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Abstract

Gaucher disease (GD) is a lysosomal storage disorder caused by mutations in GBA1,
the gene that encodes lysosomal p-glucocerebrosidase (GCase). Mild mutations in
GBA1 cause type 1 non-neuronopathic GD, whereas severe mutations cause types 2
and 3 neuronopathic GD (nGD). GCase deficiency results in the accumulation of
glucosylceramide (GlcCer) and glucosylsphingosine (GlcSph). GlcSph is formed by
deacylation of GlcCer by the lysosomal enzyme acid ceramidase. Brains from patients
with nGD have high levels of GlcSph, a lipid believed to play an important role in
nGD, but the mechanisms involved remain unclear. To identify these mechanisms, we
used human induced pluripotent stem cell-derived neurons from nGD patients. We
found that elevated levels of GlcSph activate mammalian target of rapamycin (mTOR)
complex 1 (mTORC1), interfering with lysosomal biogenesis and autophagy, which
were restored by incubation of nGD neurons with mTOR inhibitors. We also found
that inhibition of acid ceramidase prevented both, mTOR hyperactivity and lysosomal
dysfunction, suggesting that these alterations were caused by GlcSph accumulation
in the mutant neurons. To directly determine whether GlcSph can cause mTOR hyp-
eractivation, we incubated wild-type neurons with exogenous GlcSph. Remarkably,
GlcSph treatment recapitulated the mTOR hyperactivation and lysosomal abnormali-
ties in mutant neurons, which were prevented by coincubation of GlcSph with mTOR
inhibitors. We conclude that elevated GlcSph activates an mTORC1-dependent path-
ogenic mechanism that is responsible for the lysosomal abnormalities of nGD neu-
rons. We also identify acid ceramidase as essential to the pathogenesis of nGD,

providing a new therapeutic target for treating GBA1-associated neurodegeneration.
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1 | INTRODUCTION

Gaucher disease (GD) is an autosomal recessive disease caused by
biallelic mutations in GBA1, the gene that encodes lysosomal
B-glucocerebrosidase (GCase). This enzyme hydrolyzes the glycosidic
bond in glucosylceramide (GlcCer). GCase deficiency leads to the accu-
of GlcCer and that of its
glucosylsphingosine (GlcSph). Mild mutations in GBA1 result in type 1

mulation deacylated metabolite
GD, where there is an accumulation of GlcCer and GlcSph in visceral
organs including liver, spleen, and bone marrow. Although type 1 GD is
considered non-neuronopathic, heterozygous GBA1 mutations are the
highest known risk factor for Parkinson's disease (PD). Severe mutations
in GBA1 cause types 2 and 3 neuronopathic GD (nGD), where in addi-
tion to visceral organs, there is an accumulation of glucosphingolipids in
the central nervous system.2™ Type 2 GD is an acute form of the dis-
ease, with early onset and rapidly progressing neuropathology resulting
in death by 2 years of age, whereas type 3 GD is a chronic form of the
disease, with slower disease progression. These three GD clinical sub-
types are not strictly defined, as there is a continuum of clinical manifes-
tations that depends not only on genotype, but also on genetic
background, environmental, epigenetic, and other unknown factors.”®

Mutations in enzymes of sphingolipid metabolism are the cause
of more than 50 lysosomal storage disorders. Most sphingolipidoses
cause neurodegeneration, indicating that sphingolipid balance is
essential for neuronal survival.®>” GlcSph is almost undetectable in
normal tissues, but nGD brains have up to a 1000-fold elevation in
this lipid.2* GlcSph is a deacylated derivative of GlcCer formed by the
action of acid ceramidase, a lysosomal enzyme that normally hydro-
lyzes ceramide to sphingosine and fatty acids.®! It has been
proposed that elevated levels of GlcSph play a key role in GBA1-
associated neurodegeneration.2* However, the mechanisms involved
have not been clarified.

Lysosomal function is essential for neuronal survival, and deregu-
lation of the autophagy lysosomal pathway (ALP) is a key pathogenic
event in nGD and other neurodegenerative sphingolipidoses.”*?"%?
Lysosomes remove damaged organelles and recycle nutrients through
autophagy, they clear harmful protein aggregates, and regulate energy
balance. We previously showed that GCase deficiency results in lyso-
somal depletion?® and reduced autophagic clearance through hyper-
activation of mammalian target of rapamycin (nTOR).2! mTOR is a
Ser/Thr kinase that exists in two different complexes, mMTORC1 and
mTORC2. mTORC1 is a nutrient and energy sensor that regulates the
balance between anabolism and catabolism, and is also a key regulator
of the ALP.2¥"2% mTORC2 regulates PI3K/Akt, glucose homeostasis,
cytoskeletal rearrangement, and its abnormal activation has been
linked to cancer.23> We previously showed that mTORC1 hyperac-
tivity in nGD neurons deregulates the ALP by phosphorylation of the

Significance statement

Using induced pluripotent stem cell-derived neurons from
patients with neuronopathic Gaucher disease (nGD), this
study describes a pathogenic mechanism by which
glucosylsphingosine (GlcSph), a neurotoxic lipid that accu-
mulates up to a 1000-fold in nGD brains, deregulates the
lysosomal compartment. Elevated GlcSph activates mamma-
lian target of rapamycin (mTOR) complex 1 (mTORC1),
interfering with normal lysosomal biogenesis and autophagy.
These abnormalities were reversed by inhibition of mTOR
kinase, glucosylceramide synthase, and of acid ceramidase,
the enzyme responsible for the generation of GlcSph. The
results of this study identify a mechanistic link between ele-
vated GlcSph, mTOR hyperactivation, lysosomal dysfunc-
tion, and identify acid ceramidase as a new therapeutic
target for nGD.

transcription factor EB (TFEB),?! which prevents TFEB translocation
to the nucleus and upregulation of lysosomal and autophagy
genes.2>27:3637 Because of the central role of mTOR in lysosomal
homeostasis and neuronal survival, elucidating the mechanisms by
which the accumulation of glucosphingolipids in nGD neurons deregu-
lates mTOR is likely to uncover new therapeutic targets.

In this study, we employed human induced pluripotent stem cells
(hiPSC) derived from patients with nGD to investigate the mecha-
nisms by which GCase deficiency deregulates the lysosomal compart-
ment. We report that the elevation of GlcSph in nGD neurons causes
a pathogenic activation of mTORC1, leading to lysosomal dysfunction.
Our results further reveal that acid ceramidase, which catalyzes the
last step in the formation of GlcSph, is essential for nGD pathogene-
sis, thus making it an attractive therapeutic target for the treatment of

GBA1-associated neurodegeneration.

2 | MATERIALS AND METHODS

21 | iPSClines

The hiPSC lines from patients with types 1, 2, and 3 GD (GD1, GD2,
and GD3), and from control subjects (controls a and b), used in this
study were previously described.*®3? In addition to the two control
hiPSC lines, we also used H9 human embryonic stem cells (hESCs)
(WiCell Repository). The genotypes of the donor-derived cells used in
this study are: N370S/N370S (GD1), W184R/D409H (GD2a-1 and
GD2a-2), L444P/RecNcil (GD2b-1 and GD2b-2), L444P/L444P
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(GD3a-1 and GD3a-2). The three WT/WT control lines are: control a:
MJ38; control b: DF4-7T.A%: control c: H9 hESC (WiCell Repository).
These lines are listed in Table S1. The control and nGD lines used in
each experiment are specified in the figure legends. hiPSC lines were

grown as we described.®’

22 |
neurons

Generation of neuronal progenitor cells and

Neuronal progenitor cells (NPCs) and neurons were generated from
hiPSCs (Figure S1A) as we previously described.?%2? Briefly, embryoid
bodies (EBs) were generated by detaching hiPSCs from the plate using
0.2% dispase and transferring them to ultra-low attachment plates
(Costar). The EBs were maintained in EB culture medium?®3? for
10 days followed by 5 days in the presence of 5 uM Dorsomorphin
(DM) and 10 puM SB431542 (SB) for neuronal induction (Sigma-
Aldrich). The EBs were then transferred to Matrigel- (Corning) coated
petri dishes and maintained in Dulbecco's modified Eagle's medium/
F12 media (Life Technologies) containing 1X (vol/vol) N2 supplement
(Life Technologies) and 20 ng/mL basic fibroblast growth factor (bFGF)
(Peprotech). After 7 to 10 days in adherent culture, the visible neuronal
rosettes were manually picked, dissociated into single cells using Accutase
(Life Technologies) and expanded as NPCs. NPCs were cultured in Neuro-
basal medium (Life Technologies) containing 1X (vol/vol) GlutaMAX (Life
Technologies), 1X (vol/vol) nonessential amino acids (Life Technologies),
1X (vol/vol) B27 supplement (Life Technologies), 1X (vol/vol)
Pen/Strep, and 20 ng/mL bFGF (Peprotech), with media change every
other day. Both Control and GD NPCs expressed similar levels of
Musashi and SOX1 (Figure S1B,C). To induce differentiation, NPCs
were grown in Neurobasal medium containing 1X (vol/vol) GlutaMAX,
1X (vol/vol) Nonessential amino acids, 1X (vol/vol) B27 supplement,
100 nM cyclic adenosine monophosphate (Sigma), 200 uM Ascorbic
acid (Sigma), 10 ng/mL Brain-derived neurotrophic factor (BDNF)
(R&D), and 10 ng/mL Gilial cell line-derived neurotrophic factor (GDNF)
(R&D) for 3 to 6 weeks on poly-ornithine/Laminin coated plates. Both
control and GD neurons expressed the neuronal-specific marker class
Il B-tubulin (Tuj-1) (Figure S1D).

2.3 | Immunocytochemistry/immunofluorescence

For immunofluorescence analysis, NPCs were plated in 8-well chamber
slides (Lab-Tek), or were differentiated to neurons in confocal plates
(MaTek). Cells were fixed in 4% paraformaldehyde (Sigma) for 15 minutes
at room temperature, blocked for 30 to 40 minutes in phosphate-
buffered saline containing 8% fetal bovine serum (vol/vol). This was
followed by incubation with the indicated primary antibodies for 1 hour
at room temperature or overnight at 4°C. The cells were then incubated
for 1 hour at room temperature with the appropriate secondary anti-
bodies. Last, cell nuclei were labeled using 4’,6-diamidino-2-phenylindole
(DAPI)-containing mounting medium (Vector Laboratories Cat No. H-
1200). For Lysotracker staining, Lysotracker Red DND-99 (Thermo Fisher

# TRANSLATIONAL MEDICINE

Scientific) was added directly to the culture medium at 1 pM. The cells
were incubated with this dye for 45 minutes to 1 hour at 37°C, fixed, and
then stained with primary antibody or with DAPI as indicated in the figure

legends.

24 | Antibodies

The following antibodies were utilized in this study: Primary anti-
bodies; Cell Signaling Technology: p-mTOR (Ser2448) (#5536), p-S6
(Ser235/236) (#4856), p-4EBP1(Thr37/46) (#2855), mTOR (#2983),
Sé (#2217), 4EBP1 (#9452), p3-Tubulin (#5568), LC3A/B (#12741),
p62 (#88588), Novus Biologicals: MAP2 (NB300-213), Developmental
Studies Hybridoma Bank: LAMP1 (H4A3), Millipore: SOX1 (AB15766),
Annexin V (AB14196), eBioscience: Musashil (14-9896-82). Second-
ary antibodies; Goat anti-rabbit Alexa Fluor 488, Donkey anti-chicken
Alexa Fluor 647, and Donkey anti-mouse Cy3 (Jackson Immuno-
Research Laboratories).

2.5 | Image acquisition and analysis

Immunofluorescence images were captured using an inverted Nikon
Eclipse Ti2 microscope attached to a spinning disk unit (CSU-W1,
Yokogawa) and Hamamatsu sCMOS camera. An oil immersion objective
(Plan Fluor 40X, NA 1.30) was used for all imaging experiments. The exci-
tation wavelengths used were 405, 488, 561, and 640 nm for blue, green,
red, and far-red fluorophores, respectively. Neuronal images were
acquired as z-stacks. Identical pixel acquisition settings were used for all
experiments. Further image processing and analysis was done using Fiji
software*® For NPCs, fluorescence intensity or puncti counts of the
respective signal were obtained from at least three independent repli-
cates (3-5 different fields/replicate). The average value per field was nor-
malized to the number of cells in the field. For neurons, fluorescence
intensity or puncta of the respective signal were obtained from 150 to
200 MAP2 positive neurons, assayed in five different fields from at least
three independent replicates. For both NPCs and neurons, the mean fluo-

rescence intensity or average puncti count were calculated accordingly.

2.6 | Chemical reagents and treatments

Eliglustat hemitartrate (HY-14885A) was purchased from MedChem
Express; Ibiglustat (P14969) was purchased from AstaTech; GZ667161
was synthesized as we described?*; Carmofur (14243) was from Cayman
Chemical; Torin1 (475991) was from Sigma Aldrich; INK128 was from
Selleck Chemicals; Conduritol B-epoxide (C5424) was from Sigma
Aldrich. Glucosyl(B) Sphingosine (d18:1) (860535P) was from Avanti
Polar Lipids. For GlcCer synthase inhibition, NPCs were treated with a
final concentration of 2 pM Eliglustat, Ibiglustat, or GZ667161, for
5 days. For neurons, these inhibitors were added at 1 pM concentration
to the culture media during the entire differentiation period from NPCs.

The substrate reduction therapy (SRT) drugs were added to the culture
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medium directly and were replenished with every media change. For
acid ceramidase inhibition, neuronal cells were incubated with 10 pM
Carmofur for 24 hours (Stock concentration: 10 mM in dimethyl sulfox-
ide (DMSQ)). For GCase inhibition, WT control cells were incubated with
1 mM conduritol-p-epoxide (CBE) for 24 hours (Stock concentration:
10 mM in sterile water). For exogenous GlcSph treatment, control NPCs
and differentiated neurons were incubated with 2 uM or the indicated
concentrations of GlcSph for 8 hours (Stock concentration: 5 mM in
EtOH). For mTOR inhibition, neuronal cells were treated with INK128
(50 nM) or Torinl (100 nM) for 24 hours (Stock concentration: 50 pM
for INK128 and 100 uM for Torin1). Where indicated, WT control cells
were incubated with GlcSph in the presence or absence of 50 nM
INK128 or 100 nM Torinl for 8 hours. For the autophagy experiment,
WT neurons were treated with 1 uM GlcSph in the absence or presence
of 100 nM Bafilomycin A1 (Sigma-Aldrich; Cat. No. B1793) for 18 hours.

2.7 | Western blot analysis

Cells were lysed directly in SDS sample buffer, sonicated, denatured by
heating at 95°C for 5 minutes, and loaded onto 4% to 20%
SDS/polyacrylamide gels (Bio-Rad). Electrophoresis was followed by
protein transfer onto nitrocellulose membranes and incubation with the
indicated primary antibodies for 2 hours at room temperature or over-
night at 4°C. The membranes were then incubated with anti-mouse or
anti-rabbit horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 hour. Membranes were developed with SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific), and
imaged using the Chemidoc system and Imagelab software (BioRad).

Densitometry analysis was done using the Imagelab software (BioRad).

2.8 | Lipid analysis

LC-MS grade acetonitrile, isopropanol, methanol, water, formic acid,
and ammonium acetate were purchased from Fisher Scientific
(Pittsburg, Pennsylvania). HPLC grade tert-Butyl methyl ether (MTBE),
potassium hydroxide, and glacial acetic acid were purchased from
Sigma Aldrich (St. Louis, Missouri). Sphingolipid standards were pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, Alabama). The
sphingolipid standards included ceramide/sphingoid Internal Standard
Mixture | (LM-6002) and a number of individual sphingolipids. The list
of sphingolipid standards is listed in Table S2.

281 | Sample preparation

Control and GD NPCs were cultured in 6-well plates (Corning) and were
either left untreated or treated with inhibitors of GlcCer synthase, acid
ceramidase, and GCase as described above. After incubation, the cells
were detached using Accutase (Life Technologies), counted and cen-
trifuged at 200g for 5 minutes. The cell pellets were washed once with
Dulbecco's Phosphate-Buffered Saline (DPBS) (Life Technologies) and

stored in —80°C. Sphingolipids were extracted from pelleted cells as
described previously.***? Briefly, 225 pL of methanol was added to the
cell pellet followed by 30 seconds of sonication and 30 seconds of vor-
tex mixing. Ten microliters of internal standard was added to the sam-
ples followed by the addition of 750 pL of MTBE. The mixture was
incubated at 4°C for 1 hour with 650 rpm shaking. After incubation,
97.5 pL of 1 M potassium hydroxide was added and allowed to incubate
for 2 hours at 37°C. The mixture was bought to room temperature and
neutralized with the addition of 2 pL of acetic acid. Two
hundred microliters of water was added and the samples were cen-
trifuged at 8000g for 8 minutes at 4°C. Six hundred microliters of the
upper organic layer was transferred and dried with nitrogen at 25°C.
The dried lipid extract was resuspended in 100 pL of acetonitrile:iso-
propanol:water (2:1:1, vol/vol/vol) and stored at —80°C. The lower
agueous phase was used to determine the protein content via a BCA kit

(bicinchoninic acid assay, Thermo Fisher Scientific, Rockford, lllinois).

2.8.2 | Liquid chromatography tandem mass
spectrometry

Sphingolipid quantitation was done using liquid chromatography
(LC) tandem mass spectrometry (MS/MS). The separation was achieved
using an InfinityLab poroshell HILIC column (2.7 pm; 3.0 x 150 mm)
(Agilent, Santa Clara, California). Mobile phase A was 10 mM ammonium
acetate in water/acetonitrile (5:95, vol/vol) and mobile phase B was
10 mM ammonium acetate in water/acetonitrile (50:50, vol/vol). The gradi-
ent program was 0.0 to 2.25 minutes, 0% B; 2.25 to 3.0 minutes, gradient
to 10% B; 3.0 to 3.5 minutes, gradient to 95% B; 3.5 to 6.75 minutes, 95%
B; 6.75 to 7.25 minutes, gradient to 0% B; 7.25 to 9.0 minutes, 0% B. The
column was maintained at 35°C and the autosampler was kept at 4°C. A
1 pL injection was used for all samples. Mass spectrometry detection was
performed in the positive-ion mode and the electrospray ionization source
parameters were as follows: spray voltage, 3500 V; ion transfer tube tem-
perature, 325°C; vaporizer temperature, 350°C; sheath gas pressure, 50;
sweep gas pressure, 1; auxiliary gas, 10. Selected reaction monitoring
(SRM) was used for mass detection with the following global parameters:
RF lens voltage, 30 V; CID gas, 1.5 mTorr; Q1 and Q3 resolution, 0.7 Da
full width at half maximum (FWHM). Refer to Table S3 for precursor to
product ion transitions, associated timed SRM windows and collision
energy. The sphingolipid standard (LM-6002) was used to as an internal
standard and used to create linear regression calibration curves for each
sphingolipid class. Data collection and analysis was performed by Xcalibur
v 4.1.31.9 (Thermo Scientific, San Jose, California) and Prism 6 (Graph Pad,
La Jolla, California). The LC-MS/MS data showing sphingolipid concentra-
tions, and fold-change normalized to the corresponding untreated controls,

are presented in the Supporting Information.

2.9 | Statistical analysis

Data were analyzed using prism software version 7.0a (GraphPad

Software). The significance of differences was assessed using
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two-tailed unpaired Student's t tests for comparing two groups or
one-way analysis of variance (ANOVA) to compare multiple groups, as
indicated in the figure legends. The confidence level for significance

was 95%. Results are expressed as mean + SEM.

3 | RESULTS
3.1 | GD NPCs have highly elevated levels of
GlcSph

It has been reported that postmortem nGD brains have 100- to
1000-fold accumulation of GlcSph, whereas GlcCer is elevated to a
much smaller extent (5- to 80-fold).>* To determine if nGD neuronal
cells have an abnormal glucosphingolipid profile, we carried out LC-MS/
MS sphingolipid analysis of hiPSC-derived NPCs from type 2 (GD2) and
type 3 (GD3) nGD patients. As described below, nGD NPCs also
exhibited very high levels of GlcSph compared to GlcCer, suggesting
that in these cells, GlcCer is efficiently converted to its neurotoxic
metabolite GlcSph. As shown in Figure 1, nGD NPCs exhibited a 10- to
100-fold accumulation of GlcSph (Figure 1A), whereas GlcCer was ele-
vated about twofold to threefold (Figure 1B-D) compared to WT control
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FIGURE 1

NPCs. On the other hand, type 1 (GD1) NPCs had only a 3.5-fold
increase in GlcSph compared to control NPCs (Figure 1A), consistent
with the lower pathogenicity of N370S mutations. We also found that
GD-NPCs exhibited very small elevations of ceramide and sphingosine
compared to controls (Figure S2A-F).

GlcCer synthase catalyzes the synthesis of GlcCer from glucose
and ceramide, and Eliglustat, an inhibitor of this enzyme, has been
approved for SRT in type 1 GD.****¢ When we treated GD NPCs with
the GlcCer synthase inhibitors Eliglustat and the brain-penetrant
Ibiglustat,*”*® we found that there were significant reductions in
both, GlcCer and GlcSph levels in the mutant NPCs (Figure 1A-D).

These data suggest that our nGD hiPSC system recapitulates
both, the highly elevated levels of GlcSph found in nGD brains, and
the therapeutic response to SRT drugs in patients.

3.2 | Elevated glucosphingolipids deregulate
lysosomes through mTORC1
To examine the mechanisms by which the abnormal elevation in

glucosphingolipids causes nGD, we next analyzed differentiated neu-
rons derived from nGD hiPSC. We previously reported that in nGD
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GlcCer synthase inhibitors prevent the accumulation of GlcCer and GlcSph in GD NPCs. NPCs derived from WT control a, two

hiPSC clones each of GD2a, GD2b, and GD3a donors, and one clone of a GD1 donor, were either left untreated (NT) or incubated with the
GlcCer synthase inhibitors Eliglustat (ELI) or Ibiglustat (IBl) as described in Section 2. The neuronal cells were then analyzed by high-performance
liquid chromatography with tandem mass spectrometry (HPLC-MS/MS) for the indicated species of GlcSph (A) and GlcCer (B-D). The plots
represent fold-change compared to no treatment (NT) control a (mean + SEM, n = 3). Control NT vs GD NT and GD NT vs treated GD, t test.

*P < .05, **P < .01, ***P < .001. GD, Gaucher disease; GlcCer, glucosylceramide; GlcSph, glucosylsphingosine; hiPSC, human induced pluripotent
stem cell; NPCs, neuronal progenitor cells; ns, nonsignificant; WT, wild type
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neurons, GCase deficiency caused lysosomal depletion and a block in
autophagic clearance,?® and that these alterations are mediated
through mTOR hyperactivation.?! Confocal microscopic and
Western blot analyses demonstrated that GD2 and GD3 NPCs
(p-mTOR)
(Figure S3A), and its downstream substrate ribosomal protein S6
(p-S6) (Figure S3B,C) compared to WT NPCs. To determine whether
reducing the accumulation of glucosphingolipids prevents mTOR hyp-
eractivation, we treated nGD NPCs with three different GlcCer

namely Eliglustat and the brain-penetrant

express higher levels of phosphorylated mTOR

synthase inhibitors,
Ibiglustat/Venglustat*® and GZ667161.4° Quantitative image analysis
and immunoblotting revealed that these GlcCer synthase inhibitors
prevented mTOR hyperactivation, as determined by decreased levels
of p-mTOR and p-Sé (Figure S3A-C). Concomitantly, all three SRT
compounds rescued lysosomal biogenesis, as shown by increased
Lysotracker and LAMP1 staining (Figure S4A,B), and by Western blot
analysis of LAMP1 in untreated and treated GD2 and GD3 NPCs
(Figure S4C). The reciprocal correlation between mTOR hyperactivity
and lysosomal depletion, as well as the reversal of this phenotype by
GlcCer synthase inhibition, was also observed in differentiated nGD
neurons. Figure S5A,B shows that nGD neurons exhibit a reduction in

Lysotracker and LAMP1 staining and an increase in p-mTOR, and that

)
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these phenotypes are reversed by incubation with GlcCer synthase
inhibitors. It is also apparent that in untreated nGD neurons, p-mTOR
colocalized with lysosomes, which is where mTOR has access to and
phosphorylates its substrates (Figure S5B). Immunoblot analysis con-
firmed that in nGD neurons mTOR was hyperactivated as determined
by increased levels of phosphorylated mTOR, S6 and 4E binding pro-
tein 1 (4EBP1), and that GlcCer synthase inhibition reduced mTOR
kinase activity to control levels (Figure S6).

These data demonstrate that the elevation of glucosphingolipids
in mutant cells results in mTOR hyperactivation and lysosomal deple-
tion. Moreover, the mTOR/lysosomal phenotype was reversed by
lowering the formation of these lipids using SRT compounds in clinical
use.***® These results suggest that mTORC1 may be a target of ele-
vated glucosphingolipids, and that deregulation of this complex medi-

ates the deleterious effects of GCase deficiency on lysosomes.
3.3 | The mTOR/lysosomal phenotype is caused
by GCase loss-of-function

While the results in the previous section suggested that the nGD phe-

notype observed was caused by a loss-of-function, it is known that
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FIGURE 2 Acid ceramidase inhibition in nGD NPCs decreases GlcSph levels and reverses the mTOR/lysosomal phenotype. A, HPLC-MS/MS

analysis showing GlcSph levels in WT (control a), GD2, and GD3 NPCs that were either left untreated (NT) or treated with the acid ceramidase inhibitor
Carmofur (CAR) as described in Section 2. NPCs derived from two hiPSC clones each of a GD2a and a GD2b donor and one clone of a GD3a donor
were utilized for this experiment. Data represent fold-change compared to NT control a (mean + SEM, n = 3). B,C, Representative immunofluorescence
images of p-S6 (B, green) and Lysotracker (C, red) in control a, GD2a, and GD3a NPCs that were either left untreated (NT) or incubated with Carmofur as
in (A), above. Nuclei were stained with DAPI (blue). Magnification x40. Scale bar = 25 pm. Plots at the right of (B) and (C) represent fold-change in mean
fluorescence intensity (MFI) of p-S6 and Lysotracker counts, respectively (mean £ SEM, n = 3). Control NT vs GD NT and GD NT vs GD treated with
Carmofur, t test. *P < .05, **P < .01, ***P < .001, ****P < .0001. DAPI, 4',6-diamidino-2-phenylindole; GlcSph, glucosylsphingosine; hiPSC, human induced
pluripotent stem cell; HPLC-MS/MS, high-performance liquid chromatography with tandem mass spectrometry; mTOR, mammalian target of rapamycin;
nGD, neuronopathic Gaucher disease; NPCs, neuronal progenitor cells; WT, wild type
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misfolding of mutant GCase proteins results in ER stress and induction
of the unfolded protein response, a gain-of-function believed to con-
tribute to the phenotypic alterations observed in GD.>>2 To deter-
mine whether loss of GCase enzymatic activity is sufficient to
recapitulate the mTOR/lysosomal phenotype observed in mutant
cells, we treated WT NPCs and differentiated neurons with CBE, an
irreversible inhibitor of GCase.2® This treatment resulted in ~40-fold
accumulation of GlcSph and a twofold to threefold accumulation of
GlcCer (Figure S7A-C), a sphingolipid profile that was similar to that in
the mutant NPCs (Figure 1). Confocal microscopic analysis revealed
that CBE treatment also caused lysosomal depletion as determined by
decreased Lysotracker staining (Figure S7D). Similar results were
obtained by CBE treatment of WT differentiated neurons. Quantita-
tive image analysis showed that CBE treatment of WT neurons
resulted in increased p-mTOR and p-Sé6 levels, and a reciprocal
decrease in LAMP1 and Lysotracker staining (Figure S8A-C). CBE
treatment induced p-mTOR colocalization with lysosomes, another
indication that an elevation of glucosphingolipids is capable of activat-
ing mTOR (Figure S8A). mTOR hyperactivation was confirmed by
immunoblot analysis showing that CBE treatment of WT neurons

¥ TRANSLATIONAL MEDICINE

These data revealed that chemical inhibition of GCase enzymatic
activity in three different lines of WT neurons recapitulated the
mTOR/lysosomal phenotype of mutant nGD neurons, suggesting that
these alterations were due to a GCase loss-of-function.

3.4 | Acid ceramidase inhibition rescues mTOR/
lysosomal phenotype

The reversal of mTOR/lysosomal alterations by GlcCer synthase inhib-
itors raises the question of the identity of the pathogenic lipids
responsible for the mutant phenotype, as these inhibitors reduced the
levels of both, GlcCer and GlcSph. To address this question, we deter-
mined whether a specific reduction in the levels of GlcSph would be
sufficient to reverse the mTOR/lysosomal alterations of the mutant
neurons. To this end, we incubated nGD NPCs and neurons with
Carmofur, an inhibitor of acid ceramidase. As shown in Figure 2A,
Carmofur treatment of GD2 and GD3 NPCs effectively lowered the
levels of GlcSph in these cells. This treatment prevented mTOR hyper-

activation and concomitantly, it restored lysosomal biogenesis. Confo-

induced increased levels of p-mTOR, p-S6, and p-4EBP1 cal image analysis showed that Carmofur treatment reduced mTOR
(Figure S9A-C). hyperactivity in GD2 and GD3 NPCs, as determined by decreased
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FIGURE 3 Acid ceramidase inhibition in GD2 neurons reduces mTOR hyperactivity and rescues lysosomal biogenesis. A,B, Representative
immunofluorescence images of control a neurons, and GD2a neurons that were either not treated (NT) or incubated with Carmofur (CAR) as
described in Section 2. The neurons were stained with Lysotracker (B, red) and with antibodies to p-mTOR (A, green), LAMP1 (A, red), p-S6

(B, green), and MAP2 (A, B, magenta). Nuclei were stained with DAPI (blue). Magnification x40. Scale bar = 25 pm. C, The fold-change in

Lysotracker counts and MFI of p-mTOR, LAMP1 and p-56 shown in the graphs (mean + SEM, n = 4) were calculated as described in Section 2.
D-F, Immunoblot analysis of p-mTOR, mTOR, p-Sé, S6, p-4EBP1, 4EBP1, and LAMP1 in control a and GD2a neurons that were either left
untreated (NT) or incubated with Carmofur (CAR) as in (A) and (B), above. Results in the adjacent plots are expressed as fold-change with respect
to the NT control a (mean + SEM, n = 3). Control NT vs GD NT and GD NT vs GD treated with Carmofur, t test. *P < .05, **P < .01, ***P < .001,
****P < .0001. DAPI, 4',6-diamidino-2-phenylindole; MFI, mean fluorescence intensity; mTOR, mammalian target of rapamycin
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FIGURE 4 Treatment of WT NPCs and differentiated neurons with GlcSph recapitulates the mTOR/lysosomal phenotype of neuronopathic
GD. A, Lysotracker staining (red) of WT NPCs from controls a, b, and c (Con a, Con b, and Con c) that were either left untreated (NT) or treated with
GlcSph for 8 hours as described in Section 2. Nuclei were stained with DAPI (blue). Lysotracker counts plotted at the right of images are expressed
as fold-change compared to untreated control a (mean + SEM, n = 4, t test). B, Immunofluorescence staining of p-mTOR (green), LAMP1 (red), p-Sé
(green), MAP2 (magenta), and DAPI (nuclei-blue) in WT (control a) neurons that were either left untreated (NT) or treated with GlcSph as in (A),
above. Magnification in (A) and (B): x40. Scale bar = 25 pm. The fold-change in MFI of p-mTOR, p-Sé, and LAMP1 is shown in graph at the right of
image (mean + SEM, n = 4, t test). C, Representative Western blot of p-mTOR, mTOR, and LAMP1 in WT (control a) neurons treated with the
indicated doses of GlcSph for 8 hours. The graphs below each immunoblot represents fold-change with respect to untreated neurons (mean + SEM,
n = 3, one-way analysis of variance [ANOVA]). *P < .05, **P < .01, ***P < .001. DAPI, 4',6-diamidino-2-phenylindole; GD, Gaucher disease; GlcSph,
glucosylsphingosine; MFI, mean fluorescence intensity; mTOR, mammalian target of rapamycin; NPCs, neuronal progenitor cells; WT, wild type

p-S6 and p-mTOR levels (Figures 2B and S10B). Acid ceramidase
inhibition also prevented lysosomal depletion in the mutant NPCs as
determined by Lysotracker and LAMP1 staining (Figures 2C and
S10A). Carmofur also caused a reduction in mTOR activity and
rescued lysosomal biogenesis in differentiated GD2 neurons, as deter-
mined by p-mTOR, p-S6, LAMP1, and Lysotracker staining (Figure 3A-C).
Western blot analysis confirmed that Carmofur treatment of GD2 neu-
rons caused a reduction in mTOR kinase activity (Figure 3D,E) and res-
cued lysosomal biogenesis (Figure 3F). A similar reversal of the mTOR/
lysosomal phenotype by Carmofur was obtained with GD3 neurons
(Figure S10C,D).

We conclude from these results that reducing the abnormal ele-
vation of GlcSph was sufficient to prevent the mTOR/lysosomal alter-
ations of nGD neurons and that therefore, GlcSph is the likely
sphingolipid species responsible for this phenotype. These results fur-
ther suggest that acid ceramidase plays an essential role in the patho-
genesis of nGD, and that its inhibition may be an effective approach
to treat GBA1-associated neurodegeneration. We should note, how-
ever, that Carmofur also has other pharmacological actions such as
inhibition of Fatty acid amide hydrolase and N-acylethanolamine acid

amidase.>* Therefore, further analysis is required to ascertain whether
rescue of the GD phenotype was solely due to acid ceramidase inhibi-
tion by Carmofur.

3.5 | Treatment of WT neurons with exogenous
GlcSph phenocopies the mTOR hyperactivation and
lysosomal abnormalities of nGD neurons

GlcCer deacylation results in the formation of GlcSph, an amphipathic,
positively charged sphingolipid that exits the lysosome to the
cytoplasm,”>> where mTOR is located. To directly determine whether
GlcSph is capable of activating mTOR and reproducing the lysosomal
phenotype of the mutant cells, we incubated WT NPCs and differenti-
ated neurons with exogenous GlcSph (Figure 4). In NPCs, this treat-
ment caused a reduction in Lysotracker staining (Figure 4A) and
mTOR hyperactivation (not shown). Similar results were obtained with
differentiated neurons. Confocal microscopic analysis demonstrated
that GlcSph treatment of WT neurons caused mTOR hyperactivation
and a decrease in LAMP1 and Lysotracker staining (Figures 4B and
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FIGURE 5

mTOR inhibitors prevent mTOR hyperactivation and lysosomal depletion induced by exogenous GlcSph. A, WT NPCs (controls a and c)

were either left untreated (NT) or incubated with GlcSph for 8 hours in the absence or presence of Torin1 as described in Section 2. The cultures were
then stained with Lysotracker (red) and with DAPI (blue). Magnification x40. Scale bar = 25 pm. Graph below the image represents fold-change in
Lysotracker counts compared to the untreated controls (mean + SEM, n = 3). B,C, Western blot analysis of p-mTOR, mTOR, p-S6, S6, and LAMP1 in
WT control a (B) and control b (C) neurons that were either left untreated (NT), or incubated with INK128 alone, Torin1 alone, or were incubated with
GlcSph in the absence or presence of INK128 and Torin1, as indicated in the figure. Quantitation of the Western blots is shown below the
corresponding immunoblots. The graphs represent fold-change with respect to the corresponding untreated Controls, and results are plotted as mean
+ SEM (n = 3). The graphs in (A), (B), and (C) were assessed by t test between the indicated groups. *P < .05, **P < .01, ***P < .001, ****P < .0001.
DAPI, 4',6-diamidino-2-phenylindole; GlcSph, glucosylsphingosine; mTOR, mammalian target of rapamycin; NPCs, neuronal progenitor cells; WT,

wild type

S11A,B). Western blot analysis also showed that GlcSph induced a
dose-dependent increase in mTOR activity and a concomitant
decrease in LAMP1 levels (Figure 4C).

Collectively, these results obtained with neurons derived from
multiple WT lines demonstrated that treatment with exogenous
GlcSph phenocopied the mTOR/lysosomal alterations seen in nGD

neurons.

3.6 | mTOR inhibitors prevent the lysosomal
depletion induced by exogenous GlcSph

The results in the previous section suggested that endogenous and
exogenous GlcSph used similar mechanisms to cause lysosomal alter-
ations. As we previously showed, mTOR inhibition by Torin1 rescued
the lysosomal abnormalities in nGD neuronal cells.?? In the present
study, Torinl and INK128, another catalytic inhibitor of mTOR, also
rescued lysosomal biogenesis, as determined by Lysotracker staining
(Figure S12A,B) and LAMP1 immunoblotting (Figure S12C). We rea-
soned that if GlcSph causes lysosomal depletion through mTOR hyp-
eractivation, then mTOR inhibitors should be able to block the effects

of exogenous GlcSph on lysosomes. To examine this question, we

incubated WT NPCs and neurons with GlcSph in the presence or
absence of Torin1 or INK128. As shown in Figure 5A-C, confocal and
Western blot analyses showed that mTOR kinase inhibition prevented

the lysosomal depletion induced by exogenous GlcSph.

3.7 | GlcSph induces an autophagy block that is
reversed by inhibitors of mTOR and acid ceramidase

We previously showed that nGD neurons have an autophagy
block.?° In view of our results, we wanted to determine whether
treatment of WT neurons with exogenous GlcSph would also impair
autophagy. As shown in Figure 6A, GlcSph treatment of WT neurons
caused an increase in LC3-Il levels, suggesting an accumulation of
autophagosomes. To determine whether this was due to an increase
in the number of autophagosomes or a blockade in autophagic
flux,>® we used bafilomycin A1 (Baf), a lysosomal v-ATPase inhibitor
that blocks lysosomal acidification.>” Coincubation of WT neurons
with GlcSph and Baf did not further increase LC3-II

suggesting that elevated LC3-II levels were due to a block in auto-

levels,

phagic flux and not an increase in the number of autophagosomes
(Figure 6A).
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FIGURE 6 Inhibitors of mTOR and acid ceramidase reverse the autophagic block caused by GlcSph. A, control a neurons were either left
untreated (NT) or incubated with GlcSph alone, Bafilomycin (Baf) alone, or were coincubated with both GlcSph and Baf as described in Section 2.
Total cell lysates were prepared and Western blotting was performed to analyze the levels of LC3-1 and LC3-II. B, Western blotting showing LC3
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rapamycin; nGD, neuronopathic Gaucher disease
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As the ALP is largely regulated by mTORC1 pathway and we
found that GlcSph activates mTORC1 and perturbs autophagy, we
wanted to determine whether GlcSph blocked autophagy through
mTORC1 activation. To this end, we incubated WT neurons with
GlcSph in the absence or presence of INK128 and Torin1l. As shown
in Figure 6B, these inhibitors caused a reduction in LC3-Il levels. In
order to assess autophagic degradation, we examined the levels of
SQSTM1/p62, an autophagy adaptor protein that brings protein
aggregates to the autophagosome and is itself degraded by the lyso-
somes during normal autophagy. Treatment of WT neurons with
GlcSph increased p62 levels suggesting a block in autophagosome
degradation, which was reversed by coincubation with INK128 and
Torinl (Figure 6B,C). Thus, treatment with exogenous GlcSph phe-
nocopied mTOR hyperactivation, lysosomal depletion, and the defects
in autophagy that we previously reported in Gaucher neurons.?%2?! As
shown in Figure 6D,E, treatment of GD2 neurons with Carmofur cau-
sed a reduction in the levels of LC3-Il and p62, showing that lowering
GlcSph accumulation by acid ceramidase inhibition was sufficient to
remove the autophagic block in these cells.

We conclude from these results that the elevation in GlcSph in
nGD neurons mediates autophagic block through mTORC1, and that
preventing mTOR hyperactivation through either mTOR or acid cer-
amidase inhibition, can restore normal autophagy in Gaucher neurons.
Furthermore, the ability of exogenous GlcSph to recapitulate these
phenotypes lends strong support to the idea that this sphingolipid is
largely responsible for the ALP abnormalities caused by GCase

deficiency.

3.8 | Elevated GlcSph increases vulnerability of
neurons to cell death

Deregulation of the ALP has been associated with promoting neu-
rodegeneration in many neurodegenerative disorders including
Alzheimer's disease, PD, and Huntington's disease.”®>? This is primar-
ily due to the role of the ALP in recycling of intracellular macromole-
cules, and the degradation of misfolded proteins and other cellular
debris. To examine whether the defects in ALP caused by elevated
GlcSph would impact neuronal survival, we examined the levels of
Annexin V in GD2 neurons, and in WT neurons treated with GlcSph.
Annexin V is a phospholipid-binding protein with high affinity for
phosphatidylserine, which is normally found in the inner leaflet of the
plasma membrane but translocates to its outer leaflet during apopto-
sis. As shown in Figure S13, GD2 neurons exhibit higher levels of
Annexin V compared to WT neurons, suggesting that GCase defi-
ciency increases vulnerability of the mutant cells to apoptosis. In addi-
tion, treatment of WT neurons with GlcSph caused an increase in
Annexin V in a dose-dependent manner, phenocopying the effects
seen in the mutant neurons. Figure S13 also shows that treatment of
GD2 neurons with the mTOR inhibitor INK128 significantly decreased
Annexin V staining in these cells, suggesting that mTOR inhibition can
decrease the vulnerability of mutant neurons to cell death. Identifica-

tion of the mechanisms involved will require further analysis.
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Taken together, our results provide compelling evidence that
GlcSph is a bioactive lipid whose elevation in neuronal cells due to
GBA1 mutation, pharmacological GCase inhibition, or direct exposure
to this lipid activates mTORC1, and that GlcSph elevation is sufficient
to disrupt the ALP. We further suggest that in nGD neurons, mTORC1
may act as a sensor of pathological levels of GlcSph. A diagram of the

model we propose is shown in Figure 7.

4 | DISCUSSION
In this study, we report the identification of an mTORC1-dependent
pathogenic mechanism activated by elevated GlcSph, which is largely
responsible for the lysosomal abnormalities of nGD neurons. Our results
implicate acid ceramidase as essential for nGD pathogenesis, and as a
potential therapeutic target to treat GBA1-associated neurodegeneration.
nGD patient brains have up to a 1000-fold elevation of GlcSph,%*
and there are also large accumulations of this lipid in plasma, even in
GD1, as this amphipathic lipid readily exits the lysosome to the cyto-
plasm and the extracellular space.>>°%? Because of the high levels of
GlcSph in nGD brains, it is widely believed that this lipid plays an
important role in neurodegeneration, but the mechanisms involved
are not completely understood. In the present study, we uncovered a
mechanism by which elevated GlcSph deregulates the ALP, a key
pathogenic event in nGD and other neurodegenerative dis-
eases.”19:3363:66 pAlthough GlcCer is the primary substrate of GCase,
we found that as in brains of nGD patients, the fold-elevation of
GlcSph in nGD NPCs, and in CBE-treated WT NPCs, is an order of
magnitude higher than that of GlcCer. Thus in nGD neuronal cells, ele-
vated GlcCer is efficiently converted to its lyso-derivative through an
alternative metabolic pathway involving acid ceramidase.” !

Our results suggest that GlcSph is the lipid species that induces
lysosomal depletion and blocks autophagy through mTORC1 activa-
tion. This conclusion is based on two lines of evidence. First, treat-
ment of nGD NPCs and neurons with an acid ceramidase inhibitor,
which significantly reduced GlcSph levels, was sufficient to prevent
mTOR hyperactivation, lysosomal depletion, and restore autophagic
flux. Second, direct treatment of WT NPCs and differentiated neurons
with exogenous GlcSph phenocopied the mTOR and ALP alterations
of nGD neurons, consistent with the idea that the pathogenic effects
caused by endogenous and exogenous GlcSph involved similar mecha-
nisms. In both cases, there was a redistribution of mTOR from the
cytoplasm to the lysosomal surface, an increase in phosphorylation of
mTOR and its substrates, a concomitant depletion of lysosomes and
impairment in autophagy, and these alterations were prevented by
mTOR inhibitors. Additionally, GlcSph also increased the vulnerability
of WT neurons to cell death, phenocopying the increased vulnerability
of the mutant cells, which was partially prevented by mTOR inhibition.
Although it has been proposed that sphingosine is involved in GD
pathogenesis,*”¢® the levels of sphingosine in the mutant cells were
not significantly elevated, arguing that in this cell type, sphingosine
may not have contributed to the deleterious effects of GCase defi-

ciency we observed. Our conclusion is also supported by studies from
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Taguchi et al suggesting that in vivo, GlcSph is likely to be the neuro-
toxic species responsible for GBA1-associated neuropathology.>®

Current SRT with the GlcCer synthase inhibitor Eliglustat
(Genzyme) has been approved for the treatment of type 1 GD; and a
brain-penetrant GlcCer synthase inhibitor,*”*® is in phase 2 clinical trials
for type 3 GD (NCT02843035), GBA1-associated PD (NCT02906020),
and Fabry disease (NCT02228460). In our hiPSC system, treatment of
nGD neurons with GlcCer synthase inhibitors lowered GlcCer and
GlcSph levels and rescued the mTOR/lysosomal phenotype. In view of
our results, we suggest that the phenotypic rescue we observed using
GlcCer synthase inhibitors was primarily due to a secondary effect of
these drugs in reducing GlcSph levels in the nGD hiPSC neurons.

Elevated levels of deacylated-glycosphingolipids are also respon-
sible for neurodegeneration in other sphingolipidoses. Krabbe disease
is a fatal demyelinating disorder caused by a deficiency in the lyso-
somal enzyme galactosylceramidase. While the primary substrate of
this enzyme is galactosylceramide (GalCer), the lipid that accumulates
in this disease is its lyso-derivative galactosylsphingosine (GalSph),
due to the action of acid ceramidase.®””* Li et al recently showed that
crossing of Krabbe (Twitcher) mice with Asahl/acid ceramidase-
deficient mice (Farber mice) prevented accumulation of GalSph and
cured the Krabbe mice.? Also, intraperitoneal injection of Carmofur
into Krabbe mice decreased the levels of GalSph and extended their
lifespan. Thus, acid ceramidase is likely to be an important therapeutic
target in sphingolipidoses where there is an accumulation of lyso-
glycosphingolipids including Gaucher, Krabbe, and Fabry diseases.”

It was recently shown that a-synuclein abnormalities caused by
GCase deficiency can also be reversed by acid ceramidase inhibi-
tion.”>>72 Carmofur treatment of HEK293-FT cells deficient in GCase
and GBA1/PD dopamine neurons resulted in decreased oxidized
a-synuclein.”? And in vivo studies in a relevant mouse model of
GBA1-associated PD showed that Carmofur significantly decreased
the levels of oligomeric precursors of aggregated a-synuclein.>® Based
on in vitro and in vivo studies, it has been proposed that GlcCer and
GlcSph interact directly with o-synuclein promoting its aggrega-
tion.>>”% In view of our results, we suggest that this beneficial effect
of Carmofur in reducing a-synuclein aggregation may also be facili-
tated by an effect on improving lysosomal function, as these organ-
elles are involved in clearing of aggregation-prone proteins.>20:¢3-6¢

In contrast to GlcCer, which is a hydrophobic molecule that is largely
membrane-associated, GlcSph is an amphipathic and water-soluble mole-
cule. This lyso-glycosphingolipid is positively charged at the acid pH of
the lysosome and it is still partially charged in the cytoplasm.””* After
GlcCer deacylation, GlcSph exits the lysosome to the cytoplasm,®>74
where mTOR is located. In response to nutrients, mTOR kinase is acti-
vated and translocated to the lysosomal surface where it phosphorylates

2224.2527.287576 Consistent with its constitutive activation

its substrates.
by GlcSph, mTOR colocalized with lysosomes in nGD neurons as well as
in GlcSph-treated WT neurons. Our finding that mTOR inhibitors rescued
the lysosomal phenotype that was induced by either mutant GBA1, or by
direct treatment of WT neurons with exogenous GlcSph, strongly sug-
gests that mTOR activation by GlcSph mediates the deleterious effects of

this lipid on lysosomal homeostasis. Our results further suggest that the

mTOR complex activated by elevated GlcSph is mTORC1, as nGD neu-
rons as well as WT neurons treated with GlcSph, exhibited increased
levels of p-S6 and p-4EBP1, two substrates normally associated with
mTORC1. However, we cannot rule out that mTORC2 may also be
responsive to elevated GlcSph. Another question raised by the present
studies is whether GlcSph activates mTORC1 by direct interaction with
one or more of its components. In this regard, it is interesting to point out
that cholesterol has been shown to bind cholesterol-responsive motifs in
SLC38A9, an mTORC1 component involved in amino acid sensing, lead-
ing to mTORC1 activation.”” Whether GlcSph regulates mTORC1
through direct interactions with this complex will require further analysis.

A role of mTOR in nGD neurodegeneration is also supported by
previous reports. Brains from the 4 L;C* mouse model of nGD had
increased expression of mTOR pathway genes including p70SéK, the
kinase that phosphorylates the mTORC1 substrate $6.”8 On the other
hand, some reports in the literature are in apparent contradiction to
our results showing mTOR hyperactivation in nGD neurons. It has
been reported that in drosophila harboring a mutation in the GBA1
homolog, there was a decrease in mTOR activity, yet Rapamycin treat-
ment prolonged the life of the flies.”® In another study, GBA1 muta-
tions in fibroblasts from patients with PD and in primary neurons of
GBA1 transgenic mice there was decreased mTOR activity, which was
coincident with a decrease in acidic functional lysosomes.®® As the
regulation of mTOR is complex and is likely to depend on the model
system and experimental conditions, further analysis is required to
understand the role of mTOR in GBA1-associated neurodegeneration.

In summary, this study describes a mechanism by which elevated
GlcSph activates mTORC1 and uncovers a possible role of this com-
plex as a sensor of sphingolipid imbalance. Abnormal mTOR hyper-
activation led to deregulation of the lysosomal compartment, a
phenotype that was reversed by inhibitors of GlcCer synthase, mTOR,
and acid ceramidase. Our results establish for the first time a mecha-
nistic link between elevated GlcSph, mTOR hyperactivation, ALP dys-
function, and identify acid ceramidase as a therapeutic target for
GBA1-associated neurodegeneration. The position of acid ceramidase
as the last step in the formation of neurotoxic GlcSph suggests that
development of safe and effective inhibitors of this enzyme may pro-
vide a new therapeutic alternative for the treatment of GBA1-

associated neurodegeneration.
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