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LRRK2 phosphorylation of auxilin mediates synaptic
defects in dopaminergic neurons from patients
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Recently identified Parkinson’s disease (PD) genes involved in syn-
aptic vesicle endocytosis, such as DNAJC6 (auxilin), have further
implicated synaptic dysfunction in PD pathogenesis. However,
how synaptic dysfunction contributes to the vulnerability of hu-
man dopaminergic neurons has not been previously explored.
Here, we demonstrate that commonly mutated, PD-linked leucine-
rich repeat kinase 2 (LRRK2) mediates the phosphorylation of auxilin
in its clathrin-binding domain at Ser627. Kinase activity-dependent
LRRK2 phosphorylation of auxilin led to differential clathrin binding,
resulting in disrupted synaptic vesicle endocytosis and decreased syn-
aptic vesicle density in LRRK2 patient-derived dopaminergic neurons.
Moreover, impaired synaptic vesicle endocytosis contributed to the
accumulation of oxidized dopamine that in turn mediated pathogenic
effects such as decreased glucocerebrosidase activity and increased
a-synuclein in mutant LRRK2 neurons. Importantly, these pathogenic
phenotypes were partially attenuated by restoring auxilin function in
mutant LRRK2 dopaminergic neurons. Together, this work suggests
that mutant LRRK2 disrupts synaptic vesicle endocytosis, leading to
altered dopamine metabolism and dopamine-mediated toxic effects
in patient-derived dopaminergic neurons.
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DA oxidation

n-depth investigation of genes linked to Parkinson’s disease

(PD) provides valuable mechanistic insight into pathogenesis
for therapeutic development. In particular, recently identified
mutations in DNAJC6 (auxilin) and SYNJ-I (synaptojanin 1) in
patients with juvenile and early-onset atypical parkinsonism suggest
synaptic dysfunction in PD pathogenesis because both genes are
involved in clathrin-dependent synaptic vesicle endocytosis (SVE),
which replenishes synaptic vesicles following neuronal activity (1-5).
Moreover, leucine-rich repeat kinase 2 (LRRK2), the most com-
monly mutated protein in familial and sporadic PD, has also been
implicated in synaptic function (6-9). Pathogenic PD-linked muta-
tions in LRRK2—R1441C/H/G and G2019S—perturb its kinase
activity, which is important for SVE and neurotransmission (6, 7,
10), and several SVE proteins, including synaptojanin 1 and endo-
philin Al, are LRRK2 substrates (11, 12), suggesting that LRRK2
globally regulates SVE via its kinase activity.

Synaptic vesicle pools can be regenerated at the axon terminal
through clathrin-mediated SVE, a process tightly controlled by
phosphoregulated proteins (13). This pathway initiates when
clathrin is recruited to the plasma membrane via adaptor protein
2 (AP-2). A new clathrin-coated vesicle then invaginates from
the plasma membrane through the concerted effort of endo-
philin Al and synaptojanin 1 and is subsequently cleaved off by
dynamin 1. After fission, auxilin binds and recruits hsc70 to
remove the clathrin lattice, thereby producing a synaptic vesicle
that can be packaged with neurotransmitters. Importantly, loss of
individual SVE proteins leads to similar synaptic defects, including
increased retention of clathrin-coated vesicles and decreased
synaptic vesicle density (14-17). Defective SVE in substantia
nigra pars compacta dopaminergic neurons could ultimately

5576-5581 | PNAS | May 22,2018 | vol. 115 | no. 21

lead to increased cytosolic dopamine (DA) due to ineffi-
cient DA packaging, which can be rapidly oxidized to drive
downstream toxic effects and subsequent nigrostriatal neuro-
degeneration (18-23).

However, the connection between synaptic dysfunction and
DA-mediated toxic effects has not been previously examined in
patient-derived dopaminergic neurons. In this study, we dem-
onstrate that LRRK2 and auxilin interact and that LRRK2 ki-
nase activity mediates auxilin phosphorylation in its clathrin-
binding domain at Ser627 to regulate auxilin’s binding to clathrin
during SVE, suggesting that LRRK2 and auxilin functionally
converge on synaptic regulation in PD-affected dopaminergic
neurons.

Results

Because LRRK2 cofractionates with the presynaptic protein
synapsin and phosphorylates several SVE proteins (11, 12, 24),
we hypothesized that LRRK2 might have important kinase
function at the synapse and that PD-linked mutations which alter
kinase activity would affect synaptic integrity. We generated in-
duced pluripotent stem cell (iPSC)-derived midbrain dopami-
nergic neurons (SI Appendix, Fig. S1) from reprogrammed PD
patient fibroblasts harboring the R1441C/G or G2019S muta-
tions, along with healthy control cell lines (SI Appendix, Fig. S2)
(25, 26). Synaptic proteins primarily involved in SVE, such as
auxilin, dynamin 1, AP-2, and endophilin Al, were significantly
decreased in LRRK2 R1441G dopaminergic neurons compared
with healthy controls (Fig. 1 A-F), while presynaptic marker syn-
aptophysin and p-actin levels remained unaltered. Furthermore,
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using a well-established FM 1-43 styryl dye-based endocytic capacity
assay, we found that activity-dependent endocytosis was decreased
in LRRK2 R1441C/G dopaminergic neurons (Fig. 1 G and H). Of
the proteins decreased in mutant LRRK2 neurons, auxilin has been
linked to PD via recently identified mutations (1-3). Auxilin regu-
lates clathrin uncoating by recruiting the ATPase hsc70 to clathrin-
coated vesicles and is highly homologous to cyclin-G-associated
kinase (GAK) (27-29), a PD risk gene which interacts with LRRK2
(30, 31). To determine whether LRRK2 specifically interacts
with auxilin, we generated V5-tagged wild-type auxilin and found
that auxilin coimmunoprecipitated endogenous LRRK2, as well
as hsc70 (Fig. 24). Together, these results suggest that LRRK2
interacts with auxilin to potentially regulate synaptic function.
The LRRK2 G2019S mutation leads to an increase in kinase
activity, while the R1441C/H/G mutation has been shown to alter
LRRK?2 kinase activity by decreasing GDP/GTP cycling, which is
essential for kinase activity (10, 32, 33). Additionally, compared
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Fig. 1. Dopaminergic neurons from patients with LRRK2-linked PD exhibit
decreased levels of SVE proteins. (A) Western blot analysis of day 70 dopa-
minergic neurons probed with auxilin, AP-2, clathrin heavy chain (Clathrin
HC), dynamin 1, and endophilin A1. Synaptophysin and p-actin were used as
loading controls. (B-F) Quantification of Western blots in A, normalized to
both synaptophysin and p-actin protein signals. (G) Representative images of
FM 1-43 labeling in human dopaminergic neurons at day 120. (Scale bar:
5 pm.) (H) Quantification of FM 1-43 intensity per length of neurite. All data
from control lines (C), and similar LRRK2 R1441G (RG) or R1441C (RC) clones
were grouped preceding statistical analysis. The results were analyzed using
unpaired t test (*P < 0.05, **P > 0.005, ***P < 0.0005, ****P < 0.00005), with
all error bars representing SEM; n = 3; n.s., not significant.
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with wild-type LRRK2, both mutations have been shown to
differentially modulate several SVE phosphosubstrates acting
upstream of auxilin (11, 12). Auxilin is a phosphoregulated
protein containing numerous serine and threonine residues in
both its PTEN-like and clathrin-binding domains. To identify
potential LRRK2-mediated auxilin phosphorylation sites, we
subjected purified wild-type auxilin to tandem mass spectrometry-
based proteomic analysis. FLAG-tagged wild-type auxilin was
coexpressed with either wild-type LRRK2, LRRK2 G2019S,
LRRK?2 R1441C, or EGFP, and auxilin was immunoprecipitated
using a FLAG antibody (SI Appendix, Fig. S34). From this anal-
ysis, we identified auxilin with an amino acid sequence coverage
generally >90% and identified an auxilin phosphorylation site at
Ser627 located within its clathrin-binding domain in each experi-
mental condition (Fig. 2 B and C). We additionally performed
phosphoanalysis of FLAG-tagged wild-type auxilin purified from
cells which were untreated or pretreated with DMSO or the
LRRK2 kinase inhibitor GSK2578215A, which attenuated en-
dogenous wild-type LRRK2 kinase activity (SI Appendix, Fig. S3
B-D) (34). We again identified the same Ser627 phosphosite in
untreated and DMSO conditions, but not when the cells were
treated with the LRRK2 kinase inhibitor GSK2578215A, sug-
gesting that phosphorylation of auxilin at Ser627 is lost when
LRRK? kinase activity is abolished (SI Appendix, Fig. S3 C and
D). Importantly, this phosphosite is localized in auxilin’s clathrin-
binding domain near a previously identified clathrin-binding motif
(Fig. 2B) (35), suggesting that Ser627 phosphorylation may have
important consequences for auxilin’s synaptic function during
clathrin-mediated SVE. We also identified two other auxilin phos-
phosites at Ser49 and Ser59 in proximity to its PTEN-like domain
under wild-type LRRK2 and LRRK2 R1441C conditions, but not
under the LRRK2 G2019S condition (SI Appendix, Fig. S44).

Previous studies have shown that truncated auxilin containing
only the clathrin-binding and J domains is sufficient for retaining
auxilin function (36, 37). Thus, to determine whether LRRK2
phosphorylation might modulate auxilin’s clathrin-binding ac-
tivity, we further examined the Ser627 phosphorylation site. To
first confirm Ser627 as an LRRK2-mediated phosphosite, we
generated phosphodeficient auxilin S627A and immunoprecipi-
tated V5-tagged wild-type auxilin or auxilin S627A, as well as
wild-type LRRK2 or kinase-dead mutant LRRK2 K1906M, from
HEK 293 cells and subjected the purified proteins to in vitro phos-
phorylation assays. Importantly, wild-type LRRK2, but not kinase-
dead LRRK2 K1906M, was sufficient to increase wild-type auxilin’s
phosphoserine signal (ST Appendix, Fig. S3 E and F). In contrast, the
phosphoserine signal for phosphodeficient auxilin S627A was un-
altered by either wild-type LRRK2 or kinase-dead LRRK2 K1906M.
As an additional control, we confirmed that the phosphoserine signal
of wild-type LRRK2, but not that of kinase-dead LRRK2 K1906M,
was increased by ATP addition, as expected, since LRRK2 also
autophosphorylates itself (SI Appendix, Fig. S3E) (10). We per-
formed similar in vitro phosphorylation assays using mutant LRRK2
R1441C and found that it increased auxilin phosphorylation state
compared with wild-type LRRK2, but importantly, expression of
phosphodeficient auxilin S627A decreased auxilin phosphorylation
state in the mutant LRRK2 R1441C condition (Fig. 2 D and E),
further suggesting that S627 plays a role in LRRK2-mediated phos-
phorylation of auxilin. Together, these data suggest that auxilin
Ser627 is specifically targeted by LRRK2 kinase activity.

To determine whether auxilin Ser627 phosphorylation regu-
lated its binding to clathrin, we examined the ability of phos-
phodeficient auxilin S627A and phosphomimetic auxilin S627D
to bind clathrin and hsc70. We found that phosphodeficient
auxilin S627A coimmunoprecipitated significantly more endog-
enous clathrin than either wild-type auxilin or phosphomimetic
auxilin S627D (Fig. 2 F and G), while both phosphomutants did
not differentially bind hsc70 (Fig. 2 F and H). To further examine
whether de novo LRRK2-mediated phosphorylation of auxilin
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Fig. 2. LRRK2 phosphorylates auxilin in its clathrin-binding domain at Ser627. (4) Western blot analysis of coimmunoprecipitated proteins with V5-tagged wild-type
auxilin (Aux WT-V5) from HEK 293 cells, probed for LRRK2, auxilin, hsc70 (positive control), and GAPDH (loading control). Left blots represent 1% input of whole cell
lysate. (B) Schematic of auxilin protein mapping the Ser627 phosphosite to its clathrin-binding domain (clathrin-binding motifs are underlined). (C) Representative
tandem mass spectra identifying phosphorylated Ser627 site in auxilin. B ions containing the phosphate group are indicated (red triangles) [overexpression, n = 2; the
LRRK2 kinase inhibitor GSK2578215A (2 pM), n = 1]. (D) Western blot analysis of purified FLAG-tagged LRRK2 WT or LRRK2 R1441C (RC) and of V5-tagged auxilin WT
or phosphodeficient auxilin S627A from HEK 293 cells following in vitro phosphorylation assays with or without 1 mM ATP probed for LRRK2, auxilin, and pan-
phosphoserine (P-Serine). All experimental conditions were run on the same Western blot. (E) Quantification of pan-phosphoserine auxilin (P-Auxilin) signal in D
normalized to total auxilin levels. (F) Western blot analysis of coimmunoprecipitated proteins with V5-tagged auxilin WT and auxilin S627A and S627D from HEK
293 cells probed for clathrin heavy chain (Clathrin HC), auxilin, hsc70, and B-actin (loading control). Left blots represent 1% input of whole cell lysate. (G and H)
Quantification of coimmunoprecipitated clathrin and hsc70 normalized to immunoprecipitated auxilin in F. (/) Western blot analysis of coimmunoprecipitated proteins
with V5-tagged auxilin WT upon LRRK2 kinase inhibitor [GSK2578215A (215A, 2 pM) or LRRK2-IN-1 (2IN1, 2 pM)] treatment in HEK 293 cells probed for clathrin HC,
auxilin, hsc70, and B-actin. Left blots represent 1% input of whole cell lysate. (/ and K) Quantification of coimmunoprecipitated clathrin and hsc70 normalized to
immunoprecipitated auxilin in /. All results were analyzed using one-way ANOVA statistical analysis (*P < 0.05, **P < 0.005, ****P < 0.00005), with all error bars

representing SEM; n = 3. IP, immunoprecipitation; n.s., not significant.

could affect its function, we overexpressed V5-tagged wild-type
auxilin in HEK 293 cells and treated cells with either DMSO or
an LRRK2 kinase inhibitor (GSK2578215A or LRRK2-IN-1).
Upon inhibiting LRRK?2 kinase activity, auxilin binding to clathrin
was significantly increased (Fig. 2 I and J and SI Appendix, Fig.
S3 G and H), consistent with our observations of increased
clathrin-binding by phosphodeficient auxilin S627A (Fig. 2 F
and G), whereas auxilin binding to hsc70 was not altered, as
expected (Fig. 2 I and K). To determine whether additional
auxilin phosphosites (Ser49 and Ser59) identified through mass
spectrometry analysis also regulated auxilin’s clathrin-binding
function, we overexpressed phosphodeficient auxilin S49A and
S59A and phosphomimetic auxilin S49D and S59D in HEK
293 cells and coimmunoprecipitated clathrin and hsc70. Both
phosphodeficient S49A and S59A did not bind more clathrin
or hsc70 as compared with wild-type auxilin (SI Appendix, Fig.
S4 B-G). Taken together, these data suggest that LRRK2-
mediated phosphorylation of auxilin in the clathrin-binding
domain at Ser627 preferentially alters its ability to bind clathrin
during SVE.
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To further determine whether altered synaptic protein func-
tion might disrupt synaptic vesicle density and morphology in
LRRK2 PD patient neurons, we analyzed iPSC-derived dopa-
minergic neurons by transmission electron microscopy (TEM).
LRRK2 R1441C dopaminergic neurons showed significantly
reduced synaptic vesicle densities by ~40% compared with
healthy control neurons (Fig. 3 4 and C) and contained synaptic
vesicles lacking distinct surrounding membranes, consistent with
membraneless clathrin cages observed in auxilin knockout mice
due to loss of auxilin function and defective clathrin uncoating
(Fig. 34, highlighted in enlarged Insets of LRRK2 R1441C
synapse) (14). Membraneless clathrin cages in mutant LRRK2
neurons did not result from improper fixation, as synaptic plasma
membranes were still clearly observed in these neurons. En-
larged endosomal-like vacuoles were also observed in the pre-
synaptic terminal of LRRK2 R1441C neurons, indicative of
defective SVE (38, 39) (Fig. 3 B and D).

Efficient packaging of DA into synaptic vesicles is dependent
on properly regenerated synaptic vesicles at the presynaptic
terminal (40). Because we observed decreased synaptic vesicles
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Fig. 3. Synaptic abnormalities in mutant LRRK2 dopaminergic neurons.
(A) TEM analysis of human dopaminergic neurons at day 100. (Scale bar:
200 nm.) Bottom panels display higher magnification of Insets in Top to
show the presence of membraneless clathrin cages and enlarged endosomal-
like (black asterisks) vacuoles in mutant neurons. (/nsets) Synaptic vesicles are
identified with white arrowheads (control), and membraneless clathrin cages
are indicated with yellow arrowheads (mutant). (B) TEM analysis of enlarged
endosomal-like vacuoles (black asterisks) in dopaminergic neurons. (C) Quan-
tification of synaptic vesicle density in A. (D) Quantification of the number of
enlarged synaptic compartments per synapse in B. All comparisons were made
between control (C) and LRRK2 R1441C (RC) dopaminergic neurons, and results
were analyzed using an unpaired t test (***P < 0.0005, ****P > 0.00005), with
error bars representing SEM; n = 10 and 12 images, respectively.

in mutant LRRK2 neurons, we hypothesized that defective SVE
might lead to elevated cytosolic DA levels, which can be further
oxidized to generate DA-quinones and aminochromes (18, 19).
We found that oxidized DA levels were significantly increased in
LRRK2 R1441C/G and G2019S dopaminergic neurons com-
pared with healthy control neurons in a time-dependent manner
(Fig. 4 A-C and SI Appendix, Fig. S5 A and B). However, tyrosine
hydroxylase levels were unaltered, demonstrating that increased
oxidized DA was not due to increased DA synthesis (SI Appen-
dix, Fig. S6). Our previous work showed that increased oxidized
DA modifies lysosomal glucocerebrosidase (GCase), leading to
decreased activity (41), and that increased a-synuclein (a-Syn)
levels correlate with decreased GCase activity (26). Here, we
found that LRRK2 R1441C/G and G2019S dopaminergic neurons

Nguyen and Krainc

displayed decreased GCase activity and increased o-Syn levels
compared with healthy control neurons (Fig. 4 D-F and SI Ap-
pendix, Fig. S5 C-E).

Lastly, to examine whether increased oxidized DA in mutant
LRRK2 dopaminergic neurons was due to auxilin dysfunction,
we transduced healthy control and mutant LRRK2 R1441G
dopaminergic neurons with wild-type auxilin at day 70 post-
differentiation and analyzed the oxidized DA levels at day 100.
Importantly, increased expression of wild-type auxilin led to (7) sig-
nificantly decreased oxidized DA in mutant LRRK2 R1441G neu-
rons (Fig. 4 G and H and SI Appendix, Fig. S7 A and B), (ii) further
reduced o-Syn levels, and (iii) significantly increased GCase
activity (Fig. 4 I-K). Moreover, levels of synaptic proteins in-
volved in SVE, such as AP-2, clathrin, dynamin 1, and endophilin
Al, remained reduced, further suggesting that accumulation of
oxidized DA in LRRK?2 mutant neurons is attenuated by directly
restoring auxilin function in SVE (SI Appendix, Fig. S7).

Discussion

In this study, we showed that auxilin and LRRK?2 interact and
that LRRK2-mediated phosphorylation of auxilin at Ser627,
located within its clathrin-binding domain, leads to differential
association of auxilin with clathrin and disrupts SVE, resulting in
decreased synaptic vesicle density in mutant LRRK2 dopami-
nergic neuron synapses. Consequently, disrupted SVE contrib-
utes to the accumulation of oxidized DA and its downstream
effects, including increased a-Syn and decreased GCase activity,
which were all attenuated by restoring auxilin function.

LRRK?2 has been shown to interact with and phosphoregulate
several SVE proteins, including endophilin Al and synaptojanin,
both of which have distinct roles upstream of auxilin (13).
Moreover, LRRK2 G2019S-mediated phosphorylation of endo-
philin Al alters its ability to associate with membranes, while
LRRK?2 R1441C knockin Drosophila models displayed an altered
presynaptic proteome and LRRK2-mediated phosphorylation of
synaptojanin 1 (11, 12), suggesting that LRRK2 has an important
regulatory kinase role for multiple proteins at the presynaptic
terminal. Interestingly, mutations in SYNJ-I (synaptojanin 1) also
lead to early-onset atypical parkinsonism (4, 5), and the loss of
either endophilin A1 or synaptojanin 1 in knockout mouse models
results in defective SVE (16, 17). In line with this, we found that
dopaminergic neurons derived from LRRK2 R1441G patients had
decreased levels of SVE proteins (including auxilin, AP-2, endo-
philin Al, synaptojanin 1, and dynamin 1) as well as decreased
activity-dependent endocytic capacity, indicative of defective SVE.

Interestingly, LRRK2 has also been shown to interact in
complex with GAK (30), a ubiquitously expressed clathrin un-
coating protein localized at the trans-Golgi network (42). GAK is
highly homologous to auxilin and is also a PD risk factor (29, 31).
Here, we show that LRRK2 and auxilin also interact. Through
tandem mass spectrometry, we determined that wild-type LRRK2
and the PD-linked LRRK2 mutants R1441C and G2019S phos-
phorylate auxilin at Ser627 and that this phosphorylation was abol-
ished by the LRRK2 kinase inhibitor GSK2578215A. Generation of
a phosphodeficient auxilin S627A resulted in a significantly reduced
auxilin phosphorylation state in the presence of wild-type LRRK2,
LRRK2 R1441C, or kinase-dead LRRK2 K1906M. As the Ser627
phosphosite is located within auxilin’s clathrin-binding domain, which
is important for recognizing and binding to clathrin-coated vesicles
(35), we further found that inhibition of endogenous LRRK2 kinase
activity or expression of phosphodeficient auxilin S627A, but not
phosphomimetic auxilin S627D, resulted in increased auxilin associ-
ation with clathrin. These data thus further validate auxilin Ser627 as
an LRRK?2 kinase activity-dependent phosphosite that is important in
modulating auxilin binding to clathrin.

Using TEM, we also observed decreased synaptic vesicle density
in presynaptic terminals of LRRK2 R1441C dopaminergic neurons,
indicative of defective SVE. These data are consistent with studies
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Fig. 4. Expression of wild-type auxilin partially rescues pathogenic phenotypes in mutant LRRK2 dopaminergic neurons. (A) Near-IR fluorescence analysis of
human dopaminergic neurons at day 40 and 70. (B and C) Quantification of oxidized DA levels in dopaminergic neurons at day 40 and 70, respectively.
(D) Western blot analysis of human dopaminergic neurons at day 100. The blot was probed with a-Syn and p-actin antibodies. (E) Quantification of D.
(F) GCase activity in whole cell lysate of human dopaminergic neurons at day 100. (G) Near-IR fluorescence analysis of human dopaminergic neurons at day
100 following transduction of either empty vector (E) or wild-type (WT) auxilin for 30 d, starting at day 70 postdifferentiation. (H) Quantification of oxidized
DA levels in G. (/) Western blot analysis of dopaminergic neurons following transduction with auxilin WT at day 100. The blot was probed with a-Syn and
p-actin antibodies. (J) Quantification of /. (K) GCase activity in whole cell lysate of transduced auxilin WT dopaminergic neurons at day 100. All data from
control (C) lines, and similar LRRK2 R1441C (RC) or R1441G (RG) mutations were grouped preceding statistical analysis. The results were analyzed using
unpaired t test or one-way ANOVA (**P < 0.005, ***P < 0.0005, ****P < 0.00005), with all error bars representing SEM; n = 3; n.s., not significant.

of knockout mouse models for endophilin Al, synaptojanin 1,
dynamin 1, or auxilin (14-17). Auxilin knockout mouse models also
display an increased presence of membraneless clathrin cages, a
unique structural feature that results from delays in SVE due to
auxilin loss of function (14). We observed a similar structural fea-
ture in LRRK2 R1441C dopaminergic nerve terminals, suggesting
that synaptic defects in mutant LRRK2 neurons are mediated
through auxilin loss of function. In addition to this, several studies
have found that delays in SVE result in enlarged endosomal-like
structures, which we similarly observed in LRRK2 R1441C dopa-
minergic neurons (38, 39), providing further support that SVE is
impaired by PD-linked mutations in LRRK2.

Our recent data showed that DA plays an important role in
dysfunction and degeneration of midbrain dopaminergic neurons
(41). In the nerve terminal, DA is rapidly packaged into an in-
coming population of regenerated synaptic vesicles. Efficient
vesicular function and storage of DA is critical for maintaining
low levels of cytosolic DA (20-23). Because cytosolic DA can be
rapidly oxidized (18, 19), we observed increased levels of oxi-
dized DA in LRRK2 R1441C/G and G2019S dopaminergic
neurons, indicative of increased cytosolic DA levels. We also
previously showed that increased oxidized DA can modulate
GCase at a cysteine residue within its active domain and that
increased a-Syn levels correlate with decreased GCase activity
(26, 41). Consistent with this, we also found decreased GCase
activity and increased a-Syn levels in mutant LRRK2 dopami-
nergic neurons. Importantly, by expressing wild-type auxilin, the
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levels of oxidized DA could be reduced and downstream DA-mediated
effects attenuated, highlighting the importance of mutant LRRK2-
mediated auxilin dysfunction in the generation of toxic oxidized DA
following defective SVE.

In conclusion, we find that LRRK2 kinase activity regulates the
phosphorylation state of auxilin, an important mediator of SVE
linked to juvenile and early-onset forms of atypical parkinsonism
(1-3), resulting in disrupted SVE in LRRK2 patient-derived do-
paminergic neurons. Moreover, these defects in synaptic function
may further contribute to DA-mediated toxicity and ultimately
drive dopaminergic neurodegeneration in LRRK2-linked PD.

Materials and Methods

Detailed materials and methods are included in S/ Appendix, Materials and
Methods. Reprogrammed iPSCs were differentiated as previously described
(25, 26). Before differentiation, iPSCs were treated with Accutase cell de-
tachment solution and seeded onto six-well plates at a density of 1 million
cells per well. iPSCs were continuously fed until 80% confluency and dif-
ferentiation protocols were initiated (day 0). Cells were fed a combination
of LDN193189, SB431542, sonic hedgehog, purmorphamine, FGF8, and
CHIR99021. On day 13, cells were transferred to poly-p-lysine/laminin—coated
10-cm plates. Cells were fed every third day by half volume feeding with
Neurobasal + SM1 supplement and BDNF, ascorbic acid, glial cell line-derived
neurotrophic factor, TGF-p3, cAMP, and DAPT until day 40. On day 25, cells
were finally passaged onto poly-p-lysine/laminin—coated tissue culture
plates. Neurons were continuously fed by half volume feeding every third
or fourth day with Neurobasal + SM1 supplement until indicated time
points (day 40+).
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