagosomes are also used as markers
to study autophagy (Tables 7 and S3). Finally, the chaperone heat shock
cognate 70 (Hsc70) is used as a marker of CMA.
A − 30 to − 70% decrease in GCase activity was found to be associ
ated with an increased in the protein level of LC3-II in PD-GBA and GD
iPSC-DA neurons but not in iPD ACC, PD-GBA PUT, PD-GBA NCSC-DA
neurons, and PD-GBA and GD fibroblasts [22,91,102,121]. Such a
decrease in GCase activity was also associated with the impairment of
the LC3-II flux in PD-GBA and GD iPSC-DA neurons and fibroblasts
[104,105,120]. The markers beclin and p62 had inconsistent results
depending on the model, as previously described [144]. Beclin showed
increased levels in PD-GBA iPSC-DA neurons and reduced levels in iPD
ACC [91,104]; whereas p62 has increased levels in PD-GBA iPSC-DA
neurons, reduced levels in PD-GBA NCSC-DA neurons [102,104] and
non-significant changes in PD-GBA and GD fibroblasts [121] for a
similar decrease in GCase activity. Finally, Hsc70 had decreased levels in
iPD ACC (Δ GCase: − 27%) [96], and PD-GBA PBMCs (Δ GCase: − 50%)
[113]. In GBA KO SH-SY5Y cells, a 70–90% decrease in GCase activity
was associated with increased levels of the proteins p62 and LC3-II and
non-significant changes in that of Hsc70 [130,133,138].

5.3.2. Decreased levels
The protein level of ATP13A2 was decreased in iPD ACC (Δ GCase:
− 27%) [92]. A similar trend was observed for the activities of enzymes
involved in SL metabolism, such as GCase 2, whose level decreased in
iPD SN (Δ GCase: – ca. 30%), PD-GBA and GD iPSC-DA neurons (Δ
GCase: − 32 to − 73%) and PD-GBA CSF (Δ GCase: – ca. 50%) [86,105];
α-galactosidase, whose levels were decreased in iPD SN and PD-GBA
dried blood spots (Δ GCase: – ca. 35%) but not in PD-GBA, GD-PD and
GD fibroblasts (Δ GCase: − 64, − 80, − 76%, respectively)
[86,105,114,120]; neuraminidase, whose levels were decreased in iPD
SN [86] and α- and β-mannosidase, whose levels were decreased in iPD
CSF (Δ GCase: − 29%) [124].
5.3.3. Decreased/increased levels
The protein levels of LAMP2A and cathepsin D and the activity of
β-galactosidase and β-hexosaminidase were found to decrease, increase
or not to be affected by a significant decrease in GCase activity in different
models. In particular, the levels of LAMPA2 were decreased in iPD ACC
(Δ GCase: − 27%), increased in PD-GBA iPSC-DA neurons (Δ GCase:
− 50%) and not significantly changed in PD-GBA NCSC-DA neurons (Δ
GCase: − 40%), PD-GBA PBMCs (Δ GCase: − 50%) or GBA KO SH-SY5Y
cells (Δ GCase: − 70%) [91,102,104,113,133]. The protein levels of
cathepsin D were found to be increased in iPD ACC, PD-GBA iPSC-DA
neurons, PD-GBA and GD fibroblasts (Δ GCase: − 46 to− 71%) and GBA
KO SH-SY5Y cells [91,121,133], to be decreased in PD-GBA SN (Δ GCase:
− 44%) and PD-GBA NCSC-DA neurons (Δ GCase: − 40%) [40,101] and
not changed in iPD SN (Δ GCase: − 33%), iPD CBM (Δ GCase: − 47%), PDGBA PUT (Δ GCase: – ca. 45%), PD-GBA SN (Δ GCase: − 44%) and PDGBA CBM (Δ GCase: − 47%) [22,40]; whereas its activity was reduced
in iPD CSF (Δ GCase: – ca. 35%) [107] and not changed in PD-GBA FCtx
(Δ GCase: − 33%) or PD-GBA fibroblasts (Δ GCase: − 49%) [40,119].
Finally, the activity levels of β-galactosidase were increased in GBA
KO SH-SY5Y cells [133], decreased in iPD SN (Δ GCase: – ca. 30%), PDGBA and GD iPSC-DA neurons (Δ GCase: − 32 to − 73%) and PD-GBA
CSF (Δ GCase: − 50%) [86,105], and not signicantly changed in iPD
CSF (Δ GCase: – ca. 30%), and PD-GBA and GD fibroblasts

5.3. Lysosomal pathway
Lysosomes, the organelles responsible for the clearance of protein
and other organelles, have been also found to be impaired in PD [143].
In particular, mutations in GBA give rise to misfolded variants of GCase,
which are retained in the ER, leading to premature GCase degradation.
As a result, GCase is unable to reach the lysosomes, leading to impaired
lysosomal function and the accumulation of αS, GlcCer and GlcSph
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[108,121,124]. Moreover, the activity levels of β-hexosaminidase were
increased in iPD CSF, PD-GBA and GD fibroblasts and GBA KO SH-SY5Y
cells [108,121,133], decreased in iPD SN [86], and not changed in PDGBA PUT, SN and FCtx, PD-GBA and GD iPSC-DA neurons, and PD-GBA,
GD-PD or GD fibroblasts [40,105,120].

by PD as the enzymes used as ERT cannot cross the blood brain barrier
(BBB) [151] and thus cannot reach the central nervous system [148,149].
SRT can cross the BBB but did not show significant benefits for the
neurological features of GD and can have side effects [10,150]. Small
molecules chaperones can cross the BBB and their use as potential treat
ment for PD has been investigated in different studies and clinical trials
[101,102,106,119,121,122,146,152]. Small molecule chaperones, such
as ambroxol, isofagomine, NCGC607 and S-181, are proposed to act by
facilitating the correct folding and translocation of GCase, increasing its
lysosomal levels and activity and preventing the accumulation of GCase
lipid substrates [10]. In this section, we will describe how treatments with
these small molecule chaperones may revert the changes in the levels of
GCase activity, GCase protein, αS and lipids associated with GBA muta
tions observed in patient-derived samples (Table S4).
Ambroxol is a small molecule that was initially used to treat airway
mucus hypersecretion and hyaline membrane disease in infants and acts as
a molecular chaperone for GCase [153]. This molecule binds to the active
site of GCase in the ER and induces a stabilizing conformational change in
the protein. When the ambroxol/GCase complex reaches the acidic envi
ronment of the lysosomes, ambroxol dissociates from GCase, leaving the
protein active [154,155]. The small molecule has been tested in patientderived samples such as NCSC-DA neurons and fibroblasts, and ambroxol
treatment was found to increase the levels of GCase protein and activity in
control, iPD, PD-GBA and GD cells when compared to their respective
untreated conditions (Table S4) [101,102,119,121,122]. This increase in
GCase protein and activity levels was associated with a decrease in αS levels
and an increase in those of cathepsin D in ambroxol-treated NCSC-DA
neurons [101,102], and an increase in Sap C protein levels and in the
expression of genes involved in lysosomal metabolism in ambroxol-treated
fibroblasts compared to untreated cells [119,121]. Moreover, as ambroxol
can cross the BBB, it has already been used in clinical trials suggesting that
the molecule is safe and well-tolerated in PD [152] and GD patients [156].
The clinical trial in PD patients, in which 8 out of 18 patients carried GBA
mutations, showed a modulatory effect of ambroxol on GCase activity with
an increase of αS in the CSF, indicating an increased GCase activity in the
brain [152]. Although clinical trials on larger cohorts are required to
confirm these findings, these preliminary results are promising.
Isofagomine, another pharmacological chaperone, was found to in
crease the levels of GCase activity and/or protein and to restore lyso
somal trafficking in PD-GBA N370S and L444P fibroblasts [122,157]. In
Section 3, we have described that N370S GCase adopts a conformation
in which the protein active site is not accessible (Fig. 3). Isofagomine is
proposed to stabilize N370S GCase and to enhance its activity by binding
to the protein active site and allowing its opening [157].
NCGC607 is a salicylic acid derivative that acts as a non-inhibitory
small molecule chaperone [100]. NCGC607 was found to increase the
levels of GCase activity and protein and to decrease those of αS and lipid
substrates, such as GlcCer and GlcSph, in GD-PD and GD iPSC-DA neu
rons [100]. Aflaki et al. (2016) proposed that NCGC607 specifically
increases the translocation of GCase to the lysosome.
Finally, Burbulla et al (2019) identified another small molecule
modulator of GCase, S-181, which showed increased GCase activity,
reduced oxidized dopamine and αS and GlcCer levels and partially
restored lysosomal function in PD-GBA iPSC-DA neurons [103].
These results show that the use of small molecule chaperones is
currently the most promising strategy to restore GCase activity and pro
tein levels and to revert the changes in αS and lipid levels. All described
small molecules seem to act by stabilizing the mutant GCase enhancing its
translocation to the lysosomes or by enhancing the activity of the enzyme.

5.3.4. Non-significant changes
The protein levels of LAMP3 and cathepsin K in iPD ACC (Δ GCase:
− 27%) [91], cathepsin B in PD-GBA NCSC-DA neurons (Δ GCase: − 40%)
[101] and parkin and Sap C in PD-GBA fibroblasts (Δ GCase: − 49%) [119]
were not significantly changed. Neither were the activity levels of p20S in
PD-GBA [119] fibroblasts or α-glucosidase in PD-GBA and GD dried blood
spots (Δ GCase: – ca. 35 and 94%, respectively) [114].
Altogether, these results show that the number of markers reporting
ER-UPR, autophagy and lysosomal dysfunction significantly affected by
a similar decrease in GCase activity vary from one model to another
(brain vs SC-derived neurons vs fibroblasts, iPSC vs NCSC-DA neurons).
In particular, we found that iPSC-DA neurons were the models where the
highest number of markers were significantly affected by a decrease in
GCase activity even as low as 32% when a decrease in GCase activity
higher than 64% was required to observe significant changes in the
levels of these markers in fibroblasts.
5.4. Other pathways
Besides ER, autophagy and lysosomal pathways, other mechanisms
were found dysfunctional in association with a significant decrease in
GCase activity in patient-derived samples. For example, Sun et al. (2015)
were able to detect altered electrophysiological properties in iPSCderived neurons from GD patients (Δ GCase: − 79 to − 95%) such as less
negative resting membrane potential, and a reduction in action potential
amplitudes, sodium and potassium currents when compared to controls
[98]. Similar results were found by Woodard et al. (2014), where the PDGBA N370S affected twin iPSC-DA neurons (Δ GCase: − 51%) had a delay
in the emergence of spontaneous action potentials and an absence or
delay of synchronous activity when compared with the PD-GBA N370S
carrier unaffected twin (Δ GCase: − 60%) [99]. The affected twin and the
iPD iPSC-DA neurons had lower intra and extracellular dopamine levels,
whereas the unaffected twin had a reduction in dopamine production
when compared to controls [99]. Other changes in dopamine metabolism
such as reduced uptake, dopamine active transporter (DAT) and vesicle
monoamine transporter 2 (VMAT2) expression in GD-PD neurons (Δ
GCase: − 75%) [100] and accumulation of oxidized dopamine in PD-GBA
neurons (Δ GCase: − 35 to − 61%) [103], shown to mediate mitochon
drial and lysosomal dysfunction in PD [146], were also detected. iPSC-DA
neurons carrying GBA mutations (Δ GCase: − 32 to − 73%) had an in
crease in calcium basal levels, and this impairment in calcium homeo
stasis was accompanied by an increased vulnerability to ER stress
response [105]. Finally, mitochondria dysfunction, that is a key feature
of PD [147], has recently been linked with GBA mutations [105,142].
6. Treatments
In Sections 3 and 4, we have gathered observations showing that
mutations in GBA can cause a decrease in GCase stability, activity and
protein levels in vitro and in vivo that can lead to increased levels of total,
oligomeric and pathological αS and/or of GSL, such as GlcCer, GlcSph, in
specific brain regions, SC-derived neurons, CSF, blood and fibroblasts of
PD-GBA and GD patients (Tables 4–6).
The main strategies used to stabilize GCase and to revert these changes
involve ERT using recombinant human GCase (see Section 3, Table S1),
substrate reduction therapy (SRT), which aims at inhibiting gluco
sylceramide synthase, and the use of small molecule chaperones
[10,148,149]. Although ERT led to the development of successful treat
ments to address the systemic manifestations of GD type 1 [150], it cannot
be directly applied for the treatment of the neurological symptoms caused

7. Concluding remarks
In this review, we have described how GBA mutations can affect the
stability, activity and the interaction of GCase with its binding partners
(i.e. Sap C and membranes). We have also gathered the levels of GCase
activity, GCase protein, αS and lipids measured in PD patients’ and
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S.S. Muñoz et al.

Biophysical Chemistry 273 (2021) 106534

controls’ post-mortem brains, SC-DA neurons, CSF, blood, fibroblasts
and SH-SY5Y cells in order to better understand the interplay between
these levels in the context of PD. The magnitude by which GCase activity
was decreased and the number of patient-derived samples in which such
a decrease was observed progressively increased from control to iPD (ca. 30%) to PD-GBA (- ca. 44%) to GD-PD (− 80%). First, ageing can lead
to a decrease in GCase activity (- ca. 40%) mainly in the SN and PUT of
controls and PD patients. When comparing the levels of GCase activity in
iPD to those in controls, we observed a decrease of – ca. 27% in postmortem brains (SN, CBM, HIP, ACC and CAU), – ca. 30% in CSF and –
ca. 25% in monocytes. A negative correlation between αS levels (SDSsoluble αS, ratio pS129/total αS) and GCase activity and/or protein
levels was reported in the ACC and SN [89,91] but we could not find
additional correlation between GCase levels and those of αS and lipids in
other brain regions and samples due to the limited number of quanti
tative measurements of αS and lipid levels. In PD-GBA samples, GCase
activity was decreased to a greater extent than in iPD when compared to
controls: − 40% in post-mortem brains (SN, CBM, AM, PUT and FCtx), –
ca. 50% in SC-DA neurons, − 52% in CSF and – ca. 38% in blood and
fibroblasts. We found a negative correlation between the changes in the
levels GCase protein and those of αS and between the changes in the
levels of GCase protein and those of GlcCer when compiling all measured
values in PD-GBA, GD-PD and GD SC-derived neurons. We could not find
additional correlation among these levels in other patient-derived
samples due to the limited number of samples where all the levels (i.
e., GCase, αS and lipids) were quantitatively measured. These mea
surements show that PD pathology lead to a decrease in the levels of
GCase activity/protein in specific brain regions known to be vulnerable
to PD and/or αS pathology and in the CSF and that GBA mutations
induce a further decrease in GCase activity in these samples as well as in
SC-DA neurons and fibroblasts. Moreover, a significant decrease in
GCase activity was found to lead to the activation of the ER-UPR
response and autophagy as well as disruptions in the lysosomal
pathway in these models with the SC-derived neurons being the models
where the highest number of markers were significantly affected by a
decrease in GCase activity. Finally, the current most promising strategy
to revert the changes in GCase activity/protein levels and associated
changes in αS and lipid levels in both iPD and PD-GBA is the use of small
molecule chaperones. More quantitative measurements of the levels of
GCase activity, GCase protein, αS and lipids are required not only to
better understand the reciprocal relationship between GCase levels and
those of αS and the pathways involved in the changes in these levels but
also to identify potential biomarkers of PD.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bpc.2020.106534.
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