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GBA deficiency promotes SNCA/a-synuclein
accumulation through autophagic inhibition by
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Loss-of-function mutations in the gene encoding GBA (glucocerebrosidase, B, acid), the enzyme deficient in the
lysosomal storage disorder Gaucher disease, elevate the risk of Parkinson disease (PD), which is characterized by the
misprocessing of SNCA/a-synuclein. However, the mechanistic link between GBA deficiency and SNCA accumulation
remains poorly understood. In this study, we found that loss of GBA function resulted in increased levels of SNCA via
inhibition of the autophagic pathway in SK-N-SH neuroblastoma cells, primary rat cortical neurons, or the rat striatum.
Furthermore, expression of the autophagy pathway component BECN1 was downregulated as a result of the GBA
knockdown-induced decrease in glucocerebrosidase activity. Most importantly, inhibition of autophagy by loss of GBA
function was associated with PPP2A (protein phosphatase 2A) inactivation via Tyr307 phosphorylation. C2-ceramide
(C2), a PPP2A agonist, activated autophagy in GBA-silenced cells, while GBA knockdown-induced SNCA accumulation
was reversed by C2 or rapamycin (an autophagy inducer), suggesting that PPP2A plays an important role in the GBA
knockdown-mediated inhibition of autophagy. These findings demonstrate that loss of GBA function may contribute to
SNCA accumulation through inhibition of autophagy via PPP2A inactivation, thereby providing a mechanistic basis for

the increased PD risk associated with GBA deficiency.

Introduction

Parkinson disease (PD) is the second most common progres-
sive neurodegenerative disorder, and is characterized by the loss
of dopaminergic neurons in the substantia nigra pars compacta
and the presence of Lewy bodies (LBs) in vulnerable populations
of neurons." The major protein component of LBs is SNCA, a
synaptic protein with the propensity to misfold and aggregate.
Three missense mutations (A53T, A30P, and E46K) in the gene
encoding SNCA cause an autosomal dominant form of PD.”
Numerous susceptibility genes have been shown to confer predis-
position to PD, including SNCA, PARK2, PINK1, PARK7, and
LRRK2.? In recent years, mutations in the gene encoding GBA
(glucosidase, B, acid) have been identified as the most common
known genetic risk factor for the development of PD.*”
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Gaucher disease (GD) is a rare, autosomal recessive lysosomal
storage disorder that results from loss-of-function mutations in
GBA. GBA is a lysosomal enzyme responsible for the conversion
of glucocerebroside to glucose and ceramide.® The human GBA
gene maps to 1921, and consists of 11 exons encoding a 497
amino acid protein. Nearly 300 mutations have been identified
in GD patients.” Accumulating evidence over the past decade has
revealed an association between mutations in GBA and the devel-
opment of PD and other Lewy body disorders (LBD). Clinical
studies have repor3ted parkinsonism among relatives of patients
with GD,'? while genotyping studies have demonstrated a higher
incidence of GBA mutations in cohorts of PD patients of differ-
ent ethnic origins, particularly those with early onset PD.”''"'
These findings suggest a possible mechanistic link between PD
and GD. Recently, neuropathological analysis of GD patients
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revealed the presence of SNCA-positive LBs,'* suggesting that
GBA may contribute to the aggregation of SNCA. Postmortem
examination of PD brains with GBA mutations revealed reduced
levels of GBA protein, primarily in the substantia nigra."”> GBA
knockdown in neurons led to decreased lysosomal degradation
capacity, and increased levels of SNCA protein.'® However, the
mechanism underlying the accumulation of SNCA as a result of
GBA deficiency is still unclear.

A recent in vitro study has found that GBA mutations lead to
SNCA accumulation, which can be pharmacologically reversed
by rapamycin, an inducer of macroautophagy.'” In addition,
macroautophagy also participates in SNCA degradation.'® These
findings suggest that loss of GBA function could promote SNCA
accumulation through inhibition of the autophagic pathway.

PPP2A (protein phosphatase 2A) exists as a heterotrimer
consisting of a 36-kDa catalytic subunit C, PPP2CA or
PPP2CB (referred to here as PPP2C), a 65-kDa structural
subunit A (a scaffolding subunit), PPP2R1A or PPP2RIB,
and a variable regulatory subunit B, PPP2R (with various iso-
forms). Modifications in PPP2C are important for the regula-
tion of phosphatase activity: phosphorylation of PPP2C at
Tyr307 inhibits PPP2A activity by 90% in vitro.'” PPP2A is
an important regulator of numerous cellular processes,
including cell growth and proliferation,”® apoptosis,”' tran-
scription, and translation.”” Recent studies indicate that
PPP2A is involved in the regulation of rapamycin-induced
autophagy in yeast,” although the precise role of PPP2A in
GBA deficiency remains to be elucidated.

In this study, the mechanistic basis of SNCA accumulation
induced by loss of GBA function was examined in vitro (in SK-N-
SH neuroblastoma cells or primary rat cortical neurons) and in vivo
(in the rat striatum). The results provide the first evidence that GBA
deficiency inhibits the autophagic pathway by decreasing PPP2A
activity and promotes SNCA accumulation, thereby demonstrating a
link between loss of GBA function and increased PD risk.

Results

Loss of GBA function leads to SNCA accumulation in
neuroblastoma cells

A previous study has shown that loss-of-function mutations in
GBA promote SNCA accumulation in vitro."” To analyze the
effect of GBA deficiency on SNCA levels, GBA expression was
suppressed in SK-N-SH neuroblastoma cells using plasmids
expressing sShRNA against human GBA. The efficiency of knock-
down for 2 different GBA shRNA pairs (shGBA #9847-1 and
shGBA #9848-1) was measured at 12, 24, and 48 h (Fig. 1A).
Expression of the~-60 kDa GBA protein was lower at 12 and
24 h compared to control cells upon transfection of shGBA
#9847-1 and shGBA #9848-1, although a recovery of normal
protein expression was observed at 48 h. At 12 h, GBA expres-
sion was reduced to 40% (shGBA #9847-1) and 36% (shGBA
#9848—1) of the level in control cells, and was further reduced to
34% (shGBA #9847-1) and 29% (shGBA #9848-1) at 24 h
(Fig. 1B). Based on these results, shGBA #9847-1 and shGBA
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#9848-1 were used to transfect cells for 24h in subsequent
experiments.

Since LBs have been detected in postmortem brain samples of
GD patients, the accumulation of SNCA in SK-N-SH cells tran-
siently transfected with GBA shRNA was investigated. As
expected, GBA activity in SK-N-SH cell lysates decreased to
approximately 60% of the control level upon GBA knockdown
using both shGBA #9847-1 and shGBA #9848-1 (Fig. 1C).
GBA knockdown was accompanied by a 1.6fold increase in
SNCA protein level relative to the control (Fig. 1D and E). To
determine whether increased levels of SNCA protein were due to
transcriptional upregulation, SNCA mRNA levels in GBA-
silenced SK-N-SH cells were measured by RT-PCR. No changes
in SNCA mRNA level were detected, suggesting that the observed
increase in SNCA protein level resulted from compromised pro-
tein degradation (Fig. 1F and G). Therefore, the role of the
autophagic pathway on GBA knockdown-induced SNCA accu-

mulation was examined in greater detail.

GBA knockdown inhibits autophagy in neuroblastoma cells
and cortical neurons

In autophagosome formation, the cytosolic form of microtu-
bule-associated protein 1 light chain 3/LC3-I is converted to a
lipid-conjugated LC3-II form; the amount of LC3-II correlates
with autophagosome number and is therefore considered as a
simple and reliable measure of autophagic activity in mammalian
cells.”* The level of LC3-1I was assessed in GBA-silenced SK-N-
SH cells by western blotting at 24 h. Knockdown of GBA using
both shGBA #9847—1 and shGBA #9848—1 resulted in decreased
LC3-II compared to control cells (Fig. 2A to C). These results
indicate that loss of GBA inhibits autophagy in SK-N-SH cells.

The effect of GBA knockdown on autophagic activity was
examined in primary rat cortical neurons. Neurons were infected
with lentivirus (LVs) encoding GFP-shRNAs (LV-GFP-shGba
#5, LV-GFP-shGba #6, and LV-GFP-shGba #7) and scrambled
negative control (LV-GFP-sh-con). The efficiency of GBA
knockdown was assessed 3 d after infection. The level of GBA
protein was reduced by 50% and 39% in neurons infected with
LV-GFP-shGba #6 and LV-GFP-shGba #7, respectively, com-
pared to control neurons (Fig. 2D and E), while only a modest
reduction (14%) was observed using LV-GFP-shGba #5. Thus,
LV-GFP-shGba #6 was used in subsequent experiments. As pre-
dicted, a reduction in GBA activity (47%) was also observed in
LV-GFP-shGba #6-infected cortical neurons, which was rescued
by coinfection with LV-GFP-HsGBA (Fig. 2F). These data con-
firmed that GBA activity was inhibited by GBA knockdown.
GFP fluorescence was robust 3 d after infection, indicating effi-
cient infection and low toxicity (Fig. S1).

The level of LC3-II was detected by western blotting (Fig. 2G).
GBA protein expression was reduced in neurons infected with LV-
GFP-shGba #6, but was rescued by coinfection with full-length
GBA (LV-GFP-shGba #6+HsGBA; Fig. 2H). Autophagic activity,
as assessed by the level of LC3-1I, was lower in LV-GFP-shGéa #6-
infected neurons; this effect was rescued by overexpression of full-
length GBA and treatment with rapamycin, an autophagy agonist
(40 nM for 6 h) (Fig. 2I). These results indicate that loss of GBA
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quantitative RT-PCR. *P< 0.05, **P< 0.01 vs. normal; n = 3.

Figure 1. ShRNA-mediated knockdown of GBA leads to SNCA accumulation in SK-N-SH neuroblastoma cells. (A) Efficiency of GBA knockdown with
shGBA #9847-1 and shGBA #9848-1 was assessed at 12, 24, and 48 h. (B) GBA protein expression in cells transfected with shRNA constructs was reduced
at 12 and 24 h. (C) GBA activity was reduced in SK-N-SH neuroblastoma cells transfected with shGBA #9847-1 and shGBA #9848-1. *P< 0.05 vs. normal;
n = 3. (D, E) Increase in SNCA protein expression in GBA knockdown cells. (F, G) GBA and SNCA mRNA expression after GBA knockdown was assessed by

function inhibits autophagy in cultured cortical neurons, consis-
tent with the effects observed in SK-N-SH cells.

GBA knockdown decreases autophagosome formation

LC3-II was known as a marker of autophagosome. Decreased
LC3-1II could indicate either decreased formation of autophago-
somes or increased flux of autophagosomes to autolysosomes.
Efficient flux of autophagy would result in a decrease in the sub-
strates, such as SQSTM1/P62, a polyubiquitin-binding protein.
On the contrary, SQSTM1 showed a slight increase in GBA-defi-
cient SK-N-SH cells and neurons compared to the control group,
but the change was not statistically significant (Fig. 3A, B, D and
E), suggesting the decreased formation of autophagosomes. To
further evaluate the autophagic flux through the macroautopha-
gic pathway, cells were treated with 100 nM bafilomycin A;
(BafAl) for 6 h (Fig. 3A and D). BafAl inhibits vacuolar-type
ATPases and impairs vesicle fusion; the final steps of autophagy
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are thereby obstructed due to the failure of autophagosome-lyso-
some fusion.?> In the presence of BafAl, a decrease in LC3-II
level and no obvious changes in SQSTM1 level were observed in
GBA-deficient SK-N-SH cells and neurons compared to the con-
trol group (Fig. 3B, C, E and F), indicating that the decrease in
LC3-II upon GBA knockdown was due to decreased formation
of autophagosomes. NH4Cl, a well-established lysosomal inhibi-
tor, also reduced LC3-1II level in GBA-deficient neurons, as com-
pared to the control group treated with NH4CI (10 mM for 1 h)
(Fig. 3G and H). In addition, the LC3-II level was analyzed in
response to starvation, a more physiologically relevant treatment.
Similarly, the LC3-II level was decreased in response to starvation
in GBA-deficient neurons (Fig. 31 and J).

We next measured the colocalization of LC3 and LAMP1 by
using an immunocytochemical method in SK-N-SH neuroblas-
toma cells. A decrease in the colocalization of LC3 and LAMP1
was detected in GBA-deficient SK-N-SH cells (Fig. 4A and C).
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Figure 2. GBA knockdown inhibits autophagy in SK-N-SH neuroblastoma cells and rat cortical neurons. (A) Decreased LC3-l level in cells transfected with
shGBA #9847-1 or shGBA #9848-1. (B) GBA protein expression was reduced in GBA knockdown cells. (C) Decrease in autophagic activity upon GBA
knockdown, as assessed by the ratio of LC3-lI/ACTB. **P< 0.01 compared to normal; n = 3. (D, E) Efficiency of GBA knockdown upon infection of neurons
with different LV. LV-GFP-shGba #6 showed the greatest effect, causing a 50% reduction in GBA protein level. (F) GBA activity was reduced in cortical
neurons infected with LV-GFP-shGba #6, an effect that was reversed by coinfection with full-length GBA (LV-GFP-shGba #6+HsGBA). *P< 0.05 vs. LV-GFP-
sh-con group, #P< 0.05 vs. LV-GFP-shGba #6 group; n = 3. (G) Decreased LC3-Il level upon GBA knockdown. Neurons treated with rapamycin (LV-GFP-
shGba #6+Rapa; 40 nM for 6 h) served as a positive control. (H) GBA protein expression was reduced in cells infected with LV-GFP-shGba #6, an effect
that was rescued by coinfection of full-length GBA (LV-GFP-shGba #6+HsGBA). (I) Decrease in autophagic activity upon GBA knockdown in LV-GFP-shGba
#6-infected neurons, as assessed by the ratio of LC3-II/ACTB. Activity was restored to a normal level upon overexpression of full-length GBA (LV-GFP-
shGba #6+HsGBA) or rapamycin treatment (LV-GFP-shGba #6+Rapa). *P< 0.05, **P< 0.01 compared to LV-GFP-sh-con group, *P< 0.05, ***P< 0.001 com-

Furthermore, electron microscopy (EM) analysis verified a
decrease in the number of autophagosomes in GBA-deficient
neurons (Fig. 4B and D). Taken together, these results suggested
that loss of GBA function inhibited autophagy through decreas-
ing the formation of autophagosomes.

Expression of the autophagy pathway component BECNI is
downregulated by GBA knockdown

As shown above, GBA knockdown inhibited its activity; this
leads to the accumulation of the substrates glucosylceramide
(GlcCer) and glucosylsphingosine, and a diminished production

of ceramide.® Intracellular ceramide and GlcCer level
was assessed in  GBA-deficient SK-N-SH cells by
1806
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immunocytochemistry and by measuring C2 concentration in
the lipid fraction by HPLC-MS/MS. GBA knockdown using
LV-sh-9848—1# resulted in a decreased ceramide level and an
increase GlcCer level relative to control cells (Fig. 5A, B and S2).
In lipid extracts, endogenous C2 level was reduced in GBA-defi-
cient cells, an effect that was reversed upon application of exoge-
nous C2 (Fig. 5C).These results indicate that ceramide
production is reduced in the absence of GBA.

Ceramide stimulates autophagy by inducing the expression of
BECN1.?° Therefore, the effect of GBA knockdown on BECN1
protein level was examined. BECN1 expression was reduced rela-
tive to the control 24 h after transfection of SK-N-SH cells with
shGBA #9847-1 and shGBA #9848-1 (Fig. 5D and E).
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Figure 3. Assessment of autophagic flux, following GBA knockdown. Autophagic flux was analyzed in GBA-deficient SK-N-SH neuroblastoma cells (A, B,
C) and cortical neurons (D, E, F) treated with 100 nM BafA1 for 6 h or 10 mM NH,Cl for 1 h (G, H). The levels of LC3-Il and SQSTM1 were normalized
with ACTB. *P< 0.05, ***P< 0.001, ****P< 0.0001 vs. control; ##p~ 0.001 vs. control+BafA1 group; *P< 0.05, **P< 0.01, ***P< 0.001 vs. LV-GFP-sh-con
group; *P< 0.05 vs. LV-GFP-sh-con+BafA1 group; *P< 0.001 vs. LV-GFP-sh-con+ NH,Cl group; AP< 0.05, AMAAP< 0.001 vs. LV-GFP-shGba #6 group;
AANP< 0.001 vs. shGBA #9848-1 group; n = 3. (I, J) LC3-Il level was analyzed in response to starvation 2 h (Hank’s balanced salt solution). ACTB was
used as a loading control. **P< 0.01, ***P< 0.001 vs. LV-GFP-sh-con group; ***P< 0.001 vs. LV-GFP-sh-con+starvation group; AAP< 0.01 vs. LV-GFP-

Similarly, BECNI1 expression was decreased in cortical neurons
infected with LV-GFP-shGba #6, an effect that was reversed by
the overexpression of full-length GBA or treatment of neurons
with rapamycin (Fig. 5F and G). BECNI1 protein level was fur-
ther assessed in GBA-deficient neurons treated with exogenous
C2. GBA knockdown resulted in a decreased BECNI1 expression
relative to control neurons, which was reversed by application of
exogenous C2 (Fig. S3). Taken together, these results suggest
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that expression of the autophagy pathway component BECNI is
downregulated as a result of the GBA knockdown-induced
decrease in GBA activity.

Inhibition of autophagy by loss of GBA involves PPP2A
inactivation via Tyr307 phosphorylation

Results from previous studies suggest that downregulation
of PPP2A, perturbation of autophagy, and the presence of
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ubiquitinated protein inclusions are hallmarks of neurodegen-
erative diseases such as Alzheimer disease (AD).?”"*® However,
the effect of GBA deficiency on PPP2A activity has never
been examined. PPP2A activity was therefore measured in
SK-N-SH cells and cortical neurons following knockdown of
GBA. PPP2A activity decreased in neuroblastoma cells trans-
fected with shGBA #9847-1 or shGBA #9848-1, and neu-
rons infected with LV-GFP-shGba #6 (Fig. 6A and B),
which was reversed by simultaneously expressing full-length

GBA.

A

LV-GFP-sh-con

LV-GFP-shGBA
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To elucidate the mechanism of PPP2A inactivation, the phos-
phorylation status of PPP2A at Tyr307 (p-PPP2A-Tyr307, rep-
resenting an inactive form of PPP2A) was examined. In addition,
C2, an agonist of PPP2A, was used to stimulate PPP2A activity
in GBA-silenced cells. The optimal C2 concentration (5 wM for
8 h) was determined in a previous study (Fig. S4). The phos-
phorylation of Tyr307 increased in SK-N-SH cells and cortical
neurons upon knockdown of GBA (Fig. 6C to H), indicating an
inhibition of PPP2A activity. The increase in p-PPP2A-Tyr307
level was abolished in the presence of full-length GBA or C2

(Fig. 6F to H).

To further confirm the contri-
of PPP2A
autophagic  pathway
resulting from GBA deficiency,
LC3-1I was measured in conjunc-
tion with Tyr307 phosphorylation
and PPP2C expression (Fig. 7A). A

bution activity

inhibition

to

Figure 4. GBA knockdown inhibits
autophagosome formation. (A) SK-N-
SH neuroblastoma cells were infected
with LV-GFP-shGBA #9848-1. After 3
d, cells were fixed and stained with
LAMP1 and LC3 primary antibodies.
Immunolabeling was visualized with
rabbit Alexa 647-conjugated and
mouse Alexa Fluor 594-conjugated
secondary antibodies, respectively.
The nucleus was counterstained by
DAPI. These detected cells were first
verified to infect GFP. Then the chan-
nel was turned off. To better observe
the colocalization of LAMP1 and LC3,
LAMP1 was labeled as “green.” Scale
bar =2 pm. (B) TEM images of auto-
phagic vacuoles in primary rat cortical
neurons. The cortical neurons were
infected with LV-GFP-shGba #6 for 3 d
The right panel is a high magnifica-
tion image of the indicated portion.
Arrows indicate autophagosomes. N,
nuclei. Scale bar =500 nm. (C) Fluores-
3 cence images were analyzed using
* ImageJ “colocalization” plug-in soft-

D I ware. A total of 30 cells were analyzed

from 3 independent experiments (10

cells per experiment). The colocaliza-
-y xS tion of LAMP1 and LC3 was decreased
in GBA-deficient cells compared to
control group, which was reversed by
treatment with rapamycin (40 nM for
6 h). Also, the colocalization of
LAMP1 and LC3 was decreased in
} GBA-deficient cells in response to
starvation. *P< 0.05, #*P< 0.01, AP<
0.05. (D) TEM revealed less autopha-
gosomes in neurons infected with LV-
GFP-shGba #6 than in LV-GFP-sh-con
group. Twenty cells per experiment,
n = 3. *P< 0.05.
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decrease in LC3-1I, and an increase in Tyr307 phosphorylation, autophagy. Protein expression of SNCA increased in LV-GFP-shGba
was observed upon knockdown of GBA in SK-N-SH cells relative ~ #6-infected neurons; this effect was abolished upon coinfection of
to controls; however, a normal LC3-II and p-PPP2A-Tyr307 full-length GBA, or treatment with C2 or rapamycin (Fig. 8A).
expression level was restored with C2 treatment (Fig. 7B to D).  Autophagic activity, which was suppressed in knockdown cells, was
These results indicate that the inhibition of autophagy induced by  similarly restored to normal levels by application of C2 or rapamycin,
loss of GBA is through suppression of PPP2A activity via Tyr307  which was accompanied by a decline in SNCA protein accumulation

phosphorylation.

Loss of GBA function induces
the accumulation of SNCA via
inhibition of the autophagy
pathway

To assess the role of autophagic
activity in GBA knockdown-induced
SNCA accumulation, expression of
SNCA protein was assessed in GBA-
deficient cortical neurons in the
presence of agonists of PPP2A or

Figure 5. Reduction in ceramide pro-
duction and downregulation of
BECN1 protein expression upon GBA
knockdown. (A) SK-N-SH neuroblas-
toma cells were infected with LV-
GFP-shGBA #9848-1 for 3 d, and
treated with an antibody against cer-
amide and stained with DAPI. Scale
bar =50 wm. (B) Reduced ceramide
production in cells infected with LV-
GFP-shGBA #9848-1. Samples were
imaged at the same exposure to
allow direct comparisons; ceramide
staining intensity was calculated
using Image) software. Data were
analyzed for 10 randomly selected
fields of view from 3 independent
experiments. **P< 0.01 vs. LV-GFP-
sh-con group. (C) Endogenous C2
level was reduced in GBA-deficient
SK-N-SH neuroblastoma cells
infected with LV-GFP-shGBA #9848-
1, which was reversed by exogenous
C2 application (5 uM for 8 h), as
determined by HPLC-MS/MS. **P<
0.01 vs. LV-GFP-sh-con group, **P<
0.01 vs.  LV-GFP-shGBA  #9848-1
(n=3). (D, E) Downregulation of
BECN1 protein expression in GBA
knockdown  neuroblastoma  cells
transfected with shGBA #9847-1 and
shGBA #9848-1. *P< 0.05, **P<
0.01vs. normal; n = 3. (F, G)
Decreased expression of BECN1 pro-
tein induced by GBA knockdown in
cortical neurons is rescued by over-
expression of full-length GBA (LV-
GFP-shGba #6+HsGBA) or treatment
with rapamycin (LV-GFP-shGba #6
+Rapa; 40 nM for 6 h). **P< 0.01 vs.
LV-GFP-sh-con group, *P< 0.05, #P<
0.01 vs. LV-GFP-shGba #6 group; n =
3.
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(Fig. 8B and C). To further clarify the role of macroautophagy path-
way on SNCA accumulation, neurons were infected with LV-cherry-
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encoding GFP—shGba #6 (LV-
GFP-shGba #6) and scrambled
negative control (LV-GFP-sh-con)
were used to infect the left striatum
of rats. LV infection of the striatal
tissue was confirmed by GFP
expression (Fig. 9A). The efh-
ciency of GBA knockdown was
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Figure 6. Inactivation of PPP2A via Tyr307 phosphorylation induced by loss of GBA function. (A) PPP2A
activity was reduced in SK-N-SH neuroblastoma cells transfected with shGBA #9847-1 and shGBA #9848-1.
**P< 0.01 compared to normal; n = 3. (B) PPP2A activity was reduced in cortical neurons infected with LV-
GFP-shGba #6, which was reversed by coinfection of cells with full-length GBA (LV-GFP-shGba #6+HsGBA) or
C2 treatment (LV-GFP-shGba #6+C2; 5 uM for 8 h). **P< 0.01 compared to LV-GFP-sh-con group, ##p~ 0.01
compared to LV-GFP-shGba #6 group; n = 3. ((C)to E) Increased phosphorylation of PPP2A at Tyr307
(p-PPP2A [Tyr307]) in neuroblastoma cells transfected with shGBA #9847-1 and shGBA #9848-1. *P< 0.05
compared to normal; n = 3. ((F)to H) Increased level of p-PPP2A (Tyr307) in cortical neurons infected with
LV-GFP-shGba #6; the effect was abolished by overexpression of full-length GBA (LV-GFP-shGba #6+HsGBA)
or C2 treatment (LV-GFP-shGba #6+C2). **P< 0.01 compared to LV-GFP-sh-con group, *P< 0.01 compared

PPP2A at Tyr307 was increased
(Fig. 9I). A decrease in BECNI1
expression and the LC3-II level
was also observed upon knock-
down of GBA in the striatum rela-
tive to the contralateral side
(Fig. 9H and J). Taken together,
these results indicate that the loss
of GBA function promotes SNCA
accumulation through inhibition

shAzg5 and scrambled negative control (LV-cherry-sh-con). Accord-
ingly, the level of ATG5 protein was reduced in neurons infected
with LV-cherry-shAzg5, compared to control neurons. Moreover,
Atg5 knockdown led to SNCA accumulation, which was abolished
upon treatment with rapamycin (40 nM for 6 h) (Fig. S5). These
results suggest the causal relationship between SNCA accumulation
and macroautophagy. Taken together, these findings demonstrate
that loss of GBA function results in the suppression of autophagy
via inhibition of PPP2A activity, thereby leading to SNCA
accumulation.

SNCA accumulation induced by loss of GBA function
involves inhibition of autophagy via PPP2A inactivation in rats
To confirm the mechanistic basis of SNCA accumulation
induced by loss of GBA function in vivo, LV gene transfer vectors
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of the autophagy pathway via
PPP2A inactivation.

Loss of GBA function leads to the production and
aggregation of SNCA oligomeric species in cortical neurons

To confirm whether SNCA accumulation resulting from loss
of GBA function was responsible for the inhibition of macroau-
tophagy, the presence of high molecular weight SNCA species
was examined by western blotting. Monomers of SNCA are rec-
ognized by the ubiquitin-proteasome system and chaperone-
mediated autophagy and subsequently degraded. However, mac-
roautophagy is the only mechanism for clearance of oligomers
and SNCA aggregates.””*® We used solubility in 1% TritonX-
100 to separate soluble from insoluble forms. The accumulation
of high molecular weight SNCA species was significantly
increased in the TritonX-100 insoluble fraction in LV-GFP-
shGba #6-infected neurons, and this effect was abolished by
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reduced (Fig. S6), likely as a conse-
quence of GBA deficiency. Trans-
genic mice overexpressing HsSNCA
were examined in order to assess the

level of autophagy and further con- | "=3:

Figure 7. C2 treatment restores autophagic activity in SK-N-SH neuroblastoma cells with GBA knockdown.
(A to C) Decreased LC3-Il level, as well as increased PPP2A phosphorylation at Tyr307 (p-PPP2A [Tyr307]) in
cells transfected with shGBA #9848-1 were reversed by C2 treatment (shGBA #9848-1+C2; 5 wM for 8 h).
(D) Autophagic activity was restored in GBA-deficient cells in the presence of C2, as assessed by the ratio of
LC3-II/ACTB. **P< 0.01, ***P< 0.001 compared to normal, ##p~ 0.01 compared to shGBA #9848-1 group;

firm the relationship between GBA

and SNCA. These results indicated

that GBA protein level and LC3-II level were significantly
decreased in transgenic mice compared to wild-type mice
(Fig. S7A). In order to further assess whether PPP2A or autophagy
inhibition by GBA knockdown contributes to neurodegeneration,
cell viability was evaluated using the MTS and LDH release assays.
GBA knockdown resulted in a decreased in cell viability and an
increased in LDH release, compared to control neurons, which
were reversed by application of C2 or rapamycin (Fig. S7B, C).
These alterations in PPP2A activity or autophagy level or GBA
and SNCA protein could contribute to neurodegeneration.

Discussion

The current study analyzed the contribution of the autophagy
pathway to the SNCA accumulation induced by GBA deficiency
in SK-N-SH cells, primary rat cortical neurons, and the rat stria-
tum. The results revealed that the regulation of PPP2A activity
by phosphorylation on Tyr307 mediates the inhibition of auto-
phagic activity upon loss of GBA function.

Recent studies have shown an association between GBA var-
iants and familial and sporadic PD cases.”®' Indeed, GBA

www.tandfonline.com
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mutations are currently the most common genetic risk factor
associated with PD, and patients have 5 times greater likelihood
of carrying mutations in GBA.® However, the mechanistic basis
of this association is unknown. Deposits of SNCA have been
identified in pathological aggregates, such as LBs, Lewy neurites,
and oligodendroglial inclusions in PD and several other neurode-
generative disorders.?> Here, it was shown that loss of GBA func-
tion caused a significant increase SNCA protein accumulation
(Fig. 1), consistent with some previous reports;lG’17 other studies
have found that suppression of GBA activity using the pharmaco-
logical inhibitor conduritol B epoxide has no effect on SNCA
metabolism,> possibly because SNCA accumulation is GBA
mutant-specific.'” However, SNCA mRNA level was unaltered
by GBA knockdown, suggesting that inadequate degradation of
SNCA protein accounted for the elevated expression.

Autophagy is reportedly impaired in the brains of PD
patients.”* Additionally, expression of regulatory components of
the autophagy-lysosomal pathway is altered in the temporal cor-
tex of LBD patients.”® In this study, a downregulation of macro-
autophagy markers such as BECN1 and LC3 was observed in
GBA-deficient neuroblastoma cells and cortical neurons and in
the striatum (Figs. 2, 5 and 9). This is in accordance with the
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The results of this study present
the first evidence that the mechanistic
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ton and aggregation, as well as
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PPP2A phosphorylation at Tyr307,
accompanied by a suppression of
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tent with the recent finding that
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###p< 0.001 compared to LV-GFP-shGba #6 group; n = 3.

Figure 8. Loss of GBA function leads to inhibition of autophagy via downregulation of PPP2A activity,
resulting in SNCA accumulation in cortical neurons. (A, B) Increased SNCA protein expression, and
decreased autophagic activity (LC3-lI/ACTB), in neurons infected with LV-GFP-shGba #6 are reversed by
overexpression of full-length GBA (LV-GFP-shGba #6+HsGBA), or by treatment with C2 (LV-GFP-shGba #6
+C2; 5 M for 8 h) or rapamycin (LV-GFP-shGba #6+Rapa; 40 nM for 6 h). (C) Expression of SNCA protein in
GBA-deficient neurons was restored to normal levels by overexpression of full-length GBA, or treatment
with PPP2A or autophagy agonists. **P< 0.01 compared to LV-GFP-sh-con group, *P< 0.05, #P< 0.01,

logically by OA or by shRNA-medi-
ated silencing of PPP2C, inhibits
basal autophagy,”” whereas C2-
dependent PPP2A  activation may
induce the GBA knockdown-medi-
ated autophagy pathway (Fig. 7).
These results indicate that GBA

reduction in autophagy markers ATG5, ATG12, and LC3 in cul-
tured neurons seen in a type II GD mouse model, in which appli-
cation of the autophagy-lysosomal pathway inhibitor BafAl
caused a small but significant increase in LC3-II level.*® A
decreased LC3-II level compared to controls was actually
observed upon GBA knockdown (Figs. 2 and 9), which was res-
cued by treatment with rapamycin. Constitutive expression of
BECNI induces macroautophagy, and in neurons overexpressing
SNCA, as well as in brains of SNCA transgenic mice, elevated
levels of BECN1 expression result in autophagy, lysosomal acti-
vation, decreased SNCA accumulation, and reduced synaptic
and dendritic pathology.'® BECNT1 is bound to the anti-apopto-
tic protein BCL2 in the cytoplasm, and its dissociation from
BCL2 is essential for the initiation of autophagosome forma-
tion.”” Therefore, the reduced expression of BECN1 in GBA
knockdown cells and tissues implies that autophagosome genera-
tion was impaired. Ceramide, a product of GBA activity, stimu-
lates the expression of BECN1;*° the observed downregulation
of BECNI1 expression could therefore be caused by a GBA
knockdown-induced reduction in GBA expression and activity,
and the consequent decrease in ceramide production (Fig. 5).
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knockdown inhibits autophagy via
PPP2A inactivation, which is likely
important for autophagosome formation (Figs. 3 and 4). This may
be associated with a decrease in ceramide production (Fig. 5A, B and
C), which is a known inducer of alutophagy.26 Alternatively, it has
been suggested that ceramide, a potent apoptotic agent, promotes the
dephosphorylation of the antiapoptotic molecule BCL2 through acti-
vation of PPP2A,*" in contrast with the results of the present study.
These contradictory findings may be explained by the dose-depen-
dence of ceramide action; for instance, 3 pM ceramide promotes
neuronal growth, and apoptosis is induced only when the concentra-
tion exceeds 10 wM.** However, further studies are required to
delineate the precise mechanism by which GBA deficiency leads to
the hyperphosphorylation and inactivation of PPP2A.

PPP2A activity is regulated by 3 processes: phosphorylation,
methylation, and the binding of endogenous inhibitors such as
inhibitor-1 and -2 of PPP2A.*** PPP2C phosphorylation at
Tyr307 decreases PPP2A activity by 90% in vitro,"” and is
increased by the loss of GBA function. To determine the mecha-
nism of PPP2A inactivation, the methylation status of PPP2A
was examined. The methylation of the C subunit is required for
the assembly of B55-type subunits,”*® and a decrease in PPP2A
methylation and PPP2R2A/B55a expression is detected in the
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Figure 9. Loss of GBA function leads to SNCA accumulation through inhibition of autophagy involving PPP2A inactivation in rats. (A) Confocal immuno-
fluorescence microscopy reveals an enhancement of GFP signal following LV-GFP-shGba #6 injection into the left striatum of rats, with no fluorescence

detected on the contralateral (uninjected) side. Scale bar = 500 pum. (B, C)

LV gene transfer vectors encoding GFP-shGba #6 (LV-GFP-shGba #6) and

scrambled negative control (LV-GFP-sh-con) were injected into the left striatum of rats; 1 wk later, RNA was extracted from whole striatal tissue homoge-
nates for analysis of Gba and Snca mRNA expression by quantitative RT-PCR. (D, E) GBA and PPP2A activities were reduced in the striatum of rats infected
with LV-GFP-shGba #6. (F) GBA expression, autophagy level, phosphorylation level of PPP2A at Tyr307, and SNCA expression were assessed by western
blotting. (G) GBA protein expression was reduced in the striatum of rats infected with LV-GFP-shGba #6. ((H)to K) Downregulation of BECN1 protein
expression, increased phosphorylation of PPP2A at Tyr307, decreased LC3-Il level, and increased SNCA protein expression were observed in the striatum
infected with LV-GFP-shGba #6. *P< 0.05, **P< 0.01 vs. contralateral group; n = 3.

frontal and temporal cortices of AD patient brains.*”**® The level
of methylated PPP2A, representing the active form of the
enzyme, was decreased in SK-N-SH cells and cortical neurons
upon GBA knockdown (Fig. S8), indicating a suppression of
PPP2A activity. A decrease in the expression of the B subunit was
also observed in these cells, which likely led to reduced methyla-
tion of the C subunit. However, no changes were detected in the
level of the A subunit (Fig. S8). As noted earlier, PPP2R5A/

www.tandfonline.com
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B56a and not the A subunit is upregulated by ceramide in REH
cells;*! thus, the decrease in PPP2C methylation and downregu-
lation of PPP2R could further contribute to PPP2A inactivation
induced by loss of GBA function.

In addition to the lysosome, autophagic vacuoles are a com-
partment required for SNCA clearance.”” Moreover, gene
replacement of BECNI, which stimulates autophagy, abrogates
the deleterious effects of SNCA overexpression in animal models
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Figure 10. SNCA oligomerization and aggregation by loss of GBA function. (A, B) The accumulation of high-molecular-weight SNCA species were signifi-
cantly increased in the TritonX-100 insoluble fraction in LV-GFP-shGba #6-infected neurons, and this effect was abolished by treatment with C2 (5 pM
for 8 h). (C) Neurons were infected with LV-GFP-shGba #6 or LV-GFP-sh-con for 3 d, and SNCA aggregation was assessed by thioflavin-S. Nuclei were

stained with DAPI. Scale bar = 10 pm. (D) The number of cells containing

SNCA aggregates was quantified in 6 randomly chosen microscopic fields.

SNCA aggregation was observed in cortical neurons upon GBA knockdown, which was alleviated upon treatment with rapamycin (40 nM for 6 h).

*P< 0.05, **P< 0.01 vs. LV-GFP-sh-con group, #P< 0.05, vs. LV-GFP-shGba #6

of PD and LBD.'® Conversely, the oligomerization of SNCA is
induced by suppression of autophagic activity.”® GBA-deficient
cortical neurons and tissue had increased levels of monomeric
and oligomeric SNCA species, which was reversed by treatment
with C2 or rapamycin, likely through upregulation of the macro-
autophagic pathway (Figs. 8 and 10). However, the contribution
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group; n = 3.

of the ubiquitin-proteasome protein degradation pathway to the
clearance of SNCA cannot be overlooked.

Taken together, these data suggest that the loss of GBA function
leads to SNCA accumulation through inhibition of the autophagy
pathway via PPP2A inactivation; SNCA overexpression leads to a
decrease in GBA protein, which may in turn promote SNCA
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accumulation and oligomerization in a positive feedback loop, ulti-
mately resulting in neurodegeneration. This can explain the obser-
vation that in GD and sporadic PD models, decreased GBA
activity causes abnormal SNCA accumulation, which consequently
inhibits normal GBA function.*®>" 2

In conclusion, this study demonstrated that loss of GBA func-
tion inhibits the autophagy pathway, through negative regulation
of PPP2A activity and possibly some upstream components,
resulting in SNCA accumulation. These results offer insight into
the molecular basis of PD and other neurodegenerative diseases,
and potentially provide novel targets for pharmacological treat-
ment strategies.

Materials and Methods

Plasmid constructs and lentivirus (LV)

ShRNA (shGBA #9847-1, 5'-AGCTAAATATGTTCATGG-
CAT-3; shGBA #9848-1, 5-GACTTCATTGCCCGT-
GACCTA-3') targeting a specific region of human GBA mRNA
(NM_001005741.2), and a scrambled negative control (sh-con,
5'-TTC TCC GAA CGT GTC ACG T-3'), were cloned into the
GV248 vector (Genechem, Shanghai, China).LV gene transfer
vectors encoding GFP-shGBA #9848-1 (LV-GFP-shGBA
#9848-1) and a scrambled shRNA used as a negative control
(LV-GFP-sh-con) were synthesized by Genechem.

LV gene transfer vectors encoding GFP-shRNAs (LV-GFP-
shGba #5, 5'-TAGCGAAGGCATTGAGTATAA-3'; LV-GFP-
shGba #6, 5'-CAGGCCATATCTTGGGCATAT-3"; LV-GFP-
shGba #7, 5'-GAGGCCTGGGCCAATTACTTT-3'), targeting
specific regions of rat Gba mRNA (NM_001127639.1), a scram-
bled negative control (LV-GFP-sh-con, 5-TTC TCC GAA
CGT GTC ACG T-3'), a LV vector encoding human GBA (LV-
GFP-HsGBA), and a LV vector encoding cherry-shRNA (LV-
cherry-shAzg5, 5'-AGAAGATGTTAGTGAGATT-3'), targeting
specific regions of rat Azg5 mRNA (NM_001014250) were con-
structed (Genechem). The plasmids and lentivirus used in this
study are listed in Table 1.

The human wild-type SNCA (HsSNCA) cDNA was obtained
by reverse transcriptase PCR from human brain RNA. Primers 5'-
CTGGAAGATATGCCTGTGGATC-3' and 5-AGCACTTG-
TACAGGATGGAAC-3' were designed according to the SNCA
sequence in GenBank (NM_000345.3). The cDNA was direc-
tionally cloned into the pCMV-myc plasmid (kindly provided by
Dr. ZhiqingXu, Capital Medical University, China) and the ori-
entation was verified by sequencing. An LV gene transfer vector

Table 1 ShRNA-plasmids and shRNA-lentivirus used in this study

Plasmids or Lentivirus Vector Vector information

shGBA #9847-1 GV248 hU6-MCS-Ubiquitin-EGFP-IRES-puromycin
shGBA #9848-1 GV248 hU6-MCS-Ubiquitin-EGFP-IRES-puromycin
LV-GFP-shGBA #9848-1 GV118 U6-MCS-Ubi-EGFP
LV-GFP-shGba #6 GV118 U6-MCS-Ubi-EGFP
LV-cherry-shAtg5 GV298 U6-MCS-Ubiquitin-Cherry-IRES-puromycin
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encoding a GFP-HsSNCA fusion protein (LV-GFP-SNCA) was
generated by Genechem.

Cell cultures and transfection
Human SK-N-SH cells

Human SK-N-SH neuroblastoma cells obtained from the
American Type Culture Collection (HTB—]IIM) were grown in
Dulbecco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum (Gibco, 10099—-141) until 70% to 80% con-
fluence, then transfected with plasmids using Lipofectamine
2000 (Invitrogen,11668019) according to the manufacturer’s
instructions. Cells were incubated at 37°C in a humidified atmo-

sphere of 5% CO, for the indicated times.

Primary rat cortical neurons

All experiments were approved by the Institutional Animal
Care and Use Committee of Capital Medical University of Sci-
ence and Technology (approval No. SCXK-2011-004) and per-
formed in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Sur-
geries were performed under chloral hydrate anesthesia. Primary
cortical neurons were prepared from Sprague-Dawley rat E14.5
to 15.5 embryos. Briefly, dissociated neurons were cultured in 6-
well or 24-well plates on coverslips coated with 100 pg/mL
poly-L-lysine (Sigma, P1524), in Neurobasal medium (Gibco,
21103-049) supplemented with L-glutamine (0.5 mM) and B27
supplement 50 (at a final concentration of 1x; Gibco, 17504—
044). After 7 days, primary neurons were infected with LV.

Preparation of GBA knockdown rats by LV infection

The animal protocol was approved by the Animal Care and
Use Committee of Capital Medical University and was consistent
with the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals (Publication No. 80-23). Male
Sprague-Dawley rats (190 to 210 g) were housed under a
12:12 h light/dark cycle at 20°C to 23°C with free access to food
and water. Rats were anesthetized with 6% chloral hydrate
(6 ml/kg by intraperitoneal injection). Stereotaxic coordinates
for injection into the striatum were: bregma anteroposterior
0 mmy; lateral £3 mm; and ventral —5 mm from the dura, with
the tooth bar set at 0 mm. Suspensions of GFP-labeled LV vector
(3%10% TU) in a 5-pl volume were injected into the left striatum
of rats. At the end of the injection, the needle was left in place for
10 min before being slowly withdrawn. The skin was sutured
and rats were allowed to recover. One wk after infection, rats
were used for subsequent experiments.

Transgenic mice

The animal protocol was approved by the Animal Care and
Use Committee of Capital Medical University and was consistent
with the NIH Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 80-23). Male transgenic mice (18 to
22 g) overexpressing HsSSNCA (T'G) were purchased from the
Jackson Laboratory (Bar Harbor, Maine, USA) numbered
017682, and maintained on a C57BL/6N background. Trans-
genic mice and wild-type (WT) littermates were housed under a
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12:12 h light/dark cycle at 20°C to 23°C with free access to food
and water.

Sample preparation and western blot analysis

After transfection or infection, cells or tissue were washed with
ice-cold phosphate-buffered saline (PBS; Origene, ZLI-9062)
and lysed in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM
sodium chloride, 1% NP-40 [Sigma, 74385], 0.1% SDS [Sigma,
L5750]) containing phosphate and protease inhibitor cocktails
(Roche, 04693132001). Homogenates were centrifuged at
12,000 %x ¢ for 20 min and the supernatant fraction was collected
for analysis. The protein concentration was determined using a
bicinchoninic acid protein assay kit (Pierce Biotechnology,
23227) according to the manufacturer’s instructions. A total of
20 g of protein was resolved on 10% SDS polyacrylamide gels
and transferred to PVDF membranes (Millpore, ISEQ00010).
After blocking with 10% milk for 1 h, membranes were incu-
bated with the following primary antibodies: rabbit anti-ACTB
(1:5,000; Sigma, A5060), rabbit anti-ATG5 (1:1000; Cell Sig-
naling Technology, 8540), rabbit anti-BECN1 (1:1,000; Pro-
teintech Group, 11306-1-AP), rabbit ant-GBA (1:1,000;
Epitomics, 5719-1), rabbit anti-LC3 (1:1,000; Novus Biologi-
cals Ltd., NB100-2220), rabbit anti-phospho (p)-PPP2C
(Tyr307) (1:1,000; Abcam, ab32104), mouse anti-PPP2A
(1:1,000; BD Transduction Laboratories, 610556), mouse anti-
methyl-PPP2C  (1:500; Millipore, 04-1479), rabbit anti-
PPP2R1 (1:1,000; Millipore, 07-250), mouse anti-PPP2R
(1:1,000; Millipore, 05-592), rabbit anti-SQSTM1/p62
(1:1000; Cell Signaling Technology, 8025), mouse anti-3D5-
SNCA (1:500; gift from Dr. ShunYu, Xuanwu Hospital, Capital
Medical University, China), and mouse anti-SNCA (1:500; BD
Transduction Laboratories, 610787). HRP-conjugated secondary
antibodies (1:10,000) were purchased from KPL (04-18-006; 04—
15-06). ACTB was used as a loading control. Immunoblots were
visualized with super enhanced chemiluminescence detection
reagent (Applygen, P1020) using a Gel-Doc 2000 imaging sys-
tem (Bio-Rad, Hercules, USA).

SNCA aggregation assay

Primary rat cortical neurons were resuspended in 5 volumes of
ice-cold TritonX-100 lysis buffer (50 mM Tris, pH 7.4,
175 mM NaCl, 5 mM EDTA, 1% TritonX-100 [Sigma,
V900502], 1 mM PMSF), and incubated on ice for 30 min.
Samples were centrifuged at 100,000 xg for 30 min at 4°C and
the resulting supernatant fraction was deemed the TritonX-100-
soluble fraction. The pellet was resuspended in lysis buffer con-
taining 2% SDS and following sonication on ice was designated
as the TritonX-100-insoluble fraction.

RNA isolation and real-time PCR (RT-PCR)

Total RNA was isolated from SK-N-SH cells or tissue lysed
inl mL TRIzol reagent (Invitrogen, AM9738) in a 35-mm
diameter dish, according to the recommended protocol. Cell or
tissues lysates were transferred to tubes and 0.2mL of chloroform

was added for total RNA extraction. Samples were centrifuged at
12,000xg for 15min at 4°C. RNA in the colorless, upper
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aqueous phase was transferred to a fresh tube where the RNA was
precipitated by addition of isopropyl alcohol and centrifugation
at 12,000x ¢ for 10 min at 4°C. The supernatant was removed
and the RNA pellet was washed once with 75% ethanol, dried
for 10 min, and dissolved in RNase-free water.

The RNA was used to generate cDNA by reverse transcription
using the Transcriptor High Fidelitcy ¢cDNA Synthesis Kit
(Roche, 05081955001) according to the manufacturer’s instruc-
tions. The amount of cDNA was quantified by real-time PCR in
a 7300 real-time PCR thermal cycler (Applied Biosystems, Caris-
bad, USA) using the following primer/probe sets (human SNCA:
Assay 1D, Hs01103383_ml; human GBA: Assay 1D,
Hs00986836_g1; rat Snca: Assay ID, Rn00569821_m1; rat Gba:
Assay ID, Rn01455381_m1) and normalized to ACTB levels
(human ACTB: Assay 1D, Hs01060665_gl; rat Acth: Assay 1D,
Rn01775763_gl). Fluorescently labeled TagMan primer/probe
sets were manufactured by Applied Biosystems.

Immunofluorescence and confocal microscopy

Primary rat cortical neurons and SK-N-SH cells were seeded
on poly-l-lysine-coated coverslips in 24-well plates and infected
with LV-GFP-sh-con, LV-GFP-shGba #6, or LV-GFP-shGBA
#9848-1. After 3 d, cells were fixed with 4% paraformaldehyde
for 30 min, washed in PBS, and permeabilized with 0.3% Triton
X-100 in PBS for 10 min at room temperature. After blocking
with 10% normal goat serum for 1 h, cells were incubated with
rabbit anti-TUBB3/tubulin III (1:1,000; Abcam, ab7751),
mouse anti-ceramide (1:100; Sigma, C8104), rabbit anu-
GlcCer/glucosylceramide  (1:50; Glycobiotech, RAS_0011),
mouse anti-LC3 (1:100; MBL, M152-3), and rabbit anti-
LAMP1 (1:200; sigma, L1418) antibody overnight at 4°C, fol-
lowed by incubation with Alexa Fluor 594-conjugated (1:500;
Life Technologies, A-21207 or A-21203) and/or Alexa Fluor
647-conjugated secondary antibody (1:500; Life Technologies,
A-21244) for one h at room temperature. SNCA aggregates were
stained with Thioflavin S (Sigma, T1892) as previously
described.>? Briefly, cells were incubated with 0.5% Thioflavin S
for 8 min, then washed in 80% ethanol. Cell nuclei were visual-
ized by counterstaining with DAPI (Sigma, D9542). Coverslips
were mounted on slides with 70% glycerol, and the cells were
imaged using a confocal microscope (Leica, TCS SP8, Solms,
Germany).

Brain tissue sections were prepared as previously described.”
Rat brains were cut into 20-pum-thick sections on a cryostat and
following immunohistochemistry, were mounted on slides with
70% glycerol and imaged using a confocal microscope (Leica).

GBA activity assay

GBA activity was measured using the QuantiChrom B-gluco-
sidase Assay Kit (BioAssay Systems, DBGD-100), according to
the manufacturer’s instructions. In this assay, p-nitrophenyl-B-p-
glucopyranoside is hydrolyzed specifically by GBA to yield a yel-
low product, with the maximal absorbance at 405 nm directly
proportional to enzymatic activity. Absorbance was measured at
the start of the reaction (0 min) and again after 20 min using a
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Bio-Rad model 3550 microplate reader (Richmond, USA). GBA
activity was calculated by the equation

GBA aCtiVity: [(OD20 - ODO)+(ODcalibrat0r - ODwater)]
x 250(U/L)

Where OD, and ODgare ODgs,,mvalues at 20 min and 0 min,
respectively, and ODjiprator a0d ODyuier ate ODypspmvalues of
the calibrator and water, respectively, at 20 min.

PPP2A activity assay

PPP2A activity was measured as previously reported,” using
the PPP2A Colorimetric Assay kit (GenMed Scientifics Inc.
USA, GMS50042.3/GMS50042.4). This assay is based on the
release of free phosphate from the dephosphorylation of
RKpTIRR by endogenous PPP2A, which is detected by a chro-
mogenic reaction with molybdenum blue produced by a ferrous
sulfate reduction. The free phosphate concentration was mea-
sured at 660 nm using a spectrophotometer (Bio-Rad, USA).
The phosphate concentration (WM/L) was converted to PPP2A

activity/mg protein as described in the following sections.
gp g

Sample preparation

Following transfection or infection, 5x 10° cells grown in 25-
cm? culture flasks or 500 mg rat striatal tissue were used for the
PPP2A activity assay. The medium was discarded after C2-cer-
amide (C2) treatment and 3 mL precooled reagent A
(GENMED Cleaning Solution) was used to wash the cells or tis-
sue, which were resuspended in 3 mL precooled reagent A, and
centrifuged at 300 x g for 5 min at 4°C. The supernatant fraction
was discarded, and 500 pL reagent B (GENMED Lysis Solu-
tion) was added to the pellet. The lysate was incubated on ice for
30 min with strong vortexing for 30 s every 10 min, then centri-
fuged at 16,000 g for 5 min at 4°C. A 500-p.L volume of the
supernatant fraction containing soluble protein was transferred
to a tube, and protein concentration was determined using a
Bradford kit (GenMed Scientifics, GMS30030.1). PPP2A activ-
ity was measured as detailed below.

Determination of sample background, and total and nonspecific
activities

Free phosphate present in the sample prior to the PPP2A-
mediated reaction (i.e., background level) was determined by
mixing 20 pL cell or tissue lysate containing 100 g protein
with 100 pL reagent C and incubating for 20 min at 30°C.
Reagents D (60 L) and F (200 pL) were added and the mixture
was incubated for 10 min at 37°C in the dark. Reagent E con-
taining the PPP2A substrate RKpTIRR was omitted to measure
pre-existing free phosphate only. The absorbance was measured
at 660 nm. For determination of total free phosphate, samples
were treated as described above, except that 20 wL reagent E
(GENMED Reaction Solution) was added after Reagent C, and
the mixture was incubated for 20 min at 30°C. Nonspecific
activity was determined as described for total free phosphate,
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with the addition of the PPP2A inhibitor okadaic acid (OA)
(10 nL reagent H).

Calculation of PP2A activity

Total PPP2A activity was measured as total free phosphate
released by PPP2A dephosphorylation. The nonspecific PPP2A
activity was measured as free phosphate released from other pro-
cesses (i.e., nonspecific activity insensitive to a PPP2A inhibitor).
Both parameters were measured as the amount of free phosphate
above sample background levels. The specific PPP2A activity of
the sample was the OA-sensitive fraction of the total, and was cal-
culated according to the following equations.

P reat tota1y (MM /ML /min) = {[Psoraty (WM/L)
— P vackground) (LM/L) ]
x 10 (multiple of system)
x 20 (dilution of sample)}

+20 (reaction time in min)
P(real nonspecific) (nM/mL/mln) = {[P(nonspccific) (MM/L)

- P(hackground) (“‘M/L)]

x 10 (multiple of system)
x 20 (dilution of sample)}

+20 (reaction time in min)

P(real total) (nM/mL/mln) /P(real nonspecific) (nM/mL/mln)
+5 (protein concentration in mg/mL)

= P(real total) (HM/mg/mln) /P(real nonspecific) (HM/mg/mln)
P(real specific) (HM/mg/mln) = P(real total) (HM/mg/mm)

- P(rea[ nonspecific) (nM/mg/mln)

Lipid extraction and high performance liquid chromato-
graphy-tandem mass spectrometry (HPLC-MS/MS)

Lipids were extracted from cells using the Bligh&Dyer proto-
col typically used for biological matrices.’® Briefly, cells grown
on 100-mm plates were scraped and washed with cold PBS, then
centrifuged for collection. Cells were mixed with chloroform fol-
lowed by methanol (2:1, v/v) and sonicated before 0.5 mL
ddH,O was added and the mixture was transferred to a 15-mL
centrifuge tube. After centrifugation, the lower phase was trans-
ferred by aspiration to a clean glass tube, and the solvent was
evaporated under N,. Samples were stored at —20°C until analy-
sis. Except for the high-speed centrifugation, glass products were
used in the remaining steps.

Cell extracts were analyzed on a 1290 Infinity chromatograph
combined with a 6490 Triple Quad LC/MS system (Agilent
Technologies, Santa Clara, CA, USA). The column (at 25°C)
was an SB-C18 3.0x100 mm with 1.8-pm particles (Agilent
Technologies), and solvents A and B were ultrapure water (with
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0.1% HCOOH and 5 mM NH4Ac) and 100% acetonitrile,
respectively. A flow rate of 0.2 mL/min and injection volume of
2.0 pL were used. The C2 standard (Sigma, A7191) was
detected in the multiple reaction monitoring mode by MS/MS
with electrospray ionization in the positive ion mode. The fol-
lowing conditions were applied: gas temperature=200°C, gas
flow=14.0 L/min, nebulizer=25 psi, sheath gas temper-
ature=400°C, sheath gas flow=11.0 L/min, and collision
energy=25. Parent ions (m/z 342) were subjected to collision-
induced dissociation and generated the daughter ion sphingosine,
a characteristic ceramide fragment (m/z 264). The standard was
used to confirm the retention time. Calibration curves were gen-
erated from serial dilutions of the standard (0.005, 0.05, 0.1,
0.5, 1, and 5 pg/mL). Samples were detected and extracted ion
peaks (342.0 > 264.0) were integrated for quantitative analysis.
The data were further normalized to the protein content of each
sample.

Preparation of cellular sections and transmission electron
microscopy (TEM)

Ultrastructural analysis was performed on primary rat cortical
neurons. The primary neurons cultured in different conditions,
were fixed in suspension with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (Wako, 039-18165) for 2 h at 4°C, and suffi-
cient washed in 0.1 M PBS, then postfixed in 1% osmium
tetroxide in 0.1 M cacodylate buffer for 1 h at room tempera-
ture. The samples were then dehydrated in graded ethanol and
embedded in epoxy resin. Ultrathin sections were collected on
Formvar coated copper grids (Beijing Xinxing Braim Technology
Co., Ltd, T11022), stained with uranyl acetate and lead citrate,
and observed on transmission electron microscope (JEOL, JEM-
2100, Japan).

Cell viability assay

Cell viability was determined using a CellTiter 96® AQueous
One Solution Cell Proliferation (MTS) assay kit (Promega,
G3580) according to the manufacturer’s instruction. Toxicity
was evaluated by LDH-Cytotoxicity Detection Kit (Roche,
04744926001), following the manufacturer’s protocol.

Statistical analysis
Western blotting results were analyzed as previously
described.”  Relative optical ~density values for bands
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