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the dysregulation of associated motors.
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autophagosome maturation. Thus,

dysfunctional autophagy is predicted to

contribute to Parkinson’s disease

pathogenesis.
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SUMMARY
Parkinson’s disease-causing mutations in the leucine-rich repeat kinase 2 (LRRK2) gene hyperactivate
LRRK2 kinase activity and cause increased phosphorylation of Rab GTPases, important regulators of intra-
cellular trafficking. We found that the most common LRRK2mutation, LRRK2-G2019S, dramatically reduces
the processivity of autophagosome transport in neurons in a kinase-dependent manner. This effect was
consistent across an overexpression model, neurons from a G2019S knockin mouse, and human induced
pluripotent stem cell (iPSC)-derived neurons gene edited to express the G2019S mutation, and the effect
was reversed by genetic or pharmacological inhibition of LRRK2. Furthermore, LRRK2 hyperactivation
induced by overexpression of Rab29, a known activator of LRRK2 kinase, disrupted autophagosome trans-
port to a similar extent. Mechanistically, we found that hyperactive LRRK2 recruits the motor adaptor JNK-
interacting protein 4 (JIP4) to the autophagosomal membrane, inducing abnormal activation of kinesin that
we propose leads to an unproductive tug of war between anterograde and retrograde motors. Disruption
of autophagosome transport correlated with a significant defect in autophagosome acidification, suggesting
that the observed transport deficit impairs effective degradation of autophagosomal cargo in neurons. Our
results robustly link increased LRRK2 kinase activity to defects in autophagosome transport andmaturation,
further implicating defective autophagy in the pathogenesis of Parkinson’s disease.
INTRODUCTION

The leucine-rich repeat kinase 2 (LRRK2) gene encodes a large

multidomain protein linked to the pathogenesis of Parkinson’s

disease (PD).1 LRRK2 mutations are the most common genetic

cause of PD, accounting for�1% of sporadic and�5% of famil-

ial forms.2 The most frequent pathogenic mutation, LRRK2-

G2019S, is an autosomal dominant missense mutation located

in the kinase domain that enhances kinase activity.3–5 Increased

LRRK2 kinase activity is also induced by a PD-causing mutation

in the VPS35 gene6 and has been observed in patients with idio-

pathic PD.7 Together, these observations indicate that elevated

activation of LRRK2 kinase may be a common pathogenic driver

of PD, although the mechanism by which increased LRRK2

activity leads to neurodegeneration remains unknown.

Phospho-proteomic analyses identified a subset of Rab

GTPases, including Rab8, Rab10, and Rab29, as bona fide sub-

strates of LRRK2 kinase.8,9 Rab proteins aremaster regulators of

intracellular trafficking.10 Increased LRRK2 kinase activity en-

hances Rab phosphorylation, altering interactions with down-

stream effector proteins such as the motor adaptor protein

JNK-interacting protein 4 (JIP4).11,12 In particular, Rab29 is

genetically linked to PD13 and functions as both a substrate

and activator of LRRK2 kinase.14–16
2140 Current Biology 31, 2140–2154, May 24, 2021 ª 2021 The Auth
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Effective intracellular transport is essential for neurons

because of their unique morphology with an axonal arbor esti-

mated to range up to hundreds of meters in total length within

the human CNS.17 The extensive axonal arborization of dopami-

nergic nigrostriatal neurons may make these cells especially

vulnerable to transport deficits.18,19 In particular, axonal trans-

port of autophagic vesicles (AVs) in neurons is tightly regulated

and vital to neuronal homeostasis.20,21 AVs are preferentially

formed at the distal tip of the axon and then transported retro-

gradely toward the cell soma, maturing en route by fusion with

late endosomes/lysosomes.21–24 Inhibition of AV transport im-

pairs AV acidification, causing defective cargo degradation.24,25

Defects in autophagy have repeatedly been linked to PD in gen-

eral and to LRRK2-mediated pathophysiology in particular.26–30

Here, we investigated the effects of the LRRK2-G2019Smuta-

tion on organelle transport and neuronal autophagy. We exam-

ined three model systems: LRRK2-G2019S overexpression,

primary G2019S knockin (KI) neurons,31,32 and gene-edited hu-

man induced pluripotent stem cell (iPSC)-derived G2019S KI

neurons. In all three models, LRRK2-G2019S decreased the

processivity of AV transport through increased kinase activity.

Impaired AV transport was accompanied by defects in axonal

AV acidification, indicating defective AV maturation. LRRK2 hy-

peractivation induced by Rab29 overexpression decreased the
ors. Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Overexpression of LRRK2-G2019S disrupts processivity of axonal AV transport

(A) Kymographs of mCherry-LC3 vesicles in EGFP-LRRK2-WT-, EGFP-LRRK2-G2019S-, and EGFP-LRRK2-G2019S-D1994N-expressing axons. Asterisks

indicate pauses. Arrowheads point to reversals. See also Video S1.

(B andC) Bar graph and frequency distribution of (B) pause number per vesicle and (C) pause duration during AV transport inWT, G2019S-, andG2019S-D1994N-

expressing neurons. Frequency distribution does not show pauses >42 s (WT: 2.54%; G2019S: 2.87%; G2019S-D1994N: 3.49%).

(D) Fraction of time paused (as measured by seconds paused per minute).

(E) Number of reversals per AV in WT, G2019S-, and G2019S-D1994N-expressing axons (mean ± SEM; n = 87–139 AVs from 17–20 neurons from 3 independent

cultures; ns, not significant, p = 0.44; **p = 0.0008; ***p < 0.0001; Kruskal-Wallis with Dunn’s multiple comparisons test).

See also Figures S1A–S1C for quantification of AV directionality and density. Figures S3A–S3H and S4I–S4M show the effect of LRRK2-G2019S overexpression

on microtubule and LAMP1-vesicle dynamics, respectively.
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processivity of AV transport to a similar extent. Downstream of

hyperactive LRRK2, our data implicate the enhanced recruit-

ment of the kinesin-activating motor adaptor protein JIP4 in

the disruption of AV transport, resulting in an unregulated tug

of war between anterograde and retrograde motors. Our data

linking LRRK2 hyperactivation to the defective trafficking of

neuronal autophagosomes further establish autophagy as a

key pathway in PD pathogenesis.

RESULTS

Overexpression of LRRK2-G2019S disrupts the
processivity of AV transport
Given the data implicating LRRK2 in the regulation of autophagy,

we asked whether overexpression of LRRK2-G2019S affects

axonal AV transport.26–30 Rat hippocampal neurons were
transfected with EGFP-LRRK2-WT (wild type) or EGFP-

LRRK2-G2019S. In parallel, we used the kinase-inactive variant

EGFP-LRRK2-G2019S-D1994N to assess the dependency of

the effect of LRRK2-G2019S on its increased kinase activity (Fig-

ure 1A). In all three groups, mostmCherry-LC3-labeled AVswere

transported retrogradely (�80%; Figures S1A and S1B), as pre-

viously described in neurons both in vitro and in vivo.21–24,33,34

The density of AVs in the mid-axon was similar in all groups (Fig-

ure S1C), suggesting that neither overexpression of hyperactive

nor kinase-dead LRRK2 affects the overall rate of autophago-

some production in the distal axon.

Strikingly, we observed that AVs in neurons expressing

LRRK2-G2019S paused frequently during retrograde organelle

motility (Figure 1A; Video S1). The number of pauses per vesicle

in LRRK2-G2019S-expressing neurons was more than 2-fold

higher than in neurons expressing LRRK2-WT (Figure 1B). By
Current Biology 31, 2140–2154, May 24, 2021 2141
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Figure 2. AV transport is disrupted in mouse LRRK2-G2019S KI neurons and rescued by LRRK2 kinase inhibition
(A) Kymographs of axonal EGFP-LC3 vesicles in WT and G2019S knockin (KI) mouse cortical neurons. See also Video S2.

(B and C) Bar graph and frequency distribution of (B) pause number per vesicle and (C) pause duration during AV transport in WT and G2019S KI neurons.

Frequency distribution does not show pauses >48 s (WT: 2.95%; G2019S: 6.89%).

(legend continued on next page)
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contrast, AVs in LRRK2-G2019S-D1994N neurons paused at a

similar frequency as in LRRK2-WT neurons (Figure 1B), suggest-

ing that increased pausing is dependent on the hyperactive ki-

nase activity of LRRK2-G2019S. The average pause duration in

LRRK2-G2019S neurons was not significantly different from

LRRK2-WT or LRRK2-G2019S-D1994N cells (Figure 1C), but

because of the higher frequency of pauses, the fraction of time

paused per vesicle was significantly increased (Figure 1D). AVs

in LRRK2-G2019S neurons also changed direction more

frequently (Figure 1A; Video S1). The number of reversals was

significantly increased in LRRK2-G2019S neurons compared

with either LRRK2-WT or LRRK2-G2019S-D1994N (Figure 1E).

Endogenous LRRK2-G2019S disrupts AV transport in
mouse cortical neurons and iPSC-derived neurons in a
kinase-dependent manner
Next, we investigated whether LRRK2-G2019S affects axonal AV

transport when expressed at endogenous levels. Western blots

confirmed similar LRRK2 expression levels in cortical neurons

from WT or G2019S KI mice (Figures S1D and S1E). In both WT

andG2019SKI neurons, themajority of axonal EGFP-LC3-labeled

AVsmoved in the retrograde direction (Figure S1F). The number of

pauses during AV transport was significantly increased inG2019S

KI neurons, with AVs pausing �2 times more frequently (Figures

2A and 2B; Video S2). The average pause duration was not

affected (Figure 2C). Thus, the increased fraction of time paused

of AVs inG2019SKI neurons (Figure 2D) is due to the higher pause

number. The number of reversals during AV transport was also

significantly increased in G2019S KI neurons (Figure 2E). To

quantify how this higher number of reversals affects the overall

processivity of AV transport,wecalculated the differencebetween

total and net run length of each vesicle (D run length; Figure S1G).

To ensure robust run length quantification, we imaged for longer

time periods and with a larger field of view. Notably, D run length

was significantly higher in G2019S KI neurons, indicating a loss of

directed processivity in AV transport due to an increase of non-

processive motility (Figure 2F).

To investigate whether the loss of processivity was caused by

increased LRRK2 activity, we tested whether the LRRK2 kinase

inhibitor MLi-235 rescues AV transport in G2019S KI neurons.

Treatment with 100 nM MLi-2 markedly decreased LRRK2 ki-

nase activity in G2019S KI neurons, as measured by reduced

levels of LRRK2-phosphorylated phosphothreonine-73 (pT73)

Rab10 and phosphoserine-106 (pS106) Rab12 (Figures S2A

and S2B). LRRK2 inhibition byMLi-2 significantly reduced pause

number and fraction of time paused for axonal AVs in G2019S KI

neurons (Figures 2G–2J; Video S3). Both parameters were

reduced to levels lower than in untreatedWT neurons (see dotted

lines in Figures 2H–2L). MLi-2 treatment also rescued non-
(D–F) Fraction of time paused (D), number of reversals (E), andD run length (differe

neurons (mean ± SEM; n = 112–126 AVs from 26 neurons from 3 independent cu

S1D–S1G show LRRK2 expression and AV directionality in WT and G2019S KI n

(G) Kymographs of axonal EGFP-LC3 vesicles in mouse G2019S KI neurons trea

(H–L) Pause number (H), pause duration (I), fraction of time paused (J), number o

DMSO or MLi-2 (mean ± SEM; n = 106-116 AVs from 24 to 28 neurons from 3 inde

with Bonferroni correction for multiple testing: p < 0.0125 was considered stat

untreated WT neurons. See also Figures S2A and S2B for phospho-Rab western

Microtubule dynamics in G2019S KI neurons and the effect of MLi-2 on microtub

show LAMP1-vesicle dynamics in G2019S KI neurons.
processive motility in G2019S KI neurons, as measured by num-

ber of reversals and D run length (Figures 2K and 2L).

As a third independent model, we investigated the effect of

G2019S mutation on AV transport in human iPSC-derived neu-

rons (i3Neurons),34,36 which have been shown to express

LRRK2.37 We used CRISPR/Cas9 gene editing to generate i3N

iPSCs heterozygous for the G2019S mutation. EGFP-LC3

labeled AVs in G2019S KI i3Neurons paused significantly more

frequently than in isogenic WT i3Neurons (Figures 3A and 3B;

Video S4). While the average pause duration was not affected

by the G2019S mutation (Figure 3C), the fraction of time paused,

number of reversals, and D run length were significantly

increased (Figures 3D–3F). Treatment with 100 nM MLi-2

rescued the number of pauses and fraction of time paused in

G2019S KI i3Neurons (Figures 3G–3J). While MLi-2 did not

have a significant effect on D run length, it reduced the number

of reversals to a similar level as observed in WT neurons (Figures

3K and 3L). Thus, consistent with the data from overexpression

model andmouse G2019S KI neurons, we observed a significant

disruption of AV transport in human G2019S KI neurons that was

rescued by pharmacological LRRK2 kinase inhibition.

LRRK2-G2019S does not affect axonal microtubule
dynamics
Previous reports have proposed that LRRK2 mutants may alter

microtubule dynamics by affecting microtubule stability, which

could potentially contribute to the defects in AV transport we

observed.38–40 We expressed fluorescently labeled end-binding

protein 3 (EB3) in mouseWT and G2019S KI neurons to visualize

the plus ends of growing microtubules and measure microtubule

dynamics (Figure S2C). Quantification revealed no differences in

run length, run time, velocity, or density of EB3 comets between

WT and G2019S KI neurons (Figures S2D–S2G). Similarly, over-

expression of EGFP-LRRK2-WT or EGFP-LRRK2-G2019S in rat

hippocampal neurons did not affect run length, run time, or num-

ber of EB3 comets compared with the expression of EGFP only

(Figures S3A–S3H).

Since the LRRK2 inhibitor MLi-2 has been shown to increase

the affinity of LRRK2 formicrotubules,41 we investigatedwhether

MLi-2 treatment affects microtubule dynamics at endogenous

LRRK2 expression levels. We observed no differences in run

time, run length, velocity, or density of EB3 comets between

DMSO- or MLi-2-treated mouse WT neurons (Figures S3I–S3P).

LRRK2-G2019S does not affect axonal transport of
LAMP1 vesicles
To investigate whether LRRK2-G2019S affects the axonal

transport of other cargoes, we examined the motility of lyso-

somal-associated membrane protein 1 (LAMP1)-RFP-positive
nce between total run length and net run length) (F) of AVs inWT andG2019S KI

ltures; ns, not significant, p = 0.78; ***p < 0.0001; Mann-Whitney test). Figures

eurons.

ted overnight with DMSO or 100 nM MLi-2. See also Video S3.

f reversals (K), and D run length (L) of AVs in G2019S KI neurons treated with

pendent cultures; ns, not significant, p = 0.02; ***p < 0.0001; Mann-Whitney test

istically significant). Dotted lines indicate the respective average observed in

blots of WT or G2019S KI neurons ± MLi-2.

ule dynamics are shown in Figures S2C–S2G and S3I–S3P. Figure S4A–S4G
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Figure 3. AV transport is disrupted in human iPSC-derived LRRK2-G2019S KI neurons and rescued by LRRK2 kinase inhibition

(A) Kymographs of axonal EGFP-LC3 vesicles in WT and G2019S KI i3Neurons. See also Video S4.

(B–F) Pause number (B), pause duration (C), fraction of time paused (D), number of reversals (E), and D run length (F) of AVs in WT and G2019S KI i3Neurons

(mean ± SEM; n = 133–189 AVs from 32 to 33 neurons from 3 independent experiments; ns, not significant, p = 0.0299; ***p < 0.0001; Mann-Whitney test with

Bonferroni correction for multiple testing: p < 0.0125 was considered statistically significant).

(G) Kymographs of axonal EGFP-LC3 vesicles in G2019S KI i3Neurons treated overnight with DMSO or 100 nM MLi-2.

(H–L) Pause number (H), pause duration (I), fraction of time paused (J), number of reversals (K), and D run length (L) of AVs in G2019S KI i3Neurons treated with

DMSO or MLi-2 (mean ± SEM; n = 225–279 AVs from 41 to 43 neurons from 3 independent cultures; ns, not significant, p > 0.1368; **p = 0.0021; ***p = 0.0001;

Mann-Whitney test). Dotted lines indicate the respective average in untreated WT i3Neurons.
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late endosomes/lysosomes in WT and G2019S KI neurons. First,

we photobleached a segment of the axon to deplete the signal of

stationary vesicles,42 aiding visualization of mobile vesicles and

allowing quantification of pause events (Figure S4A). In contrast

to the robust retrograde motility of AVs, about two-thirds of mo-

bile LAMP1 vesicles moved in the anterograde direction (Fig-

ure S4G). Measurements of pausing for motile LAMP1 vesicles

revealed no difference betweenWT andG2019SKI neurons (Fig-

ures S4B and S4C). Analysis of retrograde LAMP1 vesicles only

showed a small but nonsignificant trend toward a higher pause

number and higher fraction of time paused in G2019S KI neurons

(Figures S4D and S4E). Co-expression of EGFP-LC3 and

LAMP1-RFP showed that only a small fraction of retrograde
2144 Current Biology 31, 2140–2154, May 24, 2021
LAMP1-RFP vesicles was positive for EGFP-LC3 (�13%; Fig-

ure S4H). Similar to the observations in G2019S KI neurons,

overexpression of LRRK2-G2019S did not significantly alter

axonal trafficking of LAMP1-RFP vesicles in rat hippocampal

neurons (Figures S4I–S4M).

Impairment of axonal transport by LRRK2-G2019S
affects maturation of axonal AVs
Retrograde transport facilitates AVmaturation in the axon through

en route fusion with lysosomal vesicles. Disrupted AV transport

has been shown to impair AV acidification, leading to defective

cargo degradation.25,43 To probewhether LRRK2-G2019S affects

AV maturation, we transfected mouse WT or G2019S KI neurons
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Figure 4. LRRK2-G2019S disrupts acidifi-

cation of axonal AVs

(A) Kymographs of mCherry-EGFP-LC3 vesicles

in the proximal axon of WT or G2019S KI mouse

cortical neurons. Magenta arrowheads, mCherry-

positive traces; green arrowheads, EGFP-positive

traces; white arrowheads, mCherry- and EGFP-

positive traces.

(B–D) Percentage of acidified (=mCherry-only-

positive) AVs in (B) the distal (mean ± SEM; n = 17–

20 neurons from 4 independent cultures; ns, not

significant, p = 0.55; Mann-Whitney test); (C) the

proximal axon of WT and G2019S KI neurons

(mean ± SEM; n = 29–30 neurons from 4 inde-

pendent cultures; **p = 0.0084; Mann-Whitney

test); and (D) the proximal axon of G2019S KI

neurons treated with DMSO or 100 nM MLi-2

overnight (mean ± SEM; n = 24–26 neurons from 3

independent cultures; *p = 0.0123; Mann-Whitney

test).

For acidification of axonal LAMP1 vesicles, see

Figures S5C–S5E.
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with mCherry-EGFP-LC3 (Figure 4A). The EGFP signal of this tan-

dem construct is quenched in an acidic environment, allowing for

differentiation between non-acidified (mCherry- and EGFP-posi-

tive) and acidified (mCherry-only-positive) LC3 vesicles.

In the distal axon of both WT and G2019S KI neurons, only

�10% of AVs were acidified (Figure 4B). This is not surprising,

as de novo formation of immature AVs takes place at the distal

tip.22,44 Consistent with AV maturation during retrograde trans-

port, we observed a higher fraction of acidified AVs in the proximal

axon. However, the fraction of acidified AVs in the proximal axon

of G2019S KI neurons (�20%) was significantly lower than in WT

neurons (�40%) (Figures 4A and 4C). LRRK2 inhibition by MLi-2

fully rescued impaired AV acidification in the proximal axon of

G2019S KI neurons (Figure 4D). Impairment of autophagosome

transport and acidification correlated with a trend toward a higher

number of LC3 vesicles in the proximal axon of G2019S KI neu-

rons (Figure S5A). Treatment with MLi-2 significantly decreased

the number of LC3 vesicles in the proximal axon of G2019S KI

neurons (Figure S5B). Together, these findings demonstrate that

G2019S mutation substantially impairs the maturation of axonal

AVs in a kinase-dependent manner.

In contrast to AV transport, axonal trafficking of LAMP1-positive

late endosomes/lysosomes was not affected by expression of the

G2019S mutation (Figure S4). Furthermore, using superecliptic

pHluorin (SEP)-LAMP1-RFP as a dual-color reporter for late endo-

some/lysosome acidification,45,46 we did not observe a difference
Current B
in the acidification of axonal LAMP1 vesi-

cles betweenWT and G2019S KI neurons

(Figures S5C–S5E). These findings sug-

gest that impaired AV acidification in

G2019S KI neurons was not induced by

lysosomal defects.

Rab29 is localized to axonal AVs
Rab29 functions as both a substrate and

an activator of LRRK2 kinase.8,14,16,32,47

Overexpression of Rab29 has been
shown to increase LRRK2 kinase activity.14,16 To investigate

whether Rab29 may be involved in the LRRK2 pathway control-

ling processivity of AV transport, we transiently expressed

EGFP-Rab29 together with mCherry-LC3 in mouse cortical neu-

rons. Intriguingly, we observed robust comigration of EGFP-

Rab29 with axonal LC3 vesicles (Figure 5A; Video S5). We also

noticed a distinct population of dimmer EGFP-Rab29 vesicles

moving along the axon that did not colocalize with LC3-positive

AVs (Figures 5A and 5G). Consistent with previous observations

in cell lines,14,16 there was a Golgi-like distribution of EGFP-

Rab29 in the neuronal soma (Figure S6A), spatially separated

from the axonal, AV-associated population.

The observed colocalization of Rab29 and LC3 in the axon

could be explained by either an association of Rab29 with

the outer AV membrane or by engulfment of Rab29 within the

AV lumen as an autophagosomal cargo. To distinguish

between these possibilities, we photobleached Halo-Rab29 on

EGFP-LC3-positive axonal AVs and analyzed fluorescence recov-

ery. We observed that Halo-Rab29 signal recovered over several

minutes (Figures 5B and S6B; Video S6). This indicates that pho-

tobleached Halo-Rab29 is gradually replaced by fluorescent

Halo-Rab29 from the cytosol, suggesting that Rab29 is bound

to the outer AV membrane. If Rab29 was located in the AV lumen,

fluorescence recovery would not be observed. Quantification of

Halo-Rab29 intensity after photobleaching showed a similar re-

covery in WT and G2019S KI neurons (Figure S6C).
iology 31, 2140–2154, May 24, 2021 2145
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Figure 5. Overexpression of Rab29 disrupts AV transport

(A) Time-lapse images of axonal mCherry-LC3 and EGFP-Rab29 vesicles in a WT mouse cortical neuron. Scale bar, 5 mm. See also Video S5.

(B) Fluorescence recovery after photobleaching Halo-Rab29 signal of an EGFP-LC3-labeled AV. Arrowheads point to the position of the AV. Scale bar, 5 mm.

See also Figures S6A–S6C and Video S6.

(C) Proteins associated with the outer membrane of isolated AVs are degraded after treatment with Proteinase K (PK). AV cargo is only degraded by PK after

membrane permeabilization.

(D) Western blot of pT71 Rab29 and total Rab29 from brain lysate, autophagosome fraction, and autophagosome fraction after treatment with PK.

(legend continued on next page)
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Next, we investigated whether endogenous Rab29 and

LRRK2 are present on AVs. We isolated AVs through sequential

ultracentrifugation of mouse brain lysates (Figure S6D),21,48 add-

ing Gly-Phe-b-naphthylamide (GPN) to inactivate and deplete

lysosomal vesicles.We detected total Rab29, LRRK2-phosphor-

ylated pT71 Rab29, and LRRK2 in immunoblots of isolated AVs

from WT or G2019S KI mice. Total Rab29, pT71 Rab29, and

LRRK2 were all lost after treating isolated AVs with Proteinase

K (Figures 5C, 5D, and S6E). This indicates that Rab29 and

LRRK2 are bound to the outer AV membrane, corroborating

the results of our Halo-Rab29 photobleaching experiments as

well as previous reports of the recruitment of LRRK2 to autopha-

gosomes.47,49,50 Luminal proteins such as LC3-II were protected

by the AV membrane from Proteinase K treatment and only

degraded after membrane permeabilization by Triton X-100 (Fig-

ure S6E). The Golgi marker GM130 was not detected in the iso-

lated AV fraction, excluding the possibility that Rab29 signal was

due to contamination of isolated AVs with Golgi membrane (Fig-

ure S6E). Notably, pT71 Rab29, but not total Rab29, was en-

riched in the AV fraction compared with the total brain lysate

input (Figure 5D). Consistent with higher LRRK2 kinase activity,

we detected increased levels of pT71 Rab29 on AVs from

G2019S KI mice (Figure 5E). There was no difference in the

amount of total Rab29 or LRRK2 between WT and G2019S KI

AVs (Figures 5F and S6F).

Rab29 overexpression disrupts axonal AV transport
similar to G2019S mutation
In non-neuronal cells, overexpression of Rab29 has been shown

to recruit LRRK2 to the membrane of the Golgi and increase

LRRK2 kinase activity.14,16 Recent studies found that membrane

association, but not membrane identity, is important for LRRK2

activation by Rab29.15,51

Since we detected Rab29 on axonal AVs, we investigated

whether overexpression of Rab29 affects the processivity of

AV transport in a similar manner to the LRRK2-G2019Smutation.

We transiently expressed EGFP-Rab29 and mCherry-LC3 in WT

or G2019S KI mouse cortical neurons. EGFP-Rab5 was used as

a negative control, since Rab5 is not known to affect LRRK2

kinase activity.14 As expected, AVs in G2019S KI neurons over-

expressing Rab5 paused more frequently than in WT neurons

overexpressing Rab5 (Figures 5G and 5H). The pause frequency

in WT neurons overexpressing Rab29 was significantly

increased compared with WT neurons overexpressing Rab5,

but similar to G2019S KI neurons overexpressing Rab5. Rab29

overexpression in G2019S KI neurons did not have an additive

effect, but resulted in a pause number similar to either WT

neurons overexpressing Rab29 or G2019S KI neurons

overexpressing Rab5 (Figure 5H). While pause number was
(E and F)Western blot quantification of (E) pT71 Rab29 levels (mean ± SEM; n = 8–

(mean ± SEM; n = 7–9 biological replicates; ns, not significant, p = 0.25; Mann-Wh

are normalized to total protein and relative to whole-brain lysate. Western blots

(G) Kymographs of axonal EGFP-Rab5 or EGFP-Rab29 vesicles andmCherry-LC3

mCherry-LC3 vesicles; green arrowheads highlight EGFP-Rab29 tracks that colo

(H–J) Pause number (H), fraction of time paused (I), and D run length (J) of AVs

overexpressing WT neurons treated with DMSO or MLi-2 (overexpression of Rab

independent cultures; ns, not significant, p > 0.06; **p < 0.001; ***p < 0.0001;

overexpressing neuronswith DMSOorMLi-2 (mean ± SEM; n = 78–109 AVs from 2

0.0001; Mann-Whitney test). See also Figures S6G and S6H.
significantly increased, overexpression of Rab29 did not affect

average pause duration (Figure S6G). Fraction of time paused

and D run length were significantly increased; but again,

overexpression of Rab29 did not produce an additive effect in

G2019S KI neurons (Figures 5I and 5J). These observations are

consistent with reports that LRRK2 and Rab29 act within the

same pathway.52,53

LRRK2 kinase inhibition rescues AV transport in Rab29-
overexpressing neurons
Next, we testedwhether Rab29 overexpression affects AV trans-

port through activation of LRRK2 kinase activity; if so, the LRRK2

kinase inhibitor MLi-2 should rescue defective transport in

Rab29-overexpressing cells. While the comigration of axonal

LC3 and Rab29 vesicles was not affected by MLi-2 (Figure S6H),

LRRK2 kinase inhibition significantly reduced pause number,

fraction of time paused, and D run length of axonal AVs in WT

neurons expressing EGFP-Rab29 (Figures 5H–5J). All parame-

ters were rescued to levels similar to WT neurons expressing

Rab5 as a negative control. Consistent with earlier experiments,

pause duration was not affected by MLi-2 (Figure S6G).

Together, our data demonstrate that increased LRRK2 activity,

caused by either theG2019Smutation or Rab29 overexpression,

disrupts the processivity of axonal AV transport.

LRRK2-G2019S enhances recruitment of JIP4 to the AV
membrane and increases kinesin activity
Both the anterograde motor kinesin and the retrograde motor

dynein are bound to AVs; the opposing activities of these motors

are regulated by adaptor proteins that inhibit kinesin and pro-

mote dynein activity.21,43 The observed increases in reversals

and non-processivemotility suggest that LRRK2 hyperactivation

may increase kinesin activity and thus disrupt AV transport by

causing an unregulated tug of war between anterograde and

retrograde motors.

JIP3 and JIP4 are motor adaptor proteins that bind LRRK2-

phosphorylated Rab proteins: Rab8, Rab10, and Rab35.11,12,51

In astrocytes, expression of LRRK2-G2019S increased recruit-

ment of JIP4 to damaged lysosomes by enhancing Rab

phosphorylation.12 In line with these findings, we detected signif-

icantly higher levels of JIP4 on autophagosomes isolated from

the brains of G2019S KI mice than WT mice (Figure 6A). JIP3

levels showed a similar trend, but did not reach statistical signif-

icance (Figure S7A). Both Rab8 and Rab10 were present on the

outer AV membrane (Figure S7B). Western blots using a pan-

specific pT Rab antibody (detecting JIP4-interacting phospho-

Rab8, -Rab10, and -Rab35) showed enrichment of pT Rabs in

the AV fraction and increased levels of LRRK2-phosphorylated

Rab proteins on AVs from G2019S KI mice (Figure 6B).
9 biological replicates; *p = 0.022;Mann-Whitney test) and (F) total Rab29 levels

itney test) in autophagosome fraction of WT and G2019S KI mice. Data shown

of LRRK2, GM130, and LC3 are shown in Figures S6D–S6F.

vesicles in mouseWT cortical neurons.Magenta arrowheads point to tracks of

calize with mCherry-LC3 tracks.

in WT and G2019S KI neurons overexpressing Rab5 or Rab29 and in Rab29-

5 or Rab29: mean ± SEM; n = 107–149 AVs from 27 to 38 neurons from 3 to 4

Kruskal-Wallis with Dunn’s multiple comparisons test). Treatment of Rab29-

6 to 27 neurons from 3 independent cultures; ns, not significant, p = 0.19; ***p <
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Figure 6. LRRK2-G2019S recruits JIP4 to the AV membrane and activates kinesin
(A–D) Representative western blot and quantification of (A) JIP4 (mean ± SEM; n = 8 biological replicates; **p = 0.0047; Mann-Whitney test); (B) phosphothreonine

Rabs (mean ± SEM; n = 6–7 biological replicates; *p = 0.0135; Welch’s t test); (C) p150Glued (mean ± SEM; n = 7–8 biological replicates; *p = 0.61; Mann-Whitney

test); and (D) KHC (mean ± SEM; n = 6–7 biological replicates; *p = 0.014; Mann-Whitney test) in the autophagosome fraction of WT and G2019S KI mouse brain

lysates. Data shown are normalized to total protein and relative to whole-brain lysate.

(legend continued on next page)
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LRRK2-phosphorylated pT73 Rab10, but not total Rab10, was

enriched in the autophagosome fraction (Figure S7B).

JIP4 activates kinesin by binding kinesin light chain and kinesin

heavy chain (KHC).54,55 Binding of the GTPase Arf6 to the leucine

zipper II domain of JIP4 interferes with JIP4’s association with

kinesin, but favors interaction with the dynein activator dynac-

tin.56,57 While JIP4 levels were increased on G2019S KI AVs, we

detected only low levels of Arf6 associated with AVs and found

no difference between Arf6 levels onWT and G2019S KI AVs (Fig-

ure S7C). Furthermore, levels of p150Glued, a subunit of dynactin,

were similar on WT and G2019S KI AVs (Figure 6C). In contrast

and consistent with recruitment of kinesin by JIP4, KHC levels

were significantly higher on G2019S KI AVs than on WT AVs (Fig-

ure 6D). The presence of JIP4, KHC, and p150Glued on axonal AVs

in G2019S KI neurons was confirmed by immunofluorescence (IF)

staining (Figures S7D and S7E). A microtubule-pelleting assay in

the presence of adenylyl-imidodiphosphate (AMP-PNP; a

non-hydrolysable ATP analog) showed increased microtubule

binding of KHC from G2019S KI mouse embryonic fibroblast

(MEF) lysates compared withWT, indicating that LRRK2 hyperac-

tivation increases levels of activated kinesin (Figures 6E and 6F).

Treatment with MLi-2 rescued this effect (Figures 6G and 6H).

This suggests that by recruiting JIP4, hyperactive LRRK2 in-

creases the amount of active kinesin on the autophagosomal

membrane, resulting in a tug of war with the retrograde motor

dynein that is predicted to inducemorepausing and directional re-

versals, thus decreasing processive retrograde motility.

JIP4 overexpression disrupts axonal AV transport
To test whether increased JIP4 association interferes with proc-

essive axonal AV motility, we analyzed the transport of EGFP-

LC3 vesicles in Halo-JIP4-overexpressing mouse WT neurons.

We observed robust comigration of EGFP-LC3 and Halo-JIP4

vesicles (Figures 7A and 7B; Video S7). Strikingly, Halo-JIP4

overexpression was sufficient to increase the percentage of

AVs moving either bidirectionally or in the anterograde direction

while decreasing the fraction of retrograde AVs (Figure 7C),

consistent with higher kinesin activity on AVs in JIP4-overex-

pressing neurons. Similar to the effect of G2019S mutation and

Rab29 overexpression, JIP4 overexpression increased the num-

ber of pauses and time paused perminute of axonal AVs (Figures

7D and 7E). JIP4 overexpression also elevated the number of re-

versals andD run length during AV transport to levels about twice

as high as in G2019S KI or Rab29 overexpressing neurons (Fig-

ures 7F and 7G). Thus, JIP4 overexpression resulted in a similar

butmore pronounced impairment of AV transport comparedwith

the effects of LRRK2 hyperactivation. Overall, our findings sup-

port a model in which hyperactive LRRK2 recruits JIP4 to the

AVmembrane via its binding to LRRK2-phosphorylated Rab pro-

teins. JIP4 then recruits and activates kinesin, resulting in a tug of

war with the retrograde motor dynein and disruption of proces-

sive AV transport (Figures 7H and 7I).
(E and F) Microtubule-pelleting assay (E) with lysates of WT or G2019S KI MEFs in

microtubules (5 mM) in the presence of 10 mM AMP-PNP and quantification (F) of

*p = 0.0216; Welch’s t test).

(G and H) Microtubule-pelleting assay (G) with lysates of G2019S KI MEFs trea

microtubule pellet (mean ± SEM; n = 4 biological replicates; *p = 0.0286; Welch’

Figure S7 shows additional western blots and IF staining.
DISCUSSION

There is a growing body of evidence linking dysfunctional auto-

phagy to PD pathogenesis.58,59 Previous reports support a role

for LRRK2 as a regulator of autophagy and suggest that patho-

genic LRRK2 mutations cause dysregulation of the autophagic

pathway.28–30,60–63 However, the underlying mechanism is not

yet clear. The identification of a subgroup of Rab proteins as

LRRK2 substrates links LRRK2 kinase activity to dynamic pro-

cesses of intracellular trafficking and transport. Here, we used

live imaging to study the effect of the most frequent pathogenic

LRRK2 mutation, LRRK2-G2019S, on neuronal autophagy. We

found that LRRK2-G2019S disrupts processive retrograde

transport of axonal AVs in a kinase-dependent manner by

increasing pause frequency and promoting non-processive

motility. This effect was consistent across a LRRK2-G2019S

overexpression model, primary G2019S KI neurons, and human

G2019S KI iPSC-derived neurons.

Recent studies indicate that type 1 LRRK2 kinase inhibitors

such as MLi-2 can promote binding of LRRK2 to microtubules

and have raised the possibility that microtubule-bound LRRK2

may act as a roadblock for molecular motors.41,64 However, at

endogenous LRRK2 expression levels, MLi-2 does not appear

to impair transport along microtubules. In fact, we found that

MLi-2 improved the transport processivity of AVs in both

G2019S KI and Rab29-overexpressing neurons, consistent

with a beneficial effect of type 1 LRRK2 kinase inhibitors across

multiple models of PD-related neurodegeneration.65–67 We

further found that neither treatment with MLi-2 nor expression

of the G2019S mutation affected axonal microtubule dynamics.

In cell lines, overexpressed Rab29 recruits LRRK2 to the

Golgi or to stressed lysosomes, leading to localized

activation.14,16,47,68,69 While membrane association is essential

for LRRK2 activation by Rab29, specific membrane identity is

not required.15 We observed in neurons that EGFP-Rab29

robustly comigrated with axonal AVs and found endogenous

Rab29 to be present on the outer membrane of isolated autopha-

gosomes. Overexpression of EGFP-Rab29 in mouse WT neurons

disrupted AV transport similar to expression of the G2019Smuta-

tion. Treatment with MLi-2 rescued AV processivity in Rab29-

overexpressing neurons, confirming that Rab29 overexpression

disrupts AV transport by increasing LRRK2 kinase activity.

Rab29 overexpression in G2019S KI neurons did not have an ad-

ditive effect, but resulted in a pause number similar to G2019S KI

neurons without Rab29 overexpression and to WT neurons over-

expressing Rab29. The non-additive effect of G2019S mutation

and Rab29 overexpression suggests that both act within the

same pathway and that reaching a certain threshold of LRRK2 ac-

tivity causes the observed impairment of AV transport. Our result

is in line with genetic studies showing that variants of LRRK2 and

the Rab29-containing PARK16 locus do not increase PD risk in an

additive manner.70
cubated with guanosine-5’-[(ab)-methyleno]triphosphate (GMPCPP)-stabilized

KHC bound to the microtubule pellet (mean ± SEM; n = 4 biological replicates;

ted with 200 nM MLi-2 overnight and quantification (H) of KHC bound to the

s t test). S, supernatant; P, pellet.
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Figure 7. Overexpression of JIP4 disrupts AV transport

(A) Time-lapse images of axonal EGFP-LC3 and Halo-JIP4 vesicles in a mouse WT cortical neuron. Scale bar, 5 mm. See also Video S7.

(B) Kymographs of axonal EGFP-LC3 and Halo-JIP4 vesicles. Arrowheads highlight comigration.

(C) Directionality of EGFP-LC3 vesicles in Halo-Tag-only and Halo-JIP4-overexpressing WT neurons (mean ± SEM; n = 24–25 neurons from 3 independent

cultures; ***p < 0.0001; two-way ANOVA). Antero + bidir., anterograde + bidirectional; retro., retrograde; stat., stationary.

(D–G) Pause number (D), fraction of time paused (E), number of reversals (F), and D run length (G) of AVs in Halo-Tag-only and Halo-JIP4-overexpressing neurons

(mean ± SEM; n = 68–87 AVs from 24 to 25 neurons from 3 independent cultures; ***p < 0.0001; Mann-Whitney test). Dotted lines indicate the respective average

observed in mouse G2019S KI neurons.

(legend continued on next page)
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How does increased LRRK2 activity mediate the observed

disruption of AV transport by LRRK2-G2019S or Rab29 overex-

pression? Physiologically, the scaffold proteins huntingtin,

huntingtin-associated protein 1 (HAP1), and JIP1 (structurally

distinct from JIP4) enable processive retrograde AV transport

by inhibiting kinesin and promoting dynein activity (Fig-

ure 7H).25,43 AVs from G2019S KI mice have increased levels

of phospho-Rabs and JIP4, a motor adaptor protein that has

been shown to bind to LRRK2-phosphorylated Rab pro-

teins.11,12 JIP4 recruits and activates the anterograde motor

kinesin, unless kinesin binding is competitively blocked by the

GTPase Arf6.57 We observed that increased levels of JIP4 on

G2019S AVs were accompanied by increased levels of kinesin

and that increasing JIP4 levels by overexpression was sufficient

to induce a significantly higher fraction of anterogradely and

bidirectionally moving AVs in live-imaging experiments. These

results support a model in which hyperactive LRRK2 recruits

JIP4 to the AV membrane via its binding to LRRK2-phosphory-

lated Rab proteins. JIP4 then recruits and activates kinesin, re-

sulting in a tug of war with the retrograde motor dynein that is

activated by other AV-resident motor adaptors (Figure 7I).

Further work is required to determine which specific phospho-

Rab(s) mediate recruitment of JIP4 to the AV membrane. The

described model is supported by the phenotype observed in

our live-imaging experiments, where LRRK2 activation by

G2019S mutation or Rab29 overexpression caused an increase

in reversals and non-processive AV motility.

By contrast, we did not detect an effect of LRRK2-G2019S on

the axonal transport of LAMP1 vesicles. This is somewhat

surprising, as previous reports have found LRRK2-mediated

recruitment of JIP4 to the membrane of LAMP1 vesicles in

non-neuronal cells.12 Notably, motility of axonal LAMP1 vesicles

is overall less processive than transport of AVs (LAMP1 vesicles:

�50% bidirectional/stationary, 25% anterograde, 25% retro-

grade; AVs: �80% retrograde vesicles).34,42,71,72 Thus, it is

possible that JIP4 recruitment by hyperactive LRRK2 only results

in a measurable effect for AVs, where increased JIP4 levels

disrupt mechanisms that normally ensure robust retrograde AV

motility. Alternatively, the related kinase LRRK1, rather than

LRRK2, may play a role in controlling the retrograde motility of

LAMP1-positive late endosomes/lysosomes. The late endo-

some marker Rab7 is phosphorylated by LRRK1, but not

LRRK2, at S72.73 Rab7 phosphorylation by LRRK1 has been

implicated in mediating the recruitment of Rab7-interacting

lysosomal protein (RILP),74 a scaffold protein that promotes

retrograde transport of late endosomes/lysosomes by

enhancing dynein activity.75

Previous work has shown that efficient autophagosomal cargo

degradation is dependent on functional retrograde transport.76

Disruption of retrograde axonal AV transport in a model of Hun-

tington’s disease caused ineffective autophagosome-lysosome

fusion and impaired autophagosomal cargo degradation.25

Knockdown of themotor scaffold protein JIP1was also sufficient
(H and I) Model depicting the effect of increased LRRK2 kinase activity on axona

retrograde AV transport, facilitating efficient fusion en route with lysosomal ves

processive retrograde transport. (I) LRRK2 hyperactivation by LRRK2-G2019S m

inefficient autophagosome-lysosome fusion and impaired AV acidification. Hyper

phospho-Rabs, resulting in abnormal kinesin activation and a tug of war betwee
to disrupt retrograde AV transport and reduce acidification.43

Similarly, we found that disrupted transport in G2019S KI axons

was accompanied by a defect in AV acidification. While we

observed no change in density, transport, or acidification of

axonal LAMP1 vesicles in G2019S neurons, we cannot fully

exclude the potential contribution of lysosomal defects to

impaired AV maturation. In line with our results, overexpression

of LRRK2-G2019S in rat neurons decreased autophagic flux,

but did not affect lysosomal pH.30 Disruption of transport and

ineffective acidification may delay autophagosomal cargo

degradation and over time result in buildup of protein aggregates

and/or dysfunctional organelles in the axon. Indeed, accumula-

tion of alpha-synuclein aggregates in the axon (‘‘Lewy neurites’’)

has been shown to occur early during PD pathogenesis.77–79 Ev-

idence from human histopathology and animal models suggests

that axonal pathology precedes damage to the neuronal cell

body in PD, supporting a ‘‘retrograde axonal degeneration’’ dis-

ease model.80–82

In summary, our work robustly links dysregulation of the

LRRK2 pathway to defects in neuronal AV transport. We show

across different model systems that increased LRRK2 kinase

activity induced by either G2019S mutation or Rab29

overexpression strikingly disrupts the processivity of axonal AV

transport. Mechanistically, we found that LRRK2 hyperactivation

recruits JIP4 to the AV membrane, activating kinesin and result-

ing in a tug of war between anterograde and retrograde motors.

Our data connect dysfunction of LRRK2, a kinase that affects

intracellular trafficking by phosphorylating Rab proteins, with

defects in autophagy, a pathway that has long been implicated

in the pathogenesis of PD.
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Antibodies

Anti-LRRK2, Rabbit Monoclonal Abcam Cat# ab133474; RRID: AB_2713963

Anti-Rab29, Rabbit Monoclonal Abcam Cat# ab256526; RRID: AB_2884877

Anti-Rab29 (phospho T71), Rabbit

Monoclonal

Abcam Cat# ab241062; RRID: AB_2884878

Anti-Rab10, Rabbit Monoclonal Abcam Cat# ab237703; RRID: AB_2884879

Anti-Rab10 (phospho T73), Rabbit

Monoclonal

Abcam Cat# ab230261; RRID: AB_2811274

Anti-Rab10 (phospho T73), Rabbit

Monoclonal (for IF staining)

Abcam Cat# ab241060; RRID: AB_2884876

Anti-Rab8A, Rabbit Monoclonal Cell Signaling Cat# 6975; RRID: AB_10827742

Anti-Rab8A (phospho T72), Rabbit

Monoclonal

Abcam Cat# ab230260; RRID: AB_2814988

Anti-Rab12, Rabbit Polyclonal Proteintech Cat# 8843-1-AP; RRID: AB_10603469

Anti-Rab12 (phospho S106), Rabbit

Monoclonal

Abcam Cat# ab256487; RRID: AB_2884880

Anti-LC3B, Rabbit Polyclonal Abcam Cat# ab168831;RRID: AB_2890073

Anti-GM130, Mouse Monoclonal BD Biosciences Cat# 610823; RRID: AB_398142

Anti-JIP3, Mouse Monoclonal Santa Cruz Cat# sc-46663; RRID: AB_627840

Anti-JIP4/SPAG9, Rabbit Monoclonal Cell Signaling Cat# 5519; RRID: AB_10828724

Anti-JIP4, Mouse Monoclonal Santa Cruz Cat# sc-271492; RRID: AB_10659098

Anti-Kinesin Heavy Chain, Mouse

Monoclonal

EMD millipore Cat# MAB1614; RRID: AB_94284

Anti-p150 [Glued], Mouse Monoclonal BD Biosciences Cat# 610474; RRID: AB_397846

Anti-Arf6, Rabbit Polyclonal Abcam Cat# ab77581; RRID: AB_2058475

Anti-Rabbit IgG-IRDye 800CW, Donkey

Polyclonal

Li-COR Biosciences Cat# 926-32213; RRID: AB_621848

Anti-Rabbit IgG-IRDye 680RD, Donkey

Polyclonal

Li-COR Biosciences Cat# 926-68073; RRID: AB_10954442

Anti-Mouse IgG-IRDye 800CW, Donkey

Polyclonal

Li-COR Biosciences Cat# 926-32212; RRID: AB_621847

Anti-Mouse IgG Light Chain-AlexaFluor680,

Goat Polyclonal

Jackson Immuno Research Labs Cat# 115-625-174; RRID: AB_2338937

Bacterial and virus strains

BacMam mEGFP-LC3 Thermo Fisher Cat# P36235

NEB Turbo Competent E. coli New England Biolabs Cat# C2984

Chemicals, peptides, and recombinant proteins

MLi-2 Tocris Cat# 5756

DMSO Sigma-Aldrich Cat# D2650

Janelia Fluor 646 HaloTag Promega Cat# GA1120

PLL (mol wt 70,000 – 150,000) Sigma-Aldrich Cat# P1274

HBSS (10x) Thermo Fisher Cat# 14185-052

1M HEPES Thermo Fisher Cat# 15630-080

2.5% Trypsin Thermo Fisher Cat# 15090-046

Minimum essential medium (MEM) Thermo Fisher Cat# 11095-072

Horse serum (heat inactivated) Thermo Fisher Cat# 16050-122
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Sodium pyruvate Corning Cat# 36017004

D-Glucose solution 45% Sigma-Aldrich Cat# G8769

GlutaMAX Thermo Fisher Cat# 35050061

B27 Supplement Thermo Fisher Cat# 17504-044

Neurobasal Medium Thermo Fisher Cat# 21103-049

Penicillin-Streptomycin Thermo Fisher Cat# 15140-122

AraC Sigma-Aldrich Cat# C6645

Lipofectamine 2000 Transfection Reagent Thermo Fisher Cat# 11668019

Matrigel Growth Factor Reduced Corning Cat# 354230

Essential 8 Medium Thermo Fisher Cat# A1517001

mTeSR Medium StemCell Technologies, Inc. Cat# 85850

ReLeSR StemCell Technologies, Inc. Cat# 05872

Accutase StemCell Technologies, Inc. Cat# 07920

ROCK Inhibitor Y-27632 Selleckchem Cat# S1049

Tet System Approved FBS Takara Cat# 631107

DMEM/F-12, HEPES Thermo Fisher Cat# 11330032

N2 Supplement Thermo Fisher Cat# 17502048

Non-essential Amino Acids (NEAA) Thermo Fisher Cat# 11140050

Doxycycline Sigma-Aldrich Cat# D9891

Poly-L-Ornithine Sigma-Aldrich Cat# P3655

BrainPhys Neuronal Medium StemCell Technologies, Inc. Cat# 05790

Laminin Corning Cat# 354232

BDNF PeproTech Cat# 450-02

NT-3 PeproTech Cat# 450-03

Lipofectamine Stem Transfection Reagent Thermo Fisher Cat# STEM00003

Guanosine-50-[(ab)-methyleno]

triphosphate, sodium salt (GMPCPP)

Jena Bioscience NU-405

AMP-PNP Sigma-Aldrich A2647

Microcystin-LR Sigma-Aldrich 475815

Halt Protease and Phosphatase Inhibitor

Cocktail

Thermo Fisher 78442

Critical commercial assays

BCA Protein Assay Kit Thermo Fisher Cat# 23225

Plasmid Maxi Kit QIAGEN Cat# 12163

Experimental models: Cell lines

Human: NGN2 iPSCs M. Ward (National Institutes

of Health) [76]

N/A

Human: LRRK2-G2019S NGN2 iPSCs

(heterozygous)

This paper N/A

Human: LRRK2-WT NGN2 iPSCs This paper N/A

Mouse: LRRK2-G2019S knockin MEFs This paper N/A

Experimental models: Organisms/strains

Mouse: LRRK2-G2019S knockin Taconic Model #13940

Mouse: C57BL/6NTac WT Taconic Model #B6

Rat: hippocampal neuron cultures from

embryonic day 18 rat brains (Sprague

Dawley)

University of Pennsylvania

Neuron Culture Service Center

N/A

Oligonucleotides

gRNA for LRRK2-G2019S knockin:

TGCTCAGTACTGCTGTAGAATGG

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

LRRK2-G2019S ssDNA HDR template:

TTTTCACACTGTATCCCAATGCTGCCA

TCATTGCAAAGATTGCTGACTACAGCA

TTGCGCAATATTGCTGCCGGATGGGG

ATAAAAACATCAGAGGGCACACCAGG

TAGGTGATCAGGTCTGTC

This paper N/A

LRRK2-WT ssDNA HDR template:

TTTTCACACTGTATCCCAATGCTGCCA

TCATTGCAAAGATTGCTGACTACGGCA

TTGCGCAATATTGCTGCCGGATGGGG

ATAAAAACATCAGAGGGCACACCAGG

TAGGTGATCAGGTCTGTC

This paper N/A

Recombinant DNA

Plasmid: EGFP-LRRK2-WT Modified from FLAG-LRRK2-WT (gift from

W. Smith, Johns Hopkins)

N/A

Plasmid: EGFP-LRRK2-G2019S Modified from FLAG-LRRK2-G2019S (gift

from W. Smith, Johns Hopkins)

N/A

Plasmid: EGFP-LRRK2-G2019S-D1994N Modified from FLAG-LRRK2-G2019S-

D1994N (gift fromW. Smith, Johns Hopkins)

N/A

Plasmid: mCherry-LC3B Modified from EGFP-LC3 (gift from T.

Yoshimori, Osaka University, Japan)

N/A

Plasmid: PGK EGFP-LC3B Modified from PGK mCherry-LC3B (gift

from Michael Ward, NIH)

N/A

Plasmid: mCherry-EGFP-LC3B Gift from T. Johansen, University of Tromso,

Norway

N/A

Plasmid: EGFP-Rab29 Gift from D. Alessi (D. Alessi (University of

Dundee, United Kingdom)

N/A

Plasmid: Halo-Rab29 Modified from EGFP-Rab29 N/A

Plasmid: EGFP-Rab5 Gift from M. Zerial (Max Planck Institute,

Dresden)

N/A

Plasmid: LAMP1-RFP Gift from W. Mothes (Yale) Addgene #1817

Plasmid: SEP-LAMP1-RFP Gift from J. Bonifacino (NIH) N/A

Plasmid: EB3-mCherry Gift from A. Akhmanova (Utrecht University) N/A

Plasmid: Halo-JIP4 This paper Modified from MRC PPU #DU27651

Software and algorithms

FIJI NIH, USA https://imagej.net/Fiji

Kymograph Clear 2.0 (FIJI plugin) [80] https://sites.google.com/site/

kymographanalysis/

Prism 8 GraphPad https://www.graphpad.com/

scientific-software/prism/

MATLAB R2018b MathWorks https://www.mathworks.com/

products/matlab.html

KymoSuite (custom MATLAB script) [79] https://github.com/jnirschl/kinesin-3_

guedes-dias_2018/tree/master/kymoSuite

Volocity PerkinElmer https://www.perkinelmer.com

Adobe Illustrator 2021 Adobe https://www.adobe.com/

products/illustrator.html

Other

35 mm #1.5 glass bottom imaging dishes,

14 mm glass diameter

MatTeK Cat# P35G-1.5-14-C

35 mm #1.5 glass bottom imaging dishes,

20 mm glass diameter

MatTek Cat# P35G-1.5-20-C
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Erika

Holzbaur (holzbaur@pennmedicine.upenn.edu).

Materials availability
Plasmids and iPSC lines generated in this study are available upon request to the lead contact.

Data and code availability
The custom MATLAB scripts used in this study to manually track kymographs (KymoSuite) are available at https://github.com/

jnirschl/kinesin-3_guedes-dias_2018/tree/master/kymoSuite.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary neuron culture
Mouse cortex was dissected from homozygous LRRK2-G2019S or WT embryos of either sex at day 15.5. All experiments were per-

formed following protocols approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania. LRRK2-

G2019S knockin mice (model #13940) and B6NTac (model #B6) were obtained from Taconic, Cambridge City, Indiana production

site. Cortical neurons were isolated by digestion with 0.25% Trypsin and trituration through a small-bore serological pipette. Rat

hippocampal neurons from E18 Sprague Dawley rats were obtained from the Neuron Culture Service Center at the University of

Pennsylvania. Neurons were plated in Attachment Media (MEM supplemented with 10% horse serum, 33 mM D-glucose and

1 mM sodium pyruvate) on poly-L-lysine coated 35 mm glass-bottom imaging dishes (P35G-1.5-20-C; MatTek). After 5 h, Attach-

ment Media was replaced with Maintenance Media (Neurobasal [GIBCO] supplemented with 2% B-27 [GIBCO], 33 mM D-glucose

[Sigma], 2 mM GlutaMAX [GIBCO], 100 U/mL penicillin and 100 mg/mL streptomycin [Sigma]). AraC (1 mM) was added the day after

plating to prevent glia cell proliferation. Every 3-4 days, 40%of themedia was replaced with freshMaintenanceMedia. Transfections

of mouse cortical neurons (DIV 6-7) or rat hippocampal neurons (DIV 6) were performed 16–24 h before imaging with Lipofectamine

2000 Transfection Reagent (ThermoFisher) and 0.4–1.0 mg of total plasmid DNA. For transduction with EGFP-LC3B, mouse cortical

neurons (125,000 cells per imaging dish) were incubated with BacMam EGFP-LC3B reagent (ThermoFisher, P36235) 48 h before

imaging.

Human iPSC culture and neuronal differentiation
Human i3N iPSCs that harbor a doxycycline-inducible mNGN2 transgene in the AAVS1 safe-harbor locus were a gift from M. Ward

(National Institutes of Health, Maryland) and have been described previously.34,83 Cytogenetic analysis of G-bandedmetaphase cells

demonstrated a normal male karyotype (Cell Line Genetics). Mycoplasma testing was negative. i3N iPSCs were cultured on Growth

Factor ReducedMatrigel (Corning) coated plates and fed daily with Essential 8medium (ThermoFisher). Differentiation into i3Neurons

was performed following an established protocol.36 In brief, i3N iPSCs were split with Accutase (Sigma) and plated on Matrigel-

coated dishes in Induction Medium (DMEM/F12 containing 2 mg/mL doxycycline, 1% N2-supplement [GIBCO], 1% NEAA [GIBCO]

and 1%GlutaMAX [GIBCO]). After 3 days, pre-differentiated i3Neurons were dissociated with Accutase and cryo-preserved. On day

of use, pre-differentiated i3Neurons were thawed and plated on poly-L-ornithine coated live-imaging dishes (MatTek) at a density of

300,000 cells per dish. For each experimental condition, cells from at least two different batches of induction were used. i3Neurons

were cultured in BrainPhys Neuronal Medium (StemCell) supplemented with 2% B27 (GIBCO), 10 ng/mL BDNF (PeproTech), 10 ng/

mL NT-3 (PeproTech) and 1 mg/mL Laminin (Corning). Every 3-4 days, 40% of the medium was replaced with fresh culture medium.

Live-imaging experiments were performed 21 days after thawing pre-differentiated i3Neurons (DIV21). i3Neurons were transfected

72 h before live-imaging with Lipofectamine Stem Transfection Reagent (ThermoFisher) and 1 mg of plasmid DNA.

METHOD DETAILS

Plasmids
Plasmids used include EGFP-LRRK2-WT (subcloned from FLAG-LRRK2-WT, gift from W. Smith, Johns Hopkins University, Mary-

land), EGFP-LRRK2-G2019S (subcloned from FLAG-LRRK2-G2019S, gift from W. Smith, Johns Hopkins University, Maryland),

EGFP-LRRK2-G2019S-D1994N (subcloned from FLAG-LRRK2-G2019S-D1994N, gift from W. Smith, Johns Hopkins University,

Maryland), mCherry-LC3B (subcloned from EGFP-LC3, a gift from T. Yoshimori, Osaka University, Japan), PGK mCherry-LC3B

(gift from Michael Ward, National Institutes of Health, Maryland), PGK EGFP-LC3B (subcloned from PGK mCherry-LC3B),

mCherry-EGFP-LC3B (gift from T. Johansen, University of Tromso, Norway), EGFP-Rab29 (gift from D. Alessi, University of Dundee,

United Kingdom), Halo-Rab29 (subcloned from EGFP-Rab29), EGFP-Rab5 (gift from M. Zerial, Max Planck Institute Dresden, Ger-

many), LAMP1-RFP (Addgene #1817), EB3-mCherry (gift fromA. Akhmanova, Utrecht University, the Netherlands), Halo-JIP4 (subcl-

oned from pGEXP1-JIP4 #DU27651, acquired from MRC PPU Reagents and services, University of Dundee), SEP-LAMP1-RFP

(kindly provided by J. Bonifacino, NIH, Bethesda). Unless stated otherwise plasmids used CMV promoter to initiate transcription.
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Generation of LRRK2-G2019S knockin iPSCs
For CRISPR/Cas9 gene editing, i3N iPSCs were cultured on Matrigel coated plates in mTeSR medium (StemCell). Cells were trans-

fected using Lipofectamine Stem Transfection Reagent (TermoFisher) with plasmids encoding Cas9-GFP and gRNA (50-30 sequence:
TGCTCAGTACTGCTGTAGAATGG), as well as with ssDNA template for homology-directed repair. To generate clones heterozygous

for G2019S mutation, iPSCs were transfected with a mix of ssDNA template with and without mutation.84 After 48 h, iPSCs were

sorted through FACS and GFP+ cells were plated on a Matrigel-coated 10 cm dish. Cells were grown for 10 days, then individual

colonies were picked and screened for successful gene editing through a restriction site that was introduced as a silent mutation

in the ssDNA repair template. Successful editing was confirmed by Sanger sequencing. Karyotype analysis (Cell Line Genetics)

demonstrated a normal karyotype for all clones used in this study.

Live-cell imaging
Primary rat hippocampal neurons andmouse cortical neuronswere imaged onDIV7-8 in low fluorescence Hibernate Emedium (Brain

Bits) supplemented with 2% B27 and 2 mM GlutaMAX. i3Neurons were imaged on DIV21 in low fluorescence Hibernate A medium

(BrainBits) supplemented with 2% B27, 10 ng/mL BDNF and 10 ng/mL NT-3. Neurons were imaged in an environmental chamber at

37�C on a PerkinElmer UltraView Vox Spinning Disk Confocal system with a Nikon Eclipse Ti inverted microscope. Images were ac-

quired with a Hamamatsu EMCCDC9100-50 camera controlled by Volocity software. Axons were identified based onmorphological

parameters.34,85 LC3 vesicles in mouse cortical neurons and i3Neurons, Rab5 vesicles, Rab29 vesicles, and EB3 comets were

imaged with a Plan Apochromat 60x 1.40 NA oil immersion objective. LC3 vesicles in rat hippocampal neurons and LAMP1 vesicles

were imaged using an Apochromat 100x 1.49 NA oil immersion objective. Time lapse recordings were acquired at a frame rate of 3

frames/sec for 5 min (LAMP1-RFP vesicles), 1.5 frames/sec for 5 min (SEP-LAMP1-RFP vesicles), 1 frame/sec for 5 min (EGFP-LC3

vesicles in mouse cortical and i3Neurons), 1 frame/sec for 3 min (mCherry-LC3 vesicles in rat hippocampal neurons), 0.8 frames/sec

for 5 min (EGFP-Rab5/Rab29 + mCherry-LC3 co-trafficking, EGFP-LC3 + Halo-JIP4 co-trafficking, EGFP-LC3 + LAMP1-RFP co-

trafficking, mCherry-EGFP-LC3 vesicles), or 0.5 frames/sec for 10 min (EB3-mCherry comets). Representative Halo-JIP4 images

shown in Figure 7A were denoised using the ‘‘Despeckle’’ function in ImageJ. Recordings were acquired in the mid-axon (>

300 mm from soma and > 100 mm from distal axon terminal) unless stated otherwise. To aid visualization and accurate quantification

of LAMP1-RFP vesicles, the area of interest was photobleached prior to the start of image acquisition using UltraView Photokinesis

Device (PerkinElmer). For the Rab29 FRAP assay, Halo-Rab29 signal was photobleached �10 mm proximal to distal of an axonal

EGFP-LC3 vesicle. Halo-Rab29 and EGFP-LC3 signal were recorded at a frame rate of 0.8 frames/sec for 30 s before and 10 min

after photobleaching.

Autophagosome isolation assay
Enriched autophagosome fractions were isolated following a protocol modified from Strømhaug et al.48 Briefly, onemouse brain was

collected in a buffered 250mMsucrose solution, homogenized using a tissue grinder, and subsequently subjected to three differential

centrifugations through Nycodenz and Percoll discontinuous gradients to isolate vesicles of the appropriate size and density.

Following collection, the autophagosome enriched fraction (AP) was divided into three, one third was treated with 10 mg Proteinase

K for 45 min at 37�C to degrade non-membrane protected proteins and enrich for internal autophagosome cargo (AP+PK), one third

was membrane permeabilized by the addition of 0.2% Triton X-100 prior to the same Proteinase K treatment as a negative control

(AP+Tx+PK), and the other third was left untreated for identification of all internal and externally-associated proteins on autophago-

somes. For subsequent protein analysis, the input and the autophagosome enriched fractions were lysed in a buffer with a final con-

centration of 0.5%NP-40 with 1x protease and phosphatase inhibitors, PMSF and Pepstatin A. Protein concentration wasmeasured

by Bradford assay and equal amounts of protein in denaturing buffer were run on SDS-PAGE gels for further analysis byWestern blot.

Microtubule pelleting assay
WT or G2019S KI MEFs were lysed with BRB80 (80 mM PIPES, 1 mM EGTA, and 1 mM MgCl2) lysis buffer containing 0.5% Triton

X-100, 2x Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher), and 2 mg/mLmicrocystin-LR (Sigma). For LRRK2 kinase

inhibition, G2019S KI MEFs were treated with DMSO or 200 nM MLi-2 overnight before lysis. Lysates were incubated with 5 mM

GMPCPP-stabilized microtubules at 37�C for 20 min, then centrifuged at 38,400 x g for 20 min at 25�C. Subsequently, pellet and
supernatant were separated, and analyzed per SDS-PAGE as described below.

Immunoblotting
Neurons were washed twice with ice cold PBS and lysed with RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Triton X-100, 0.5%

deoxycholate, 0.1% SDS, 2x Halt Protease and Phosphatase inhibitor, 2 mg/mL microcystin-LR). Samples were centrifuged for

10 min at 17,000 g, and protein concentration of the supernatant was determinied by BCA assay. Proteins were resolved on 8%

(LRRK2) - 15% (Rab proteins) acrylamide gels. Proteins were transferred to Immobilon-FL PVDF membranes (Millipore) using a

wet blot transfer system. Membranes were then stained for total protein using Li-Cor Revert Total Protein Stain. Following imaging

of total protein stain, membranes were destained, blocked for 1 hr with TrueBlack WB Blocking Buffer (Biotium), and incubated with

primary antibodies diluted in TrueBlack WB Antibody Diluent + 0.2% Tween-20 (Biotium) overnight at 4�C. After three washes with

TBS-Tween, membranes were incubated with secondary antibodies diluted in TrueBlackWBAntibody Diluent + 0.2%Tween-20 and
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0.01% SDS for 1 hr at RT. Following three more washes with TBS-Tween, membranes were imaged using Odyssey CLx Infrared Im-

aging System (LI-COR). Western Blots were analyzed with Image Studio Software (Li-Cor).

Immunostaining
Mouse cortical neurons were fixed and permeabilized for 8 min at �20�C using ice-cold methanol. Cells were washed three times

with PBS and blocked for 1.5 h with 5% goat serum and 1% BSA in PBS. Neurons were then incubated in primary antibodies diluted

in blocking solution overnight at 4�C, washed three times with PBS, and incubated in secondary antibodies diluted in blocking

solution for 1 h at RT. After three washes with PBS and nuclear counterstaining with Hoechst (ThermoFisher, H21492), coverslips

were mounted in ProLong Glass Antifade mountant (ThermoFisher, P36980). Images were acquired as z stacks at 200 nm step-

size using an Apochromat 100x 1.49 NA oil immersion objective on the Perkin Elmer spinning disk confocal setup described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

LC3 and LAMP1 vesicle motility
Kymographs of LC3, Rab29, JIP4, and LAMP1 vesicles were generated with the Multiple Kymograph plugin for FIJI using a line width

of 5 pixels. Vesicle trackswere tracedmanually with a customMATLABGUI (KymoSuite). Motile vesicleswere scored as anterograde

(net displacement > 10 mm in the anterograde direction within time lapse acquistion) or retrograde (net displacement > 10 mm in the

retrograde direction). Non-motile vesicles were binned into bidirectional (net displacement < 10 mm, but total displacement > 10 mm)

and stationary vesicles (net and total displacement < 10 mm). A pause was defined as a single or consecutive instantaneous velocity

value of < 0.083 mm/sec.86 Bidirectional and stationary vesicles were excluded from the quantification of pause number, pause

duration, and fraction of time paused. A reversal was defined as a change of movement direction succeeded by a run > 1 mm in

the opposing direction. For quantification of D run length, the net run length of each vesicle was subtracted from its total run length.

Analysis of LC3 vesicles in rat hippocampal neurons was performed unblinded, all other analyses were performed by a blinded

investigator.

EB3 dynamics
Kymographs were generated using the KymographClear 2.0 macro toolset as previously described.86,87 KymographClear passes a

Fourier filter on the original kymograph and allows for automated discrimination between anterograde, retrograde, or static

components. The transformation improves signal-to-noise ratio of EB3 comets without affecting quantitative analysis of the data.

All kymographs of EB3 comets shown in this paper are forward Fourier-filtered kymographs. Tracks of individual EB3 comets

were manually traced using KymoSuite MATLAB GUI and used to quantify run-length, run-time and velocity of each comet. Analysis

was performed by a blinded investigator.

Autophagosome acidification (mCherry-EGFP-LC3 tandem construct)
Time lapse series were recorded in the proximal (< 150 mm from the cell soma) and distal axon (region immediately proximal to the

axon tip). Kymographs were generated using theMultiple Kymograph plugin for FIJI as described above. Traces of LC3 vesicles were

counted first in the EGFP, then in the mCherry kymograph by a blinded investigator.

Late endosome/lysosome acidification (SEP-LAMP1-RFP construct)
Time lapse series were recorded in the mid-axon. Kymographs were generated using the Multiple Kymograph plugin for FIJI. Traces

of LAMP1 vesicles were counted first in the SEP, then in the RFP kymograph by a blinded investigator.

Rab29 FRAP assay
Halo-Rab29 fluorescence intensity of axonal autophagosomes wasmeasured within a circular area of interest with 0.65 mmdiameter.

The localization of autophagosomes before and after Halo-Rab29 photobleaching was determined by their (not photobleached)

EGFP-LC3 signal. Fluorescence intensity of Halo-Rab29 was quantified in every 5th frame ( = every 6.25 s) of the acquired time lapse

recording.

Statistical analysis
All statistical analyses were performed with GraphPad Prism 9. Data were tested for normality using Shapiro-Wilk test. Non-normally

distributed data were analyzed using nonparametric tests. Figure legends contain the statistical test used and specific p values for

each quantification. For statistical analysis of the multiple parameters used to quantify trafficking and pausing, Bonferroni correction

was used to adjust significance levels for multiple testing. Figure legends indicate where p values < 0.05 were not considered

statistically significant due to Bonferroni correction. For all quantifications at least three independent experiments were analyzed.

All figures were prepared with Adobe Illustrator 2021.
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