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Parkinson’s disease (PD) is an age-related neurodegenerative disorder
characterized by the accumulation of protein aggregates comprised of
α-synuclein (α-syn). A major barrier in treatment discovery for PD is
the lack of identifiable therapeutic pathways capable of reducing ag-
gregates in human neuronal model systems. Mutations in key com-
ponents of protein trafficking and cellular degradation machinery
represent important risk factors for PD; however, their precise role
in disease progression and interaction with α-syn remains unclear.
Here, we find that α-syn accumulation reduced lysosomal degradation
capacity in human midbrain dopamine models of synucleinopathies
through disrupting hydrolase trafficking. Accumulation of α-syn at the
cell body resulted in aberrant association with cis-Golgi–tethering fac-
tor GM130 and disrupted the endoplasmic reticulum-Golgi localization
of rab1a, a key mediator of vesicular transport. Overexpression of
rab1a restored Golgi structure, improved hydrolase trafficking and
activity, and reduced pathological α-syn in patient neurons. Our work
suggests that enhancement of lysosomal hydrolase trafficking may
prove beneficial in synucleinopathies and indicates that human mid-
brain disease models may be useful for identifying critical therapeutic
pathways in PD and related disorders.
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Parkinson’s disease (PD) is an age-dependent neurodegener-
ative disorder characterized by the accumulation of a synaptic

protein, α-synuclein (α-syn), within Lewy bodies and neurites of the
nervous system in the form of amyloid fibrils (1). Although the
factors that convert α-syn from a normal soluble protein into in-
soluble amyloid aggregates are not known, recent studies have
indicated that perturbations in cellular pathways that mediate the
synthesis or degradation of α-syn may play a role. The formation of
toxic aggregates in vitro is dramatically accelerated by increased
α-syn concentration (2), a notion that is supported in vivo through
PD patients that overproduce α-syn through SNCA gene triplica-
tion (trp) (3). In addition to aberrant synthesis, disruptions in
protein clearance pathways have been linked to PD. For example,
recent clinical, genetic, and pathological data demonstrate a linkage
between the lysosomal storage disorder (LSD), Gaucher disease
(GD), and synucleinopathies (4–6), suggesting that lysosomal dys-
function contributes to α-syn aggregation and PD pathogenesis (7).
Over 50 LSDs exist, and nearly all are characterized by neu-

rodegeneration, emphasizing the importance of lysosomal func-
tion for neuronal health. Although biochemical identification of
the storage material(s) has advanced our understanding of cellular
dysfunction in these diseases, the mechanisms that lead to neu-
rodegeneration are unknown. Previously, we demonstrated that
the primary storage material of GD, glucosylceramide (GluCer),
directly interacted with α-syn and promoted conformational con-
version into pathogenic oligomeric species and amyloidogenic fi-
brils (8). We also showed that accumulated α-syn interfered with
trafficking and activity of mutant or wild-type GCase (8).

In addition to lysosomal dysfunction, genetic analysis has in-
dicated that defects in vesicular trafficking can lead to PD (9, 10).
Interestingly, functional studies of trafficking proteins implicate
their role in α-syn–mediated cell death (11–13). Whereas these
studies imply that vesicle trafficking deficits may lead to α-syn
accumulation, no studies have demonstrated a mechanistic linkage
between these processes.
Here we show that α-syn impairs key vesicular trafficking com-

ponents at the early secretory pathway, resulting in disrupted hy-
drolase trafficking and reduced lysosomal function. Expression of
the small GTPase rab1a restored trafficking machinery and ele-
vated lysosomal function, further suggesting that decreased traf-
ficking of hydrolases represents the main mechanism of altered
lysosomal function in synucleinopathies. Importantly, we confirmed
our findings in induced pluripotent stem cell (iPSC)-derived mid-
brain neurons that naturally form amyloidogenic α-syn inclusions
after culturing for hundreds of days. Our results suggest that im-
proved trafficking of lysosomal hydrolases may be a viable target for
the treatment of synucleinopathies.

Results
Lysosomal Dysfunction Induced by α-Synuclein Accumulation. To de-
termine if a functional relationship exists between α-syn accumu-
lation and the lysosomal system in human midbrain dopamine
(DA) neurons, we measured the degradation rate of long-
lived proteins in neurons that overexpress α-syn by lentiviral
transduction. Midbrain neurons were generated from an ex-
tensively characterized iPSC line derived from a healthy control
that was confirmed to lack PD-linked mutations (8), using a pre-
viously established differentiation protocol (14). Immunofluorescence
analysis confirmed successful differentiation into midbrain neurons
(SI Appendix, Fig. S1). Neurons were infected with lentiviral particles
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to express human WT α-syn, and Western blot analysis indicated a
two-to-threefold elevation in protein levels (Fig. 1A). To determine
the effect of α-syn aggregation on lysosomal function, we also infected
DA neurons with an α-syn deletion mutant, Δ71–82, lacking the
mostly hydrophobic domain responsible for amyloid fibril formation
(15, 16). Lenti-WT-α-syn–infected DA neurons showed a decline in
long-lived proteolysis rates compared with vector (Fig. 1B), and
comparison of WT-α-syn–expressing neurons with the Δ71–82 mu-
tant indicated that lysosomal dysfunction is exacerbated by aggrega-
tion-dependent mechanisms (Fig. 1B).
To confirm the effects of α-syn accumulation on the lysosomal

system using a more natural overexpression model, we generated
and characterized PD midbrain neurons that overexpress α-syn
through genetic triplication (SNCA trp) (SI Appendix, Fig. S2)
(3). Two SNCA trp lines were used throughout this study (PD-1
and PD-2) and compared with neurons from three different
healthy control individuals (ctrl-1, ctrl-2, and ctrl-3). Additionally,
we used a previously characterized line that accumulates α-syn as a
result of GBA1 mutations (N370S/c.84dupG) (8). Extensive anal-
ysis of the culture population indicated similar expression of mid-
brain markers (β-III tubulin, TH, FOXA2, and LMX1a) between
lines that persisted for 330 d (SI Appendix, Figs. S3 and S4).
Immunostaining analysis revealed that α-syn was localized

to synapses in control and patient neurons, however, began
accumulating at the cell body of SNCA trp neurons at day
60 (SI Appendix, Fig. S5). Pathological analysis indicated
the presence of amyloidogenic inclusions in cell bodies and

neurites by day 90 (SI Appendix, Fig. S6), as well as accumula-
tion of soluble oligomeric and insoluble species that persisted for
330 d (Fig. 1C and SI Appendix, Fig. S7). This indicates that the
midbrain patient model recapitulates several features of PD brain.
We next sought to determine if α-syn aggregates naturally

formed by SNCA trp result in lysosomal dysfunction through
measuring long-lived protein degradation. The dependability of
the assay for detecting changes in patient lines was established by
comparing proteolysis rates of three healthy controls. We found
that all lines responded very similarly to lysosomal inhibitors
(SI Appendix, Fig. S8). Next, we compared proteolysis rates of
controls vs. SNCA trp midbrain neurons and found no statistical
differences until d180 when patient lines showed rates that were
∼50% lower than controls, although data at d110 approached
significance at P = 0.09 (Fig. 1D). We also found reduced pro-
teolysis in GD midbrain neurons, compared with both PD and
control lines at d110 (Fig. 1D). Degradation of short-lived pro-
teins that are mainly degraded by the proteasome was measured
and indicated no difference between control and patient lines at
d180 (SI Appendix, Fig. S9A). Consistent with lysosomal dys-
function, increased lysosomal mass was detected in PD and GD
neurons. Importantly, this effect was partially rescued by lenti-
shRNA knockdown of α-syn in both PD and GD lines
(SI Appendix, Fig. S9 B–D). Together with data in Fig. 1, this
indicates that lysosomal dysfunction likely occurs as a down-
stream consequence of α-syn accumulation that is partially re-
versible upon α-syn reduction.

α-Synuclein Impedes Lysosomal Function Through Reducing Hydrolase
Activity. To gain a mechanistic understanding of how α-syn accu-
mulation leads to lysosomal dysfunction, we considered the possi-
bility that α-syn reduces the activity of hydrolases within the
lysosomal compartment. This hypothesis is based on our previous
finding that α-syn reduces GCase activity in lysosomal fractions
when measured in vitro (8). To test this, we measured the activity
of cathepsin B using a live-cell assay capable of distinguishing ly-
sosomal vs. nonlysosomal activity (SI Appendix, section 2g). Using
this approach, we found a significant reduction in lysosomal ca-
thepsin B activity in PD and GD patient neurons compared with
controls (SI Appendix, Fig. S10).
In addition to cathepsin B, we observed reduced activity of

other nonprotein-degrading lysosomal enzymes, including GCase,
β-galactosidase (β-gal), and hexosaminidase (hex), within acidic
subcellular compartments, whereas total activity (lysosomal +
nonlysosomal) was not changed (Fig. 2 A and B). The expression of
aggregation-deficient Δ71–82 α-syn, or aggregation-prone poly-
Q-huntingtin, had a minimal effect on lysosomal GCase activity,
indicating that inhibition resulted specifically from α-syn aggrega-
tion (Fig. 2A). Enzymatic deficiency in lysosomal compartments
was observed in three different control lines infected to overexpress
α-syn (Fig. 2 A and B and SI Appendix, Fig. S11), as well as patient
lines that naturally accumulate α-syn (Fig. 2 C–F), demonstrating a
reproducible effect. GD lines exhibited little GCase activity as
expected, but also demonstrated reduced activity of other hydro-
lases, including β-gal, Hex, and Sulfatase (Fig. 2 C–F).
To confirm enzymatic deficiency in a separate PD line, we

generated midbrain neurons from an idiopathic PD (iPD) pa-
tient that accumulates α-syn (SI Appendix, Fig. S12 A–C). Similar
to SNCA trp and GD neurons, iPD neurons demonstrated a
reduction in GCase activity specifically within acidic subcellular
compartments (SI Appendix, Fig. S12D).
Importantly, reduction of α-syn in both SNCA trp and GD lines

by shRNA knockdown increased the activity of hydrolases within
the lysosomal compartment, indicating that hydrolase activity is
specifically affected by α-syn accumulation (Fig. 2 G and H).
Together, the data suggest that α-syn accumulation results in
reduced enzymatic activity of multiple lysosomal hydrolases,
leading to lysosomal dysfunction.

Fig. 1. Compromised lysosomal function in human midbrain DA neurons
that accumulate α-syn. (A) Western blot of α-syn (antibody syn211) showing
overexpression of human WT α-syn (αS) or aggregation-deficient Δ71–82
mutant (Δ) by lentiviral infection [multiplicity of infection (moi) 5, days post
infection (dpi) 14] compared with empty vector (V) in midbrain DA neurons
derived from a healthy control. Coomassie Blue (CBB) staining of the gel
indicates loading. (Right) Quantification of normalized α-syn levels (n = 3,
*P < 0.05 compared with Vect). (B) Lysosomal proteolysis (Lyso Prot) in
midbrain DA neurons was assessed by a radioactive pulse–chase assay (n = 4,
values are the mean ± SEM, *P < 0.05, ***P < 0.001). Area under curve (AUC)
obtained from kinetic data of protein degradation over time. (C) Western
blot of Triton-X 100 insoluble α-syn from d90 PD (SNCA trp) or GD (GBA1
N370S/c.84dupG) midbrain neurons. Molecular weight (MW) in kDa is
shown. Vimentin (Vim) was used as a loading control. (Right) Quantification
of insoluble α-syn (LB509) normalized to vim (n = 4, *P < 0.05). (D) Quanti-
fication of lysosomal proteolysis from living neurons at different incubation
times (n = 5, **P < 0.01). Values are the mean ± SEM. ANOVA with Tukey’s
post hoc test was used for A–C. Student’s t test was used for D.
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We next determined whether the decline in enzymatic activity
was sufficient to induce substrate accumulation in patient neu-
rons. Quantitative analysis of GCase substrates, including total
hexosylceramide and hexosylsphingosine species, by mass spec-
trometry revealed nearly twofold elevation in PD (SNCA trp)
neurons and an ∼fourfold elevation in GD neurons when in-
cubated for 180 d (Fig. 2I). Separation of hexosyl species into
glucosyl and galactosylceramide showed that both metabolites were
significantly elevated in PD neurons, whereas ceramide levels de-
creased (SI Appendix, Fig. S13). In addition, we found no change in
dihydroceramide levels, a nonlysosomal lipid species (SI Appendix,
Fig. S13, Right). Thus, it appears that chronic lysosomal hydrolase
deficiency induced by α-syn accumulation in long-term cultures is
sufficient to induce lipid accumulation in PD midbrain neurons,
even in the context of WT GCase expression.

Disrupted Hydrolase Trafficking Induced by α-Synuclein Accumulation.
Because the live-cell lysosomal assay indicated a specific re-
duction of activity within lysosomes but no change in total
cellular activity (Fig. 2A), we considered the possibility that
α-syn results in enzyme mistargeting. This notion is consistent
with previous data showing that α-syn disrupts vesicular
trafficking (17–20). To test this, hydrolase maturation was
examined by quantifying the levels of mature and immature
hydrolase forms that migrate differently on SDS/PAGE gels
due to compartment-specific glycosylation and protein
cleavage (21). Measurement of mature:immature hydrolase
ratios of Hex A and B in control midbrain neurons infected
with lenti-WT α-syn indicated a decline in enzyme maturation,
compared with empty vector and Δ71–82 α-syn–infected neu-
rons (Fig. 3A). Enzyme localization studies revealed enzyme
accumulation in pre-Golgi compartments [COPII endoplas-
mic reticulum (ER)-to-Golgi transport vesicles labeled with
anti-sec23 antibodies] that was reversible upon reduction of
α-syn expression (Fig. 3B). Extracts from patient neurons
showed reduced maturation of GCase, β-gal, iduronate-2-
sulfatase (I-2-sulf), and hex A (Fig. 3C), an effect that was
reversible by lenti-mediated knockdown of α-syn (SI Ap-
pendix, Fig. S14). Hydrolase maturation was not altered by
lysosomal inhibition alone (baf A1), indicating a specific
trafficking defect induced by α-syn (SI Appendix, Fig. S15).
We also measured hydrolase maturation responses to well-

established trafficking inhibitors that act at the level of the ER
(tunicamycin) or Golgi (brefeldin A, BFA) in H4 cells. These
compounds did not inhibit hydrolase maturation as effectively
in high-expressing α-syn cells (−dox) compared with low-
expressing cells (+dox) (SI Appendix, Fig. S16), suggesting that
α-syn alters enzyme maturation through the early secretory
pathway. Consistent with this, we found accumulation of COPII
transport vesicles in α-syn H4 cells that was reversible upon
reduced expression of α-syn (SI Appendix, Fig. S17). In patient
neurons that accumulate α-syn at the cell body, we noted
aberrant colocalization of α-syn with vesicle-tethering factor
GM130 within fragmented, vesicular Golgi structures (Fig. 3D).
GM130-α-syn colocalization was never observed in control neu-
rons. Golgi fragmentation did not occur from lysosomal inhibition
by baf A1, indicating a specific effect by α-syn (SI Appendix, Fig.
S18). Together, this indicates that α-syn likely disrupts hydrolase
trafficking at the cis-Golgi through aberrant association with
fusion machinery.
A key regulator of ER-Golgi trafficking is rab1a (22), and

previous studies showed that rab1a could rescue α-syn–induced
neurodegeneration (17). Therefore, we determined if α-syn in-
teracted with or altered rab1a levels in cells that accumulate
α-syn. We found no difference in rab1a between control and
patient neurons, and coimmunoprecipitations failed to detect
an interaction of α-syn with rab1a (SI Appendix, Fig. S19).
However, immunostaining analysis indicated that α-syn altered
the location of rab1a from its normal perinuclear ER-Golgi
localization to a more diffuse pattern (SI Appendix, Fig. S20).
Because these data indicated perturbations in rab1a, we next
determined if rab1a overexpression resulted in restoration of
protein trafficking and lysosomal function in patient neurons.
Lenti-rab1a expression restored Golgi structure and improved
hydrolase maturation and activity in both lenti-α-syn–infected
control lines and patient lines at 5 dpi (Fig. 4 A–F and SI
Appendix, Fig. S21). Rab1a overexpression in healthy control
neurons did not enhance lysosomal activity (Fold Change:
Vector = 1.0 ± 0.17, Rab1a = 0.84 ± 0.07; n = 3, values are the
mean ±SEM), indicating that rab1a restores a deficient path-
way in patient lines as opposed to elevation of an alternate
pathway unrelated to α-syn toxicity. At later time points after
rab1a overexpression (dpi 14), we found that lysosomal en-
hancement by rab1a reduced the accumulation of α-syn within cell

Fig. 2. Reduced hydrolase activity in human midbrain DA neurons that
accumulate α-syn. (A) Total enzymatic activity (Total GC Act) of GC was
assessed in living control midbrain neurons derived from a healthy control
(C1) infected with empty vector (V), or lenti-α-syn (αS) (moi 5, dpi 14) at day
120 through quantifying the degradation of a fluorescent-tagged substrate
(PFB-FD-Glu). (Right) Activity within acidic lysosomal compartments (Lyso GC
Act) was determined by quantifying the response to bafilomycin A1 (n = 4).
Expression of Δ71–82 α-syn (Δ) and poly Q-expanded huntingtin (Htt) (548-
72Q) were used as specificity controls. (B) Lysosomal activity of β-gal and
hexosaminidase (hex) was measured as described in A (n = 4). AUC obtained
from kinetic data of substrate degradation over time. (C–F) Lysosomal en-
zyme activity in SNCA trp (PD) or GBA1 N370S/c.84dupG (GD) patient lines
was measured as described in A and B at day 180 (n = 4). (G and H) Lysosomal
enzyme activity in SNCA trp (PD) (G) or GD (H) midbrain neurons infected
with lenti-shRNA constructs to knockdown α-syn (αS KD) compared with
scrambled shRNA sequences (scrb) (n = 4). (I) Measurement of hexosylcer-
amide (HexCer) and hexosylsphingosine (HexSph) levels analyzed at d180
(n = 4). Lipids were normalized to inorganic phosphate (Pi). For all quanti-
fications, values are the mean ± SEM. *P < 0.05. ANOVA with Tukey’s post
hoc test was used for A, C–F, and I. Student’s t test was used for B, G, and H.
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bodies of SNCA trp neurons at d330 and improved neuroviability
(Fig. 4 G and H and SI Appendix, Fig. S21 D and E). Together, the
data indicate that α-syn–induced lysosomal dysfunction occurs
through perturbations in hydrolase trafficking at the early secretory
pathway that is reversible by rab1a.

Discussion
Loss-of-function mutations in metabolic genes have recently been
recognized as important risk factors for common neurodegener-
ative disorders such as Parkinson’s and Alzheimer’s disease (23,
24). A well-established example of this is the relationship between
GD and PD, where mutations in GBA1 lead to increased risk for
PD (6). Our previous work showed that loss-of-function mutations
in GBA1 lead to α-syn accumulation and neurodegeneration, an
observation that has since been confirmed and extended by other
groups (8, 25–29). Here, we used human midbrain neurons to ex-
amine the interaction between α-syn, lysosomes, and trafficking
components in a more comprehensive manner. Human midbrain
synucleinopathy models were generated through lentiviral over-
expression of α-syn in control cultures, or through the generation of
patient lines harboring PD-causing mutations. Our data from pa-
tient lines suggest that chronic overexpression of α-syn results in the
accumulation of soluble oligomers, as well as insoluble amyloido-
genic aggregates within cell bodies and neurites, recapitulating
several features of PD brain (Fig. 1 and SI Appendix, Figs. S5–S7).
The stability of the culture system allowed us to incubate pa-

tient neurons for several hundred days and validate pathogenic
changes in the lysosomal system that result from naturally oc-
curring mutations leading to α-syn accumulation. We show that
α-syn accumulation did not change total cellular enzymatic ac-
tivity of hydrolases, but caused a significant decline specifically
within acidic subcellular compartments of living neurons (Fig.
2A). Previous studies using in vivo synucleinopathy models did
not detect changes in enzymatic activity when measured from
whole-brain samples (30). Although valuable, these studies may
have been complicated by the use of heterogeneous populations
of neuronal and nonneuronal cells used to ascertain enzymatic
activity. This is particularly important to consider when mea-
suring α-syn–mediated cellular dysfunction from mixtures of cells
because α-syn is mainly expressed and accumulates in neurons
but not glia in PD (31, 32). The culture system and live-cell ly-
sosomal assay used here allow for the detection of compartment-
specific enzymatic activity within homogenous neuronal cultures,
eliminating confounding factors that occur from mixed-cell
populations and artificial activation of enzymes present in ac-
tivity assay buffers. The fact that α-syn did not affect total activity
but did induce a compartment-specific enzymatic dysfunction
suggests that α-syn may not directly inhibit enzymes, but disrupts
their subcellular location.
The effect of α-syn on lysosomal function was reproduced in

seven different neuronal lines, including three lines transduced
to overexpress α-syn by lentiviral infection, three additional synu-
cleinopathy patient lines that accumulate α-syn as a result of natural
mutations (two SNCA trp and oneGBA1), and one iPD line (Fig. 2
and SI Appendix, Figs. S11 and S12). In patient lines, we found that
α-syn knockdown restored enzyme trafficking and activity, in-
dicating that these effects are mediated specifically by α-syn accu-
mulation (Fig. 2 G and H and SI Appendix, Fig. S9 C and D).
Interestingly, α-syn knockdown improved the activity of sulfatase
and β-gal in GBA1 mutant lines (Fig. 2H), suggesting that α-syn
plays a role in the secondary lysosomal dysfunction that occurs in
GD. The finding that Δ71–82 α-syn, a mutant protein with an ex-
tremely slow propensity to aggregate (16), did not alter lysosomal
function to the same extent as WT α-syn indicates that amyloid or
intermediate species exacerbate the effect (Figs. 1B and 2A).
Importantly, we found that enzymatic dysfunction in synu-

cleinopathy models was sufficient to induce lipid substrate ac-
cumulation, even in the context of wild-type hydrolase expression
(Fig. 2I and SI Appendix, Fig. S13). Recent studies have shown
that elevations in GCase substrates can be documented when
measured from certain circumscribed brain regions of PD pa-
tients (with or without GBA1 mutations) (33). However, other
studies of GBA1 heterozygous mice have shown no changes in

Fig. 3. Disrupted hydrolase trafficking in cells that accumulate α-syn. (A) Con-
trol neurons were infected to overexpress WT α-syn (αS) or Δ71–82 mutant (Δ),
and maturation of Hex A and B was assessed by quantifying mature: im-
mature ratios detected by Western blot (n = 4, *P < 0.05, N.S., not signifi-
cant). (B) Immunofluorescence analysis of inducible H4 human neuroglioma
cells shows accumulation of I-2-Sulf in pre-Golgi COPII vesicles (stained with
anti-Sec23 antibodies) that is reversible upon reduction of α-syn expression
with doxycycline (dox). [Scale bar, 5 μm, or 1 μm (Inset).] (C) Maturation of
GC, β-gal, iduronate-2-sulfatase (I-2-Sulf), and Hex A at day 180 PD (SNCA
trp) neurons analyzed by Western blot. (I, immature; M, mature.) Plotted
below are quantifications of mature:immature ratios (n = 3–4, *P < 0.05).
Shown is MW in kDa. The dashed line indicates cropped-out replicates but
were ran on the same gel. Coomassie Blue (CBB) or αtubulin was used as a
loading control. Mature and immature hydrolase forms shown are from the
same blot, but separate exposures were required to avoid saturating band
intensities. (D) DA neurons were immunostained with antibodies against
GM130, located at the cis-Golgi (green). α-Syn puncta accumulated at the
cell body (red) was partially colocalized with GM130. Nuclei were detected
with DAPI (blue). (Scale bars, 5 μm.) The percentage of neurons with frag-
mented Golgi was quantified in the graph (n = 4, *P < 0.05 compared with
control line). ANOVA with Tukey’s post hoc test was used for A and D.
Student’s t test was used for C.
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substrate levels when measured from whole brain samples, sug-
gesting that residual enzymatic activity may be sufficient to
prevent neuronal substrate accumulation (26). It is possible that
nonaffected cells, including neurons free of α-syn pathology and
glial cells, mask detectable changes in diseased neurons. An
important distinction with our studies is the use of homogeneous
populations of DA neurons that exhibit pathological α-syn ac-
cumulation in 30–50% of neurons (SI Appendix, Fig. S4–S6). Our
data suggest that α-syn aggregates in brains of GBA1 mutant
carriers can provide an additional pathological insult that, in ad-
dition to GBA1 heterozygote mutations, contribute to lysosomal

deficiency of GCase leading to substrate accumulation. Although
not all carriers of GBA1 mutations will develop PD, the pene-
trance is likely dictated by a combination with other mutations
and/or environmental factors that may contribute to α-syn accu-
mulation. Enzyme deficiency and lipid accumulation induced by
α-syn accumulation in cells that express WT GCase (Fig. 2I)
suggests that this mechanism may be relevant for both GBA1 WT
and mutant carriers that develop Lewy inclusions.
Consistent with previous work (17, 20, 34), our data indicate that

α-syn disrupts vesicular trafficking at the early secretory pathway.
We extended these studies to demonstrate that α-syn disrupts hy-
drolase trafficking and lysosomal function that can potentially lead
to augmented α-syn accumulation. Previous studies indicated that
α-syn mutants or oxidized aggregated forms of the protein can
impede substrate delivery into lysosomes through blocking
LAMP2a, thereby disrupting chaperone-mediated autophagy
(CMA) (35, 36). Although we cannot exclude the possibility that
LAMP2a blockade contributes to proteolysis deficits observed
here (Fig. 1 B and D), we observe enzyme accumulation in pre-
Golgi compartments and reduced lysosomal activity of both pro-
tein-degrading and nonprotein-degrading enzymes using substrates
that do not depend on CMA (Figs. 2 A–F and 3B). Importantly, the
trafficking effects were not observed under conditions of lysosomal
inhibition by baf A1 (SI Appendix, Figs. S15 and S18), indicating
that disrupted hydrolase trafficking in patient neurons cannot be
explained by direct lysosomal inhibition. In addition, we found that
α-syn induced the accumulation of ER-Golgi COPII transport
vesicles, suggesting a blockade in vesicle fusion at the cis-Golgi
(SI Appendix, Fig. S17). Previous studies have found that rab1a–
GM130 interactions are required for COPII vesicle fusion to the
cis-Golgi (37). Our data suggest that aberrant association of α-syn
with GM130 disrupts COPII vesicle fusion through altering the
ER-Golgi location of rab1a (SI Appendix, Fig. S20), resulting in
Golgi fragmentation (Fig. 3D and SI Appendix, Fig. S18). Over-
expression of rab1a restored Golgi structure and promoted hy-
drolase trafficking and function (Fig. 4 A–F and SI Appendix,
Fig. S21). Because a key function of rab1a is to promote vesicle
tethering at the cis-Golgi, it is possible that rab1a overexpression
enhanced hydrolase trafficking in patient neurons by providing
more vesicle-fusing opportunities at acceptor membranes. Impor-
tantly, rab1a-mediated restoration of hydrolase trafficking was
sufficient to reduce pathological α-syn and improve neuroviability
in neurons derived from three distinct synucleinopathy patients
(SNCA trp, GD, and iPD) (Fig. 4 G and H and SI Appendix,
Fig. S21). This suggests that enhancing protein trafficking can re-
verse the pathogenic link between α-syn and lysosomal dysfunction.
Once enzymes are correctly targeted to lysosomes and function is
restored, α-syn reduction may occur through CMA or macro-
autophagy-mediated degradation of α-syn (35, 38, 39). In addition,
the restoration of GCase activity by rab1a will likely reduce GluCer
accumulation, thereby reducing the interaction with α-syn oligo-
mers and rendering them amenable to degradation by lysosomal
proteases. Recently identified PD-linked mutations that disrupt
vesicular trafficking imply the importance of this pathway for PD
and related synucleinopathies (9). Our data indicate that therapies
focused on enhancement of the trafficking machinery of lysosomal
hydrolases may prove beneficial in disorders characterized by ac-
cumulation of α-syn.

Materials and Methods
SI Appendix provides details and additional methods not listed below.

Proteolysis in Live Cells. Long-lived proteolysis rates within lysosomes was de-
termined by quantifying the response to lysosomal inhibitors leupeptin and
ammonium chloride, which inhibit lysosomes independently of the autophagic
substrate delivery system. The assay was done as described previously (8) using
tritium-labeled leucine (Perkin–Elmer, www.perkinelemer.com) to label long-
lived proteins, followed by a chasing period of 24 h. Aliquots of culture media

Fig. 4. Rab1a rescues lysosomal function by improving hydrolase trafficking
and reduces pathological α-syn in human midbrain synucleinopathy models.
(A) Western blot analysis of PD (SNCA trp) neurons infected to overexpress
rab1a at moi 1 and 5. a-Tubulin was used as a loading control. (B) Analysis of
Golgi structure in PD patient neurons by GM130 immunostaining (green) at
d240 after rab1a expression (dpi 5, moi 5). (Scale bar, 10 μm.) (C) Quantifi-
cation of fragmented Golgi of PD neurons (n = 4, *P < 0.05). (D) Analysis of
I-2-sulfatase and Hex A maturation in PD neurons treated with lenti-rab1a
(moi 5, dpi 5) by Western blot. (I, immature; M, mature.) GAPDH or Coo-
massie blue (CBB) were used as loading controls. (Right) Quantification of
Hex A maturation (n = 3, *P < 0.05). (E) Lysosomal proteolysis (Lyso Prot) was
analyzed in transduced control neurons overexpressing two empty vectors
(V + V), V+ WT α-syn (αS), or WT α-syn + rab1a (αS + R), at d330. Proteolysis
was also measured in PD (SNCA trp) neurons transduced with either empty
vector (V) or rab1a (R) lentivirus (n = 6, *P < 0.05). AUC obtained from kinetic
data of protein degradation over time. (F) Analysis of lysosomal GC and Hex
activity in living control neurons transduced to overexpress WT α-syn, or PD
(SNCA trp) neurons overexpressing rab1a at day 200 (n = 9 ctrls, n = 6 PD,
*P < 0.05). (G) Immunostaining analysis of α-syn (red) in PD midbrain neurons
at day 330 showing reduction of α-syn within cell bodies and restoration of
synaptic puncta by rab1a (moi 5, dpi 14). (Right) Quantification of neurons
with α-syn cell body accumulation (n = 4, *P < 0.05). (Scale bar, 10 μm.)
(H) Neuroviability was assessed by measuring neurofilament content at d330
(moi 5, dpi 14) (n = 6, *P < 0.05). ANOVA with Tukey’s post hoc test was used
for D. (Left) Control graphs of D. Student’s t test was used for C, E (PD
graphs), F, and G. For all quantifications, values are the mean ± SEM.
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were sampled over time, and percentage of labeled acid-soluble amino acids was
used as an indication of proteolysis. Normalized radioactivity was graphed over
time and analyzed by quantifying the area under the curves (AUC) corre-
sponding to control and inhibited conditions (leupeptin at 100 μM72 h, NH4Cl at
5 mM 24 h). Lysosomal proteolysis was calculated as the difference between
control and inhibited AUC curves. Differences in AUC values were graphed
in column format (n = 4 per condition, repeated in five separate sets of
differentiated cultures).

Enzyme Activity Assays and Lysosomal Mass Assessment. Activity was assessed
in living neurons seeded in 96- well plates by incubating cultures with
fluorescent-conjugated hydrolase substrates (SI Appendix) for 30 min to load
cells, followed by a substrate washout. Substrate degradation was measured
in a microplate reader over 3 h. Activity in acidic compartments was achieved

through measuring the response to bafilomycin A1 and normalized to ly-
sosomal mass (measured by cascade dextran blue fluorescence). Details can
be found in SI Appendix.
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