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SUMMARY
The neuropeptide VGF was recently proposed as a neurodegeneration biomarker. The Parkinson’s disease-
related protein leucine-rich repeat kinase 2 (LRRK2) regulates endolysosomal dynamics, a process that
involves SNARE-mediated membrane fusion and could regulate secretion. Here we investigate potential
biochemical and functional links between LRRK2 and v-SNAREs. We find that LRRK2 directly interacts
with the v-SNAREs VAMP4 and VAMP7. Secretomics reveals VGF secretory defects in VAMP4 and
VAMP7 knockout (KO) neuronal cells. In contrast, VAMP2 KO ‘‘regulated secretion-null’’ and ATG5 KO
‘‘autophagy-null’’ cells release more VGF. VGF is partially associated with extracellular vesicles and
LAMP1+ endolysosomes. LRRK2 expression increases VGF perinuclear localization and impairs its secretion.
Retention using selective hooks (RUSH) assays show that a pool of VGF traffics throughVAMP4+ andVAMP7+
compartments, and LRRK2 expression delays its transport to the cell periphery. Overexpression of LRRK2 or
VAMP7-longin domain impairs VGF peripheral localization in primary cultured neurons. Altogether, our results
suggest that LRRK2 might regulate VGF secretion via interaction with VAMP4 and VAMP7.
INTRODUCTION

Parkinson’s disease (PD) involves the progressive loss of dopa-

minergic neurons in the substantia nigra pars compacta, result-

ing in a loss of dopamine in basal ganglia with consequent motor

and non-motor impairments. Genetic studies have revealed

more than 20 genes or loci linked to familial forms of Parkinson’s

disease, and recent meta-analyses of genome-wide association

studies have shown at least 90 independent risk-associated

variants for PD,1 carried by 10% of PD patients. The PARK8

locus was first identified as a PD-linked locus in a family

with autosomal-dominant PD2 with incomplete penetrance and

sequencing of the locus identified that mutations in the

leucine-rich repeat kinase 2 (LRRK2) gene are responsible for

PARK8-related PD.3,4 LRRK2 encodes for a large multidomain

protein with a central enzymatic core composed of both a kinase
This is an open access article under the CC BY-N
and a GTPase domain,5 in which are located the most common

LRRK2-PD-related mutations. How those mutations are related

to PD is still unclear, but several studies have reported impaired

activity of both kinase and GTPase domain as hallmark of PD

pathogenic phenotypes and mechanisms.6 LRRK2 has been

shown to regulate intracellular membrane trafficking, playing a

role in autophagy-lysosomal pathway and modulating retro-

grade as well as anterograde post-Golgi transport.7,8 Moreover,

LRRK2 is associated with various intracellular membranes by in-

teracting with lipids9 and phosphorylating several Rab proteins

involved in post-Golgi vesicular traffic.10,11 LRRK2 belongs to

the ROCO superfamily of proteins, which also includes LRRK1.

These two proteins have a conserved enzymatic core and share

a similar overall dimeric structure,12 displaying interactomes that

partially overlap.13 We and others have previously described

LRRK1 as a binding partner of VAMP7,14,15 a post-Golgi
Cell Reports 42, 112221, March 28, 2023 ª 2023 The Author(s). 1
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v-SNARE that mediates the fusion of vesicles derived from

the Golgi apparatus (GA)16,17 and late endosomal CD63+ com-

partments18 with the plasma membrane, particularly in neurite

growth.19,20 CD63 is a marker of secretory endolysosomes and

amphisomes.21 Interestingly, our group has recently used

mass spectrometry (MS) proteomics and secretomics to un-

cover that VAMP7 is required for the release of endoplasmic re-

ticulum (ER)-phagy proteins such as RTN3 and autophagy pro-

teins p62 and LC3-II in extracellular vesicles (EVs).22 LRRK2

can be found in the Golgi-associated retrograde protein

(GARP) complex together with VAMP4.23 VAMP4 was found as

a potential risk factor of PD in association with LRRK2.24

VAMP4 is involved in retrograde transport from early endosomes

to the GA,25,26 and secretion27,28 particularly of vesicles involved

in neurite growth, in a process also involving VAMP7.19,27,29,30

The search for PD biomarkers has recently converged on the

secreted peptide VGF/secretogranin (SG) VII, which was found

to be associated with the disease in cerebrospinal fluid (CSF),

blood, and urine.31–33 This raises the hypothesis that secretory

defects, not limited to dopamine release, might contribute to

the disease.

In this study, we took advantage of our recent findings on

the v-SNARE-dependent trafficking and secretory pathway to

investigate whether LRRK2 interacts with VAMP7 and other

v-SNAREs and if this interplay could alter the endolysosomal

system. We found that LRRK2 interacted directly with the

post-Golgi VAMP4 and VAMP7 as shown by co-immunoprecip-

itation and pull-down experiments. Proteomics of the secretome

of PC12 cells knocked out for VAMP4 and VAMP7 identified that

VGF was impaired in both knockout (KO) cell lines. These VGF

secretion defects were confirmed by immunoblot on extracel-

lular vesicle fractions. We went on to characterize the trafficking

of VGF, particularly the role of LRRK2 expression, by using the

retention using selective hooks (RUSH) assay, which makes it

possible to synchronize and follow the transport of the cargo

from the ER to the plasma membrane or extracellular space.34

In non-neuronal cells, expression of LRRK2 resulted in impaired

secretion of VGF and its accumulation in the perinuclear area, a

phenotype that we also found in neurons. Altogether, these data

support the hypothesis that the secretion of VGF, particularly its

pro-peptide, is a LRRK2-dependent mechanism, regulated via

its interaction with VAMP4 and VAMP7.

RESULTS

LRRK2 interacts with post-Golgi v-SNAREs
First, we investigated the potential interactions between LRRK2

and v-SNAREs. Here we took advantage of our collection of

GFP-tagged v-SNAREs that includes presynaptic and early

endosomal VAMP2 and VAMP3, TGN and endosomal

VAMP4, late endosomal VAMP7, late endosomal and lysosomal

VAMP8, and ER-Golgi-related YKT6 and Sec22b. Of note,

VAMP3 and VAMP8 are not expressed in neurons according to

the Protein Atlas (https://www.proteinatlas.org). We performed

co-immunoprecipitation experiments using HEK293T cells

co-transfected with mCherry-LRRK2 wild-type (WT) and our

repertoire of GFP-tagged v-SNAREs (Figures 1A and 1B). We

found that LRRK2 was strongly co-immunoprecipitated with a
2 Cell Reports 42, 112221, March 28, 2023
subset of post-Golgi v-SNAREs (i.e., VAMP4, VAMP7, and

VAMP8) when normalizing the bound LRRK2 to the precipitated

corresponding VAMP. Weak interactions were detected with

VAMP2 and VAMP3 and no significant interactions with

Sec22b and YKT6. Therefore, the observed efficiency of interac-

tion was as follows: VAMP4> VAMP7> VAMP8> VAMP2=-

VAMP3>> YKT6=Sec22b=GFP.

We then asked if this hierarchy of interaction was maintained

in the case of PD-related LRRK2 mutants G2019S and R1441C.

We used the same experimental procedure of co-immu-

noprecipitation from cell lysates of co-transfected HEK293T

cells, expressing this time either mCherry-LRRK2-G2019S or

mCherry-LRRK2-R1441C and GFP-tagged v-SNAREs. VAMP4

andVAMP7were the strongest LRRK2 interactors,whereas resid-

ual interactionswere detectedwith VAMP2 and undetectablewith

YKT6 (Figures 1C–1F). Interestingly, we found the most efficient

LRRK2/VAMP4 association with the R1441C mutant when we

compared WT and mutants in the same experiment (Figures 1G

and 1H). Therefore, LRRK2/VAMP4 appeared as the most signifi-

cant LRRK2/v-SNARE interaction, and it was particularly

enhanced by the R1441C mutation in the ROC GTPase domain.

We then tested if the interaction between LRRK2 and VAMP4/

7 was direct. To this end, we used GST pull-down experiments

with GST-VAMP4, GST-VAMP7, and GST-Snapin as positive

control, as previous studies have identified a direct LRRK2/

Snapin interaction.35 Assays were carried out with the same

LRRK2 protein as used for cryoelectron microscopy (cryo-EM)

experiments, which made it possible to resolve its structure.36

We found that GST-Snapin, GST-VAMP4, and GST-VAMP7

were able to pull down LRRK2, while there was a residual binding

to control GST (Figures 1I and 1J). Interestingly, VAMP7was less

efficient than VAMP4, similar to previous findings using co-

immunoprecipitation.

We then searched for domains in LRRK2 that would interact

with VAMP4 and VAMP7. To this end, we constructed a random

cDNA library of 44,500 human LRRK2 fragments in a yeast two

hybrid (Y2H) expression vector. As Snapin was previously shown

to interact with LRRK2 in Y2H assay,35 we screened our LRRK2

fragments library with Snapin as bait (Figures S1A and S1B). This

yielded several fragments, the intersection of which suggested a

region from 1,773 to 1,857 residues as the interaction domain

(ID). ID sequence corresponds to a region located within the

COR domain of LRRK2 (Figures S1C and 2D). Surprisingly,

when used as bait in a screen, VAMP4 or VAMP7 did not interact

with the fragments from the LRRK2 library, nor with ID in a 1-by-1

Y2H assay (Figure S1E). Altogether, we conclude that VAMP4

and VAMP7 directly interact with LRRK2 in a domain that differs

from the linear domain of interaction of Snapin and likely corre-

sponds to a tertiary structure.

In GST pull-down assays on overexpressing HEK293T cells

lysates, we observed that interaction of VAMP4 with LRRK2

was not altered by addition of Snapin (Figure S1F). Furthermore,

using sequential co-immunoprecipitations first by pulling down

GFP-Snapin then LRRK2, we were able to demonstrate that

LRRK2, Snapin, and VAMP4 could be found together in the

same poorly abundant protein complex (Figure S1G). These

data suggest that LRRK2/VAMP4 and LRRK2/Snapin interac-

tions are likely not mutually exclusive.

https://www.proteinatlas.org
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Figure 1. LRRK2 interacts with VAMP4, VAMP7, and VAMP8

(A, C, E, and G) HEK293T cells were co-transfected with mCherry-tagged LRRK2-WT, LRRK2-G2019S, or LRRK2-R1441C mutant constructs and GFP-tagged

v-SNARES or GFP as mock, as indicated. Forty-eight h after transfection, lysates were subjected to co-immunoprecipitation using GFP antibody and processed

for SDS-PAGE and western blot analysis. Inputs represent 3% of the cell extract used for immunoprecipitation. Membranes were cut to allow independent

incubations and immunoblotted with LRRK2 antibody in the upper part and GFP antibody in the bottom part.

(B, D, F, and H) Quantification of co-immunoprecipitation (co-immunoprecipitated/input signal ratio; see STAR Methods for details) was estimated by densi-

tometry analysis.

(I) In vitro pull-down was performed with indicated GST-tagged proteins and purified WT LRRK2 protein. Input (3% of total reaction) and pull-down were sub-

mitted to SDS-PAGE and immunoblotted with LRRK2 antibody. Amount of GST proteins present in each reaction is detected using Ponceau staining.

(J) Quantification of pull-down (pulled-down LRRK2/Ponceau signal).

In each panel, mean (colored triangles) and SEM from 3 independent experiments are displayed. One-way ANOVA with Tukey’s multiple-comparison test is

labeled on graphs. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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Figure 2. Secretomics and proteomics of WT, VAMP4, and VAMP7 KO PC12 cells

(A–D) Volcano plots showing the secretome (A and B) and proteome of the extracted proteins (C and D) significantly enriched in WT versus VAMP4 KO (A and C)

andWT versus VAMP7KO (B andD). Dashed and plain black lines denote the statistical significance boundary: q values of 0.05 and 0.01, respectively. Proteins of

interest are highlighted with colors depending on their group identity (SERP, secretory reticulophagy protein; SG, secretogranin).
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We then checked the subcellular localization of LRRK2 WT

and mutants compared with VAMP4 and VAMP7. LRRK2 WT

and mutant expression confirmed already published localization

in HEK293T cells showing diffuse staining for WT and G2019S

mutant and the appearance of perinuclear filamentous struc-

tures for R14411C mutant37,38 (Figure S1H). We often observed

a tendency of accumulating VAMP4+ membranes within these

structures generated by R1441C mutant, as further suggested

by a higher Pearson’s coefficient (Figure S1I). These results sug-

gested that LRRK2 and VAMP4 interaction might translate into a

functional association in the perinuclear region.

Secretion of potential PD biomarker VGF relies on
VAMP4 and VAMP7
The results mentioned so far suggested that LRRK2 could play a

role in post-Golgi vesicular trafficking via its interaction with

VAMP4 and VAMP7. Recent work suggested that LRRK2 regu-

lates retrograde transport to the GA,23 a route that involves

VAMP4 but not VAMP7.26 Both VAMP4 and VAMP7 play a role

in exocytosis, particularly in neurons.22,27,28 Thus, we asked if
4 Cell Reports 42, 112221, March 28, 2023
VAMP4 and VAMP7 could both be involved in the secretion of

identical cargoes. To this end, we used PC12 cells,39 a classic

model to investigate PD mechanisms.40 We conducted prote-

omics on cell lysates and secretomics on culture media of

NGF-differentiated VAMP4 KO (see Figures S2A and S2B for

validation of KO cell lines) and VAMP7 KO22 PC12 cells. After

NGF treatment, cells were cultured without serum for 16 h to

avoid albumins and other seric proteins in the secretome. The

collection of media was carried out as previously described, fol-

lowed by cell lysis.22 Three independent biological and technical

experiments were carried out and analyzed using mass spec-

trometry for cell lysates and corresponding culture media. We

plotted the combined score of Gene Ontology (GO) categories

that were most affected in VAMP4 KO and VAMP7 KO cell ly-

sates and secretomes (Figures S2C and S2D). This global anal-

ysis did not yield obvious common classes of proteins that would

be defective in both KO lines. We then restricted the analysis to

proteins that were commonly affected by both KOs. The classes

of proteins downregulated in both secretomes were related to ri-

bosomes and small nuclear ribonucleoproteins (snRNPs), and
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the top classes upregulated in both KOs were related to lyso-

somal lumen proteins (Figure S2D). The effect of these KOs on

ribosomal and snRNP secretion is consistent with our previous

findings on secretory reticulophagy,22 the release of RNA-bind-

ing proteins by late endosomal secretion,41 the accumulation

of ribosome-related proteins, and depletion of lysosomal

proteins in VAMP4 KO neurons.28 In the absence of VAMP7,

lysosomal lumen proteins might be released in greater amount

because they traffic via early endosomes.42

We then searched for specific markers of secretion, particu-

larly related to late endosomal secretion, which would be simi-

larly affected by both KOs (Figures 2A and 2B). We first observed

that we had reproduced the effect of VAMP7 KO on secretory re-

ticulophagy markers (ATL3, CALCOCO1, RTN3, RTN4 long and

short forms, ATG5, and GABARAP; Figure 2B, blue circles in vol-

cano plots22). In the VAMP4 KO secretomes (Figure 2A), secre-

tory reticulophagy proteins, referred as SERP,43 such as ATL3

were significantly decreased, but the effect was not as extensive

as in VAMP7 KO (Figure 2B). Several proteins related to the en-

dolysosomal system (yellow circles) were decreased in the

VAMP4 KO (CPE and LAMP2) and in the VAMP7 KO (CPE,

LAMP2, andCD63) clearly suggesting a defect in late endosomal

secretion in both KO (Figures 2A and 2B) and potentially a defect

in transport to late endosomes42 of these transmembrane pro-

teins. In this category, the VAMP7 KO secretome (Figure 2B)

was particularly depleted in HTT, which was shown to be

released by late endosomes,44 but this was not the case for

the VAMP4 KO secretome (Figure 2A). Two secretogranins,

SCG2 and, more significantly and interesting for the purpose of

this study, VGF, were significantly decreased in both KOs

(Figures 2A and 2B, pink circles). Indeed, VGF is a SG recently

identified as a potential PD biomarker.31,33 None of these pro-

teins appeared significantly affected in cell lysates of both KOs

(Figures 2C and 2D). VGF thus appeared as the clearest and

most interesting protein in relation with PD, the secretion of

which was downregulated in both VAMP4 and VAMP7 KOs.

VAMP4 and VAMP7 regulate the secretion of VGF
We thenwent on to characterizemore precisely secretion of VGF

in our KO cells. To this end, we performed western blotting on

cell lysates and secreted fractions from WT, VAMP4, VAMP7

KOs, and VAMP2 KOPC12 cells as control. Total protein content

of secreted fractions was obtained by acetone precipitation as

previously described.22 We also extracted large dense (at

15,0003 g) and small light (at 200,0003 g) extracellular vesicles

by pelleting the cell medium, previously precleared of debris at

2,000 3 g. To get insight of the exact size of particles secreted

in large and small EVs, we used dynamic light scattering, and

we detected two different picks at around 430 nm for EVs pellet-

ing at 15,000 3 g and 140 nm for EVs pelleting at 200,000 3 g

(Figure S3A). Small EVswere further characterized usingwestern

blot; we found that those vesicles are positive for conventional

exosome markers HSC70 and TSG10145 (Figure S3B).

We then blotted for VGF using a monoclonal antibody directed

against amino acids (aa) 159–223, a region in the moiety of the

pro-VGF that encompasses fragmentsofVGF thatareproteolyzed

along the secretory pathway.Asalreadydescribed,46wedetected

three main bands: 80 kDa corresponding to pro-VGF and 78 and
68 kDa, which correspond to large VGF fragments (Figure 3A).

We further quantified the secreted VGF as a fraction of the cellular

content to compare fractional release among cells of different ge-

notypes (Figure 3B), and this confirmedourmassspectrometry re-

sults (Figure 2). The loss of VAMP4 and VAMP7 both led to a

decreased pro-VGF release comparedwith theWT secreted frac-

tion. The cellular content of pro-VGF in the VAMP4 KO but not in

the VAMP7 KO appeared significantly decreased compared with

WT PC12 (Figure 3B). We did not observe significant differences

in the total pool of released pro-VGF between in VAMP2 KO cells.

VGF has recently been observed to be decreased in the urinary

proteome of PD patients and G2019S mutation carriers,33 and

interestingly, the form identified in this later study contains pep-

tides thatmake it possible to hypothesize that it might correspond

also to pro-VGF. The secretion of pro-VGF was significantly

decreased in VAMP7 KO cells, in both large and small EVs, sug-

gesting that VAMP7 is required for the late endosomal secretion

of thepro-peptide.Conversely,wewerenot able todetect a similar

decrease in EVs of VAMP4 KO cells as recapitulated by the total

released fractions. Large EVs of VAMP2 KO cells showed

increased secretion of pro-VGF, probably due to impaired traf-

ficking toward secretory granules (Figure 3B).

We then compared the release in EVs of WT, VAMP7, and

autophagy-null ATG5 KO PC12 cells. ATG5 KO cells released

more pro-VGF in small EVs compared with WT and VAMP7 KO

PC12 cells (Figures 3C and 3D). These experiments further

confirmed our previous findings regarding reduced secretion of

RTN3 in VAMP7 KO cells,22 at both 15,000 3 g and

200,000 3 g. These data further demonstrate that VAMP7 KO

cells are defective in late endosomal secretion which mediates

the release of EVs.

Altogether, our results are consistent with the conclusions that

(1) a fraction of unprocessed pro-VGF is released as seen in WT

PC12 cells, (2) VAMP4 KO results in decreased release of pro-

VGF because of impaired expression, and (3) pro-VGF release

is decreased in VAMP7 KO because of a more direct effect on

its secretion, as suggested by the significant decreased in large

and small EVs, without a significant effect on its expression.

To assess the possible role of LRRK2 in VGF secretion,

we chose to exogenously express VGF andWT or PD-associated

mutants of LRRK2 in HEK293T, cells in which these proteins are

expressed at extremely low levels (https://www.proteinatlas.org/

ENSG00000128564-VGF/cell+line and https://www.proteinatlas.

org/ENSG00000188906-LRRK2/cell+line).We followed the same

procedure as the one used for PC12 cells to analyze cell lysates

and total secreted media. We found that expression of GFP-

LRRK2-WT, GFP-LRRK2-G2019S, and GFP-LRRK2-R1441C all

increased the amount of pro-VGF in cell lysate and decreased

the secreted fraction recovered in the cell medium in relation

to the total content (Figures 3E and 3F). We also examined

the subcellular localization of exogenous VGF in those

same cells co-transfected with GFP-LRRK2-WT/GFP-LRRK2-

G2019S/GFP-LRRK2-R1441C and stained for endogenous

VAMP4 or VAMP7 (Figure S3C). The expression of VGF in

HEK293T cells resulted in dot-like staining reminiscent of secre-

tory vesicles. VGF further appeared to a low extent in VAMP4+

and VAMP7+ compartments upon expression of LRRK2 WT,

G2019S, and more particularly R1441C mutants. Interestingly,
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Figure 3. Validation of VAMP4 and VAMP7 KO secretomes by western blot

(A, C, and E) WT, VAMP2 KO, VAMP4 KO, and VAMP7 KO PC12 were differentiated with NGF for one week (A and C). (E) HEK293T cells were transfected with

indicated constructs. Equal amounts of cell lysate proteins (�15 mg) and volumes of secreted fractions (‘‘total release,’’ ‘‘15K pellet,’’ and ‘‘200K pellet’’) cor-

responding to equal cell lysate protein concentration were processed for SDS-PAGE and western blot analysis. Membranes were probed with indicated anti-

bodies.

(B, D, and F) Cell content (cell lysates/GAPDH), fractional release for total and 15K/200K pellet (secreted fraction/cell lysate) of pro-VGF was estimated by

densitometry analysis of the corresponding bands from three independent experiments.

Mean (colored triangles) and SEMof three independent experiments are displayed. One-way ANOVAwith Tukey’s multiple-comparison test is labeled on graphs.

*p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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Figure 4. A pool of VGF localizes in VAMP4, VAMP7, and LAMP1 compartments

(A) WT PC12 cells were differentiated with NGF for one week and processed for immunocytochemistry. The cells were stained for endogenous VAMP4 (left, red)

or VAMP7 (right, red) and VGF (green). Magnifications of dash-delimited regions are displayed in the bottom row. Projections of confocal microscopy optical

section are shown. Arrowheads indicate red-green co-stained structures. Scale bar, 10 mm.

(B) WT, VAMP4 KO, and VAMP7 KO PC12 were differentiated with NGF for 1 week and processed for immunocytochemistry. Whole projections of confocal

microscopy optical section are shown. Cells were stained for LAMP1 (red) and VGF (green). Arrowheads indicate red-green co-stained structures. Scale bar,

10 mm.

(C) Quantification of VGF signal detected in LAMP1+ vesicles in cell body area (% of total VGF signal in cell body). One-way ANOVA with Tukey’s multiple-

comparison test is displayed on graph. ns, not significant.
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we observed accumulation of VGF in perinuclear regions, where

VAMP4 and VAMP7 also localized, in cells expressing GFP-

LRRK2-G2019S and GFP-LRRK2-R1441C.

Role of VAMP4 and VAMP7 in VGF trafficking
Wewent on to investigate the localization of VGF in VAMP4+ and

VAMP7+ intracellular membrane compartments in WT NGF-

differentiated PC12 cells. Previous studies showed that VGF is

targeted to secretory granules, similarly to other granins.46 We
stained NGF-differentiated WT PC12 cells for endogenous

VGF, VAMP4, or VAMP7 (Figure 4A). VAMP4 localized in the peri-

nuclear region of cell bodies andwas also present in neurites to a

lesser degree. VAMP7 localizedmostly in neurite terminals. Such

partial enrichment would be compatible with the presence of

only a pool of VGF in VAMP4+ and VAMP7+ compartments.

Ascertaining whether that pool would correspond to unpro-

cessed alone or in combination with processed VGF was not

technically feasible with available tools.
Cell Reports 42, 112221, March 28, 2023 7
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We previously showed that pro-VGF expression was downre-

gulated in VAMP4 KO (Figures 2A and 2B) and that VAMP7

mediates late endosomal and lysosomal secretion22,47 (for

secretomics analysis showing the effect on CD63 and LAMP2,

see Figure 2B). This led us to characterize the potential presence

of VGF in late endosomes and lysosomes in WT vs. VAMP4 and

VAMP7 KO PC12 cells.

Wechecked the localization of VGF in LAMP1-positive vesicles

in PC12 cell bodies only because VAMP7 KO cells did not grow

long neurites as previously described.22 We found that in both

WT and KO cells, a subset of VGF (�24%) could be detected

as associated with late compartments (Figure 4B). As shown by

Pearson correlation analysis, no difference was detected when

comparing WT and VAMP4 or VAMP7 KO cells (Figure 4C).

When LAMP1+ vesicles were distinguished depending on their

clustering (Figures S4A and S4B), to discriminate ‘‘clustered’’

perinuclear degradative endosomes and ‘‘dispersed’’ peripheral

secretory ones,14,48 both VAMP4 and VAMP7 KO cells displayed

lower VGF localization together with dispersed LAMP1+ vesicles

compared with WT PC12 cells. In the case of clustered LAMP1+

vesicles, VGF displayed the same degree of localization together

with LAMP1+ lysosomes in WT and both KO PC12 cells.

In conclusion, detailed analysis of VGF localization and

secretion in both VAMP4 and VAMP7 KO cells validated secre-

tomics data and demonstrated that both VAMPs play a role in

VGF trafficking and secretion. Altogether, our results suggest

that a pool of VGF, potentially the pro-peptide, is trafficked

together with LAMP1 in a VAMP4- and VAMP7-dependent

manner for late endosomal secretion and that LRRK2 affects

this process.

VGF is trafficked via VAMP4 and VAMP7 in a LRRK2-
dependent manner
To identify more precisely the stage in secretion that LRRK2

might regulate, we took advantage of the retention using selec-

tive hooks system.34 This streptavidin/biotin-based assay allows

the retention of proteins of interest in the ER and synchronizes

their release in the secretory pathway upon addition of biotin in

the cell media (Figure 5A). We generated RUSH-VGF-mCherry

and studied its trafficking, which we described and character-

ized to be transported from the ER to the perinuclear

region where the GA marker N-acetylglucosamine transferase

(NAGT)49 is localized and targeted to the plasma membrane in

HEK293T cells within 80 min after addition of biotin (Video S1;

Figure 5B).34,50 We showed that pro-VGF is still detectable

60min after the addition of biotin (Figure 5C) andwe investigated

the precise compartments by which VGF follows the secretory

pathway. We found that 15 min after the addition of biotin,

VGF is partially found in perinuclear VAMP4+ compartments,

and after 60 min some of it is found in compartments that are

positive for both CD63 and VAMP7 (Figure 5D). These results

suggested that VAMP4 and VAMP7 could regulate the VGF route

from the ER to the plasma membrane.

We studied the transport of VGF from the ER to the PM in con-

trol conditions and in GFP-LRRK2-WT, GFP-LRRK2-G2019, and

GFP-LRRK2-R1441C expressing cells. ThemCherry tag allowed

the study of VGF trafficking and GA localization was confirmed

by GM130 co-staining following fixation. To efficiently study
8 Cell Reports 42, 112221, March 28, 2023
the intracellular trafficking of VGF, HEK239T cells were analyzed

using immunofluorescence at different time points after addition

of biotin, as described in STAR Methods. All conditions dis-

played the expected route of VGF from the ER to the GM130+

GA region to the PM. Before biotin addition, VGF consistently

localized in the ER (Video S1; Figure 5B). In control GFP-ex-

pressing cells, the cargo was correctly transported from the

ER, trafficked to the GA region, and released in vesicles on the

way to the PM within 60 min after biotin addition. In the case of

LRRK2-expressing cells, the transport of VGF was delayed, re-

sulting in accumulation in the GA region and consequent inhibi-

tion of delivery to the PM (Figures 6A and 6B). As shown in Fig-

ure 6B (and three-dimensional [3D] visualization in Video S2),

VGF is still retained into the GA region 60 min after biotin addi-

tion, whereas in GFP control condition, it appears to be already

in the cell periphery. All conditions with LRRK2 expression, WT

and mutants, appear to significantly delay the transport of VGF

out of the perinuclear region, but the largest difference was

observed with the PD-associated LRRK2 mutants R1441C

compared with the WT (Figure 6C).

We also studied the transport of TNF-a, a secreted inflamma-

tory biomarker of PD51 and well characterized cargo used in the

RUSH assay,52 finding that the latest is also trafficked in part in

VAMP4+ and VAMP7+ structures in cells expressing LRRK2

(Figure S5). We confirmed a similar delay in the trafficking of

TNF-a because of WT and PD-associated LRRK2 mutants (Fig-

ure S6). All conditions at 20 min after biotin addition, TNF-a was

found at an equivalent level at the perinuclear region, meaning

that the defect due to LRRK2 WT and mutant expression was

likely in the cell center. RUSH assay experiments thus allow to

conclude that VGF is in part transported via VAMP4+ and

VAMP7+ compartments and that LRRK2 expression, particularly

R1441C, delay transport from the cell center to the cell periph-

ery, where secretion occurs.

VGF trafficking is impaired in primary neurons
We went on to confirm our observation in cells which could be a

closer model to PD pathology. We used rat DIV8 (day in vitro 8)

primary hippocampal neurons co-transfected with WT or PD-

associated R1441C LRRK2 mutant together with VGF. We

used RFP as negative control and RFP-Longin as a positive con-

trol (Figures 7A and 7B). Indeed, expression of the Longin

domain of VAMP7 was shown both in cultured cells and in vivo

in the brain to impair VAMP7-dependent late endosomal

secretion53–55 and secretory reticulophagy.22 We found that

expression of the Longin domain prevented the proper periph-

eral distribution of VGF in neurites resulting in accumulation at

the level of the soma. The expression of both WT and LRRK2

R1441Cmutant resulted in an even stronger significant accumu-

lation of VGF at the soma level. These data confirmed that the

trafficking from the cell center to the periphery of VGF is a

LRRK2-dependent mechanism and that VAMP7 participates to

this process in hippocampal neurons.

DISCUSSION

Growing evidence links disruption of the endolysosomal system

to PD. In particular, LRRK2 mutations were shown to lead to
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Figure 5. VGF follows ER to PM route via VAMP4 and VAMP7 compartments

(A) Schematic representation of RUSH-VGF-mCherry trafficking upon biotin addition. The RUSH system is based on the expression of two fusion proteins: (1) an

ER retention hook (Lys-Asp-Glu-Leu; KDEL) fused to core streptavidin and (2) a cargo protein fused to SBP (streptavidin-binding protein) and mCherry. Because

of the high-affinity SBP/streptavidin interaction, the VGF cargo is retained in the ER. Addition of biotin to the cell medium triggers a synchronous release of the

cargo from the ER and its transport across the GA to the cell surface, which can be monitored via mCherry tag.

(B) Still images from Video S1. Trafficking of RUSH-VGF-mCherry co-expressed in HEK293T cells with GA marker (N-acetylglucosaminetransferase [NAGT])

upon biotin addition: t = 0 min (addition of biotin), at the ER; t = 15 min at the GA; t = 45 min, partially still at the GA and post-Golgi vesicles; t = 80 min, mainly

targeted at the PM.

(C) HEK293T transfected with RUSH-VGF-mCherry were submitted to biotin chase for the indicated times and lysed. Equal amounts of cell lysate proteins were

processed for SDS-PAGE and mCherry immunoblot (short and long ECL exposures are shown). Note the presence of multiples bands below pro-VGF (80 kDa)

that correspond to C-terminally mCherry-tagged cleaved VGF peptides.

(D) RUSH-VGF-mCherry trafficking in HEK293T cells. After 15min (top) and 60min (bottom) of biotin incubation, cells were immunostained for mCherry (red), TGN

marker TGN46 (green), and VAMP4 (blue) 15 min after biotin addition (top panels) and for CD63 (green) and VAMP7 (blue) 60 min after biotin addition (bottom

panels). Projections of confocal microscopy optical sections of less than 1 mm are shown (black and white and three color micrographs). Whole Z projections of

confocal microscopy optical sections are shown for each condition in the right panels as indicated. Bottom rows showmagnifications of the colored boxed areas

depicting co-stained structures further indicated by arrows. Scale bar, 10 mm.
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Figure 6. LRRK2 expression retards VGF

secretion with retention in the Golgi appa-

ratus region

(A) Synchronized transport of RUSH-VGF-

mCherry in HEK293T cells. Cells were co-trans-

fected with GFP, GFP-WT, or G2019S or R1441C

LRRK2 mutants and RUSH-VGF-mCherry. Biotin

was added to release RUSH-VGF-mCherry from

the ER and 60 min after biotin addition, and cells

were fixed and stained with GFP and GM130 an-

tibodies to detect transfected cells and GA,

respectively. Wide-field fluorescent images are

shown. Note the signal overlay of GM130 with

RUSH-VGF-mCherry in LRRK2-expressing cells,

compared with GFP-expressing control cells

(dashed boxed regions and insets).

(B) Representative example of 3D confocal Zstack

of HEK293T cells expressing RUSH-VGF-mCherry

and GFP control condition (left) or GFP-LRRK2-

R1441C (right) 60 min after biotin addition. Corre-

sponding 3D masks of RUSH-VGF-mCherry and

GM130 used for quantification are depicted (bot-

tom panels). See 3D visualization (Video S2) for a

representative example of all tested LRRK2 con-

structs.

(C) Quantification of the RUSH-VGF-mCherry

signal present at cell periphery (outside GM130

mask) over total signal, 60min after biotin addition.

Horizontal lines show mean ± SEM, while colored

circles and triangles represent values of individual

cells and mean of 3 independent experiments,

respectively. One-way ANOVA with Tukey’s mul-

tiple-comparison test was performed from each

triplicate mean values. **p < 0.01. Scale bar,

10 mm.
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dysfunction of the endolysosomal membrane trafficking.56,57

Here we investigated the effect of expressing WT and PD mu-

tants of LRRK2 on v-SNARE-dependent trafficking and secretion

by using biochemical, mass spectrometry, imaging, and mem-

brane trafficking functional assays. We found that LRRK2 very

efficiently interacted with the endosomal v-SNAREs VAMP4

and VAMP7, the R1441C mutant of LRRK2 being the most effi-

cient interactor of VAMP4. We showed that VAMP4 and

VAMP7 KO cells’ neuronal secretomes were both depleted in

pro-VGF, and further analysis confirmed that the pro-peptide is

decreased in both KO cell lines in the total secreted fraction as

well as EVs. LRRK2 and its mutants, particularly R1441C, further

affected the secretion of pro-VGF and resulted in its accumula-

tion in cells. We further found that expression of WT and mutant

LRRK2 delayed the exit of VGF from the cell center both in non-

neuronal cells and hippocampal neurons.

LRRK1, a LRRK2 paralog, phosphorylates CLIP-170 and inter-

acts with dynein molecular motor to mediate retrograde trans-

port of endosomes on microtubules.58 Cells lacking LRRK1

show peripheral accumulation of VAMP7.14 Human G2019S

LRRK2 mutant expressed in LRRK loss-of-function background

promotes retrograde transport in fly neurons.59 This mutant
10 Cell Reports 42, 112221, March 28, 2023
particularly perturbs the transport of

axonal autophagosomes.60 In addition,

reduced LRRK2 kinase activity was
shown to increase anterograde axonal transport of a-synu-

clein.61 LRRK2 further regulates retrograde transport to the GA

via its interaction with Golgi-associated retrograde protein com-

plex.23 The structure of the catalytic half of LRRK2 and the

atomic model of microtubule-associated LRRK2 suggested a

role as a roadblock formotor proteins, both anterograde kinesins

and retrograde dynein.62 When considering our finding of a

LRRK2 interaction with VAMP4 and VAMP7 and retention of

secreted peptides such as VGF and TNF-a in the cell center, a

reasonable hypothesis could be that LRRK2 plays a checkpoint

role in the secretory pathway. The principal fate of pro-VGF is to

be processed by Golgi enzymes such as pro-convertases to

generate peptides which are released by secretory granules

and such secretion is VAMP2 dependent63 (Figure 7C, route 1).

Indeed, here we found that VAMP2 KO PC12 cells tended to

accumulate the pro-peptide. VAMP4 mediates retrograde trans-

port from endosomes to the GA in non-neuronal cells26 and

retrograde transport of synaptic vesicles proteins from endo-

somes to endolysosomes in nerve terminals.28 VAMP4 localizes

both to the GA and endosomes.26 As shown in our study, cells

lacking VAMP4 are expressing and releasing less pro-VGF

compared with WT cells. It would thus be tempting to
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Figure 7. Defect of VGF transport to neurites in VAMP7-LD and LRRK2-expressing primary neurons and hypothetical model

(A) DIV6 primary hippocampal neurons were transfected with CMV-VGF and RFP, RFP-VAMP7-LD, mCherry-LRRK2 WT, or mCherry-LRRK2 R1441C, fixed at

DIV8, and stained with mCherry and VGF antibodies. Wide-field fluorescent images are shown. Pound sign and asterisk correspond to RFP� and RFP+ cell

soma, respectively.

(B) Quantification of peripheral (excluded from soma) over total VGF signal ratio. Horizontal lines show mean ± SEM of 3 color-coded independent experiments,

while circles and triangles represent values of individual cells and mean of each experiment, respectively. One-way ANOVA with Tukey’s multiple-comparison

test was performed from each triplicate mean values. **p < 0.01 and ***p < 0.001. Scale bar, 50 mm.

(C) Hypothetical model of the routes of pro-VGF trafficking unraveled in this study: (1) VAMP2-dependent regulated secretion of VGF peptides, (2) VAMP7-

dependent late endosomal secretion of pro-VGF, and (3) ATG5-dependent autophagic degradation of pro-VGF. LRRK2 interaction with VAMP4 and VAMP7

would function as a checkpoint for the secretory pathway in the cell center.
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hypothesize that LRRK2 might recruit VAMP4 in retrograde

transport23,26 of pro-VGF back to the GA as a way to recover

the pro-peptide and put it back in the route 1 (Figure 7C). This

would be in good agreement with previous findings suggesting

a role of VAMP4 in secretory granule maturation64 and insulin

trafficking.65 In the absence of VAMP4, more pro-VGF might

thus be degraded by autophagy (Figure 7C, route 3) or other

mechanisms. VAMP7 was shown to mediate late endosomal

and lysosomal secretion66 and transport from the TGN to late en-

dosomes.42 Secretory lysosomes are located in the cell periph-

ery and their exocytosis is involved in plasmamembrane repair67

and ATP release.47,68 According to work in the Grinstein lab,69

juxtanuclear lysosomes are more acidic and have higher

cathepsin L activity than peripheral lysosomes. Central lyso-

somes and late endosomes are clustered, more acidic, more

degradative, whereas the peripheral ones are more dispersed,

and less acidic as recently reviewed.70 Previous work showed

that VAMP7 was associated with secretory lysosomes which

are mildly acidic in sensory neurons.71 Our secretomics is in

good agreement with the abovementioned studies, as we found

defective secretion of transmembrane late endosomal/lyso-

somal proteins CPE, LAMP2, and CD63 but not lysosomal

luminal proteins which traffic first to early endosomes before be-

ing routed to late endosomes.42 Here, in the absence of VAMP7,

cells released less pro-VGF, particularly co-precipitating with

EVs, but expression of the peptide was unaffected (Figure 7B,

route 3). The fact that expression of pro-VGF level was unaf-

fected in VAMP7KOcells would speak against a defect in its pro-

cessing because of mistargeting of pro-convertases. This hypo-

thetical model would position LRRK2 in a similar function as

LRRK1 to downregulate availability of VAMP7 for secretion in

the cell periphery.14 In most of our experiments, WT and the

mutant LRRK2 behaved somewhat similarly, but the R1441C

was the most efficient in interacting with VAMP4 and inhibiting

transport of VGF to the cell periphery. In our hands, expression

of WT and mutant LRRK2 lead to increased expression of pro-

VGF and its decreased secretion when considering fractional

release of the peptide (released amount/total expression). The

literature and our data thus suggest that the activity of LRRK2

might affect the three routes proposed here (regulated secretion

of VGF peptides, late endosomal secretion of pro-VGF, and au-

tophagic degradation of pro-VGF). Further studies are required

to connect the GTPase and kinase activity with the new path-

ways uncovered here.

LRRK2, VAMP4, and VGF have been clearly associated with

PD. Here we were able to propose a hypothetical mechanism

linking these three genes’ products. VGF has been shown to

be a biomarker of PD,31 and particularly of interest in the context

of our study, it was found to be decreased in urinary proteome of

sporadic PD and LRRK2-G2019S patients.33 Here we found that

VGF is overexpressed when LRRK2 is co-expressed and that

autophagy-null cells release more pro-VGF. Again, this is remi-

niscent of the elimination of mutant insulin by reticulophagy.72

The processing of pro-peptides, particularly prone to aggrega-

tion in the TGN such as a secretogranin73 like VGF, by auto-

phagy, might thus be an important regulation in which LRRK2

could participate (Figure 7C, route 3). A defect in elimination of

the excess of pro-peptide by autophagy would lead, in our hypo-
12 Cell Reports 42, 112221, March 28, 2023
thetical model (Figure 7C), to more secretion by late endosomes.

Several recent studies are revealing the importance of non-cell-

autonomous processes that are responsible for the death of

dopaminergic neurons in PD.74 Most of the PD-associated pro-

teins are not uniquely expressed in the substantia nigra pars

compacta, where dopaminergic neurons are located, but also

in other regions and cell types of the central nervous system. A

potential hypothesis is that neurodegeneration in PD is caused

by a cell-autonomous mechanism within neurons, amplified by

a non-cell-autonomous related to the secretion of factors such

as VGF and TNF-a. Alternatively, the secretion of pro-VGF by

late endosomes might be merely an indicator of VGF production

by healthy neurons and the VGF defects in patients would be

only a symptom. In both hypotheses, LRRK2 and VAMP4 could

act in concert in such mechanisms. In addition, our finding that

part of VGF co-precipitates with EVs might be a reasonable

explanation of its presence in body fluids, including urine,33

because if some VGF was inside EVs, it would be protected

from degradation by body fluid proteases. It will now be impor-

tant to explore the mechanism which allows VGF to go from

the brain or neuroendocrine tissues to the blood and urine.

The potential mechanism unraveled here provides new

grounds to hypothesize that LRRK2 mutations might modify

the environment of dopaminergic neurons and induce long-

term effects leading to their death. Our data further suggest

that the secretion of pro-peptides by late endosomes might be

relevant to PD physio-pathological mechanisms. Future direc-

tions should include connecting our findings with the role of

LRRK2 in phosphorylating Rab proteins, particularly Rab8,56

which directly interacts and regulates VAMP775 and VGF traf-

ficking with other PD risk factors.

Limitations of the study
We used primarily exogenous expression in cell lines and pri-

mary cultured neurons to decipher novel molecular mechanisms

related to LRRK2. Further studies should include the use of

genomic modifications to introduce tags and mutations in

LRRK2 gene.

We have not yet been able to demonstratewhether part of VGF

could be inserted inside extracellular vesicles or if the pelleted

released fraction of VGF corresponded to aggregated luminal

pro-peptide. Further studies are needed to address this question

in cultured cells and body fluid EVs.
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(2020). Structure of LRRK2 in Parkinson’s disease and model for microtu-

bule interaction. Nature 588, 344–349. https://doi.org/10.1038/s41586-

020-2673-2.

63. Chilcote, T.J., Galli, T., Mundigl, O., Edelmann, L., McPherson, P.S., Takei,

K., and De Camilli, P. (1995). Cellubrevin and synaptobrevins: similar sub-

cellular localization and biochemical properties in PC12 cells. J. Cell Biol.

129, 219–231. https://doi.org/10.1083/jcb.129.1.219.

64. Moore, H.P.H., Andresen, J.M., Eaton, B.A., Grabe, M., Haugwitz, M., Wu,

M.M., and Machen, T.E. (2002). Biosynthesis and secretion of pituitary

hormones: dynamics and regulation. Arch. Physiol. Biochem. 110,

16–25. https://doi.org/10.1076/apab.110.1.16.903.

65. Li, M., Feng, F., Feng, H., Hu, P., Xue, Y., Xu, T., and Song, E. (2022).

VAMP4 regulates insulin levels by targeting secretory granules to lyso-

somes. J. Cell Biol. 221, e202110164. https://doi.org/10.1083/jcb.

202110164.

66. Vats, S., and Galli, T. (2022). Role of SNAREs in unconventional secretion-

focus on the VAMP7-dependent secretion. Front. Cell Dev. Biol. 10,

884020. https://doi.org/10.3389/fcell.2022.884020.

67. Reddy, A., Caler, E.V., and Andrews, N.W. (2001). Plasma membrane

repair is mediated by Ca(2+)-regulated exocytosis of lysosomes. Cell

106, 157–169. https://doi.org/10.1016/s0092-8674(01)00421-4.

68. Fader, C.M., Aguilera, M.O., and Colombo, M.I. (2012). ATP is released

from autophagic vesicles to the extracellular space in a VAMP7-depen-

dent manner. Autophagy 8, 1741–1756. https://doi.org/10.4161/auto.

21858.

69. Johnson, D.E., Ostrowski, P., Jaumouillé, V., and Grinstein, S. (2016). The
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Antibodies

Anti CD63 BD Biosciences Cat# 551458; RRID:AB_394205

Anti GAPDH Sigma-Aldrich Cat# G9545; RRID:AB_796208

Anti GFP serum N/A rpAb TG32

Anti GFP purified Roche Roche Cat# 11814460001; RRID:AB_390913

Anti GM130 BD Biosciences Cat# 610823; RRID:AB_398142

Anti HSC70 Santa Cruz Biotechnologies Cat# sc-1059;

RRID:AB_2120291

Anti LAMP1 Sigma-Aldrich Cat# L1418;

RRID:AB_477157

Anti LRRK2 purified Abcam Cat # ab133474; RRID:AB_2713963

Anti LRRK2 serum Antibodies Incorporated Cat# 73–253; RRID:AB_10671178

Anti TGN46 Bio-rad Cat# AHP500GT; RRID:AB_2203291

Anti TSG101 Genetex Cat# GTX70255;

RRID:AB_373239

Anti VAMP2 N/A mAB 69.1

Anti VAMP4 N/A rpAb TG19B

Anti VAMP7 N/A rpAb TG50

Anti VGF Santa Cruz Biotechnology Cat# sc-365397; RRID:AB_10846955

Deposited data

Analyzed Proteomic Dataset from PC12 cells This manuscript ProteomeXchange Consortium

via PRIDE, ID = PXD028321

https://www.ebi.ac.uk/pride/archive/

projects/PXD028321

Proteomics results with legends are summarized

in Table S1

This manuscript N/A

Experimental models: Cell lines

PC12 ATCC Cat# CRL-1721.1

HEK293T Evelyne Bloch-Gallego,

Institut Cochin

N/A

Oligonucleotides

Guide RNA to KO VAMP 2

CACCgTGGCAGCGGTAGCCGACCTAAAAC

TAGGTCGGCTACCGCTGCCAc

This manuscript N/A

Guide RNA to KO VAMP 4

CACCgTTTAGGTGGCGCTTGAACTTAAACA

AGTTCAAGCGCCACCTAAAc

This manuscript N/A

See Table S2 for primers used for cloning This manuscript N/A

Recombinant DNA

See Table S2 for cloning details (initial plasmids,

primers, cloning methods used)

This manuscript N/A

RFP-VAMP4 This manuscript N/A

mCherry-LRRK2 WT This manuscript N/A

mCherry-LRRK2 G2019S This manuscript N/A

mCherry-LRRK2 R1441C This manuscript N/A

RUSH-VGF-mCherry This manuscript N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pDEST53-LRRK2-WT Mark Cookson RRID: Addgene_25044

pDEST53-LRRK2-G2019S Mark Cookson RRID:Addgene_25045

pDEST53-LRRK2-R1441C Mark Cookson RRID:Addgene_25046

CMV-VGF Andrea Levi RRID:Addgene_107575

pSpCas9(BB)-2A-GFP (PX458) Feng Zhang RRID:Addgene_48138

Str-KDEL_TNF-SBP-mCherry Franck Perez RRID:Addgene_65279

pEGFP-Snapin Beverly Koller RRID:Addgene_118742

p3Flag-CMV10-LRRK2-WT Marie-Christine Chartier-Harlin

and Jean-Marc Taymans

N/A

pGEX-GST-VAMP4(1-117) (Mallard et al.)26 N/A

pGEX-GST-VAMP7(1-184) (Martinez-Arca et al.)30 N/A

N-acetyl Glucosamine Transferase-GFP (NAGT-GFP) Kohji Takei N/A

Software and algorithms

ImageJ/Fiji https://imagej.net/software/fiji/ N/A

Icy http://icy.bioimageanalysis.org/ N/A

Prism v5.03 GraphPad software https://www.graphpad.com/

scientific-software/prism/

N/A

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

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

Galli (thierry.galli@inserm.fr).

Materials availability
Plasmids and cell lines generated in this study have not been deposited to any public repository and are available upon reasonable

request to the lead contact.

Data and code availability
d The mass spectrometry proteomic data have been deposited at the ProteomeXchange Consortium via the PRIDE partner re-

pository with the dataset identifier PXD028321 (https://www.ebi.ac.uk/pride/archive/projects/PXD028321).

d This paper does not report original code.

d Other data are available upon reasonable request to the lead contact.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines
Human Embryonic Kidney (HEK293T) cells were obtained from Evelyne Bloch-Gallego, Institut Cochin, Paris, France and cultured in

DMEMmedium (Fisher Scientific 41966052) supplemented by 10% of Fetal Bovine Serum (Biosera FB – 1001/500), 5% of glutamine

(Thermofisher 35050038) and 2,5% of penicillin streptomycin (Life Technologies 15140122) and maintained at 37�Cwith 5% of CO2.

PC12 cells (ATCC Cat# CRL-1721.1) were cultured in RPMI 1640 medium (Life Technologies 21875034) supplemented with 10%

Horse Serum (Biosera DH-291H/500), 5% of Fetal Bovine Serum (Biosera FB – 1001/500) and 1% of Penicillin-Streptomycin (Life

Technologies 15140122) and maintained at 37�C with 5% of CO2. Petri culture dishes were coated to help cell adhesion by using

a 1 mg/mL collagen (Sigma C7661) solution diluted to obtain 1.83 mg/cm2 on the plastic. For NGF-experiments, cells were cultured

in low-concentration of serum RPMI 1640 (1% of Horse Serum) for one week and supplemented with 50 ng/mL NGF (Sigma-Aldrich

N1408-1MG) to induce neurite-like extensions.

Primary culture
Following ethical guidelines (CEEA - 034 Comité d’éthique enmatière d’expérimentation animale Paris Descartes), in agreement with

Directive 2010/63/EU as amended by Regulation (EU) 2019/1010, pregnant rats were terminally anesthetized with CO2 before

removing the embryos which were decapitated immediately. Primary neuronal cultures were prepared as previously described.76
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E18-E19 rat hippocampal neurons were dissected, enzymatically dissociated and plated onto poly-D-lysine coated glass coverslips

(1 mg/mL) in Neurobasal (Thermofisher 21103049) with 1X B-27 (Thermofisher 17504044) and Glutamax (Thermofisher 35050038).

After 2 to 4 h, the culture media was changed with conditioned neuronal B-27 media. Hippocampal neurons were plated on 18 mm

pre-coated coverslips at a density of 13,000 neurons/cm2, transfected with Lipofectamine 2000 (Thermofisher 11668027) at DIV6

and fixed at DIV8.

METHOD DETAILS

CRISPR/Cas9 genetic engineering
In order to generate the knockout PC12 cell lines present in our study, we used the RNA-guided Cas9 endonuclease from the micro-

bial clustered regularly interspaced short palindromic repeats (CRISPR) adaptive immune system.77 The guide RNAs were designed

and chosen by using the selection tool CRISPOR which outputs scores based on potential off-target and on-target DNA cleavage

activity.78 The 2 highest-scored guide RNAs sequences were cloned into a pSpCas9(BB)-2A-GFP backbone plasmid. The correct

insertion was confirmed by colony PCR and sequencing. Plasmids were further amplified, purified and electroporated to PC12 cells

with a Bio-Rad electroporation device which allowed high number of positive cells with moderate plasmid expression. The following

day, cells were trypsinized and detached from the culture dish, pelleted and resuspended in PBS CaCl2/MgCl2 free, EDTA 1 mM,

25 mM HEPES, 1% fetal bovine serum, penicillin and streptomycin. Cells were then sorted by a Fluorescence Activated Cell Sorter

by placing one GFP-positive cell per well in a 96-multi well plate containing complete media supplemented with penicillin, strepto-

mycin and kanamycin. Confirmation of gene knockout was conducted by performing protein electrophoresis and Western Blot.

Plasmids
Plasmids used in this study are listed in the key resources table.

Cloning was performed using Gibson assembly reaction.79 PCR were conducted using Q5 polymerase (New England

Biolabs, #M0491S) using provider’s guidelines and handmade Gibson assembly mix (Miller’s lab). See Table S2 for list of plasmids

and primers used for cloning.

Protein electrophoresis and Western blot
Cells were briefly washed with D-PBS (CaCl2/MgCl2) and proteins were extracted by using a lysis buffer (TSE) composed of Tris

50 mM; NaCl 150 mM; EDTA 10 mM supplemented with Triton X-100 1% and 1X protease inhibitor cocktail (Sigma

05056489001). After 20 min at 4�C, cells were centrifuged at 16,000 x g for 30 min at 4�C and supernatants were recovered. Proteins

(15–30 mg) were diluted in beta-mercaptoethanol sample buffer, loaded into 4–12% Tris-Glycine or Bis-Tris gradient gels (Life Tech-

nologies XP04125BOX; NP0336BOX) and run at 100–130 V for 90 min. Proteins were transferred into 0.45 mm nitrocellulose mem-

branes at 100V/500 mA for 90 min at 4�C. Membranes were then blocked with 5% of non-fat dry milk diluted in a Tris-based saline

solution with 0.1% of Tween 20 (TBST). Primary antibodies were incubated with the same solution overnight at 4�C. After 3 washes

with TBST solution, HRP-coupled secondary antibodies were incubated for 45 min in TBST. After washes in TBST, membranes were

incubated with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher 34095) and signal was detected with a

Chemidoc imager (Bio-Rad).

Immunoprecipitation
Co-immunoprecipitation experiments were performed by seeding HEK293T cells into 60 mm plastic culture dishes (TPP 1613483).

Cell density was established with Luna automated cell counter (LogosBio L10001). Co-transfection was performed using JetPrime

(Ozyme POL114-15) according to manufacturer’s protocol with the required constructs. Proteins were extracted from cells with TSE

as described above 48h after transfection. Dynabeads Protein A (Life Technologies 10001D) were coupled with the homemade GFP

antibody TG32 for 20 min. Cell extracts (1 mg) for each condition was then incubated with coupled beads for 1h at 4�C and then

washed 5 times with lysis buffer to avoid unspecific bindings.

For sequential immunoprecipitation experiment, cell extracts were obtained as previously described except they were initially

cross-linked with 25 mM DSP (Thermo Fisher 22585) following manufacturer’s protocol. GFP-Snapin associated complexes were

isolated by incubating (90 min, 4�C) cell lysates (1.5 mg per condition) with 0.4 nmol GFP-Binding-Protein-Strep-tag (GBP-st) pre-

coupled to Strep-Tactin Sepharose beads (IBA 21201010). Part of the complexes was eluted using 12.5 mM desthiobiotin (IBA

2-1000-001) for 15 min and submitted to second immunoprecipitation as previously described, using rabbit anti-LRRK2 antibody

coupled to Dynabeads M-280 Sheep Anti-Rabbit IgG (Life Technologies 11203D; ‘‘IP #2’’). Non-eluted complexes were recovered

from GBP-st beads by incubating with 2X sample buffer at 95�C for 10 min (‘‘IP #1’’).

All immunoprecipitated fractions were resuspended in sample buffer and boiled prior SDS-PAGE then immunoblotted as

described above.

GST pull-down
LRRK2 protein was produced and purified as already described.36 GST-tagged cytosolic form of VAMP4 and VAMP7, and GST only

were generated by the Biochemistry and Biophysics (B&B) facility of the Institute of Psychiatry and Neuroscience of Paris (IPNP).
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Briefly, BL21 bacteria were transformed with corresponding plasmid. Production was performed in LB and induced with IPTG 1 mM

for 3h at 37�C. Pelleted bacteria were lysed (25 mM HEPES/KOH pH 7.5, 400 mM KCl, 10% Glycerol, 1 mM DTT, 4% Triton X-100,

10mMMgCl2, Protease Inhibitor Cocktail, DNAse) and sonicated. After centrifugation, purificationwas performed onAKTAPure 25M

(Cytiva) with GSTrap HP column (Cytiva 17528201). Column was washed in PBS and bound proteins were eluted 10 mM reduced

L-Gluthatione (Sigma-Aldrich G4251) in 50 mM Tris-HCl pH 8.

For pull-down experiments, anti-GST magnetic beads (Sigma G0924) were washed in TSE and pre-loaded with GST-tagged pro-

teins by incubation 1h on wheel at 4�C. After washing of coupled beads with TSE and addition of BSA (1 mM final), the equivalent of

300 pmol of GST-tagged protein and 30 pmol of LRRK2 were incubated 1h on wheel at 4�C. After extensive washes, beads were

resuspended in sample buffer and boiled prior SDS-PAGE.

Secretion assay
PC12 cells of different genotypes were seeded into 60 mm culture dishes (TPP 1613483) and NGF-differentiated for one week as

described above. On day 6, cells were gently washed in PBS and incubated 16h with RPMI 1640 without serum in order to avoid

albumin and other seric proteins contamination. Harvested culture media were collected and centrifuged at 2,000 x g for 20 min

at 4�C, to remove cell debris.

The recovered supernatants were submitted to (i) acetone precipitation and/or (ii) sequential centrifugation. (i) Four volumes of

acetone were added to supernatants, thoroughly mixed and incubated overnight at �20�C. After 16,000 x g/30 min centrifugation,

supernatants were discarded and concentrated total secreted proteins were recovered by resuspending the pellet in TSE (‘‘Total

release’’). (ii) For sequential centrifugation, debris-free supernatants were transferred to ultracentrifugation tubes (Beckman

344057) and first spun down in SW55Ti rotor using OPTIMA XPN-80 Ultra ultracentrifuge (Beckman) at 15,000 x g for 30 min at

4�C. Supernatants were carefully transferred to new ultracentrifugation tubes while pellets were gently washed in PBS and resus-

pended in TSE buffer (‘‘15K pellet’’). Recovered supernatants were then centrifuged at 200,000 x g for 60 min at 4�C and pellets

were resuspended in TSE buffer (‘‘200K pellet’’). Cell lysates (‘‘Cell content’’) and 1/3 of the corresponding secreted fraction were

loaded into 4–12% Bis-Tris gradient gels (Life Technologies NP0336BOX), transferred and immunoblotted as abovementioned.

Extracellular vesicles size distribution and concentration were assessed by multi-angle dynamic light scattering and performed at

the B&B facility of the IPNP using the Zetasizer Ultra-Red apparatus (Malvern Instruments). The different fractions (15K/200K) were

obtained as abovementioned except pellets were resuspended in RPMI 1640. The multiangle tank (Cell ZEN2112) was pre-cleaned

twice with pure water and ethanol 20%, once with pure ethanol and twice with RPMI 1640 between eachmeasurement. The software

was set upwith the following parameters: Material protein, Dispersant water, Back Scatter Manual = 11, MeasurementsManual = 20.

‘‘RPMI 1640 only’’ condition was used as blank.

Immunofluorescence
For immunostaining, cells were briefly washed with D-PBS (CaCl2/MgCl2) and then fixed in 4% paraformaldehyde (Sigma 441244-

1KG) for 20 min at room temperature, followed by quenching of the reaction with 40 mM PBS NH4Cl. Cells were permeabilized with

0.1% Triton X-100 for 5 min followed by 3 washes in PBS. To saturate unspecific bindings of the antibodies, cells were then blocked

with a solution made of 10% serum from the species the secondary antibody was raised in. Incubation of primary antibodies was

made in a solution of 1/3 serum, Triton X-100 0.1% diluted in PBS for 1h at room temperature or overnight at 4�C in a humidified

chamber. Cells were then washed 3 times in PBS and incubated for 45 min at room temperature with secondary antibodies conju-

gated with fluorescent probes Alexa 488, 568 of 647 together with DAPI (Life Technologies). After 3 washes in PBS, coverslips were

mounted with Prolong Gold (Life Technologies P36930) mounting media.

RUSH assay
RUSH plasmids were used as previously described.34 Principle of the RUSH assay is depicted in Figure 5A. Briefly, we transfected

HEK293T cells with RUSHplasmids encoding an ER hook andmCherry as reporter. Cells were cultured in DMEM+FBS lacking biotin

(from Franck Perez’ lab). Upon addition of biotin at 40 mM, cells were either live imaged or fixed at indicated timepoints before

immunostaining.

Live cell imaging
HEK293Twere seeded on poly-D-ornithine (1mg/ml) pre-coated glass coverslips and transfectedwith RUSH-VGF-mCherry plasmid

and NAGT-GFP plasmids (ratio 1:1) using JetPrime (Ozyme POL114-15) in biotin-free culture media as mentioned before. The

following day, coverslips were transferred to Chamlide EC-B18 imaging chamber and maintained in Krebs-Ringer buffer (140 mM

NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, 4.5 g/ml glucose and pH 7.4). The chamber was placed in a Leica

DMI6000B inverted microscope with a Leica 63X/1.4 NA Plan-Apochromat oil immersion objective plus a 1.63mag changer and an

ImagEMX2 EMCCD camera (Hamamatsu). Diode-pumped 25 mW, 561 nm (Melles Griot) and 200 mW, 488 nm (Nichia) lasers were

used as light sources and were controlled by iLas2 targeted-laser illumination controller (Roper). The microscopy system was

managed by Metamorph software (Molecular Devices). Multi-position and Z-stack acquisition started when biotin (40mM final)

was added to the media, lasted 90 min with a rate of one new acquisition every 30 s.
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Confocal imaging
Z-stack confocal imaging was carried out on a TCS SP5 (63X, NA 1.4, oil immersion objective) microscope equipped with a resonant

scanner (8 kHz). Detection was made with 3 PMTs (photomultiplier modules), or with a highly sensitive hybrid detector. Images were

acquired with given laser and spectral bands allowing to avoid signal bleed-through.

Proteomic analysis
The secretome samples were prepared as mentioned above and first precipitated with 10% TCA (trichloroacetic acid) at �20�C,
overnight, centrifuged at 20,000 x g and washed 4 times with 100% ethanol. The final pellets were resuspended in 50mL of 5%

SDS in 100mM TEAB buffer, supplemented with 20mM TCEP and 50mM CAA (chloracetamide) and incubated for 5 min at 95�C.
S-Trap micro spin column (Protifi, Hutington, USA) digestion was performed on 50mg of total lysate samples and on secretome sam-

ples, according to manufacturer’s instructions. Briefly, lysate samples were first reduced with 20mM TCEP and alkylated with 50mM

CAA for 15 min at room temperature. Aqueous phosphoric acid was then added to all samples to a final concentration of 1.2%

following by the addition of S-Trap binding buffer (90% aqueous methanol, 100mM TEAB, pH 7.1). Mixtures were then loaded on

S-Trap columns. Two extra washing steps were performed for thorough SDS elimination. Samples were digested with 2.5mg of

trypsin (Promega) at 47�C for 1 h. After elution, peptides were vacuum dried.

The tryptic peptides were resuspended in 100mL of 2% acetonitrile, 0.1% formic acid and 1mL was injected on a nanoElute (Bruker

Daltonics, Germany) HPLC (high-performance liquid chromatography) system coupled to a timsTOFPro (Bruker Daltonics, Germany)

mass spectrometer. HPLC separation (Solvent A: 0.1% formic acid in water, 2% acetonitrile; Solvent B: 0.1% formic acid in aceto-

nitrile) was carried out at 300 nL/min using a packed emitter column (C18, 25 cm 3 75mm 1.6mm) (Ion Optics, Australia) using a

gradient elution (2–10% solvent B during 40min; 10 to 15% during 23min; 15%–25%during 27min; 25%–80% for 10 min and finally

80% for 5 min to wash the column). Mass-spectrometric data were acquired using the parallel accumulation serial fragmentation

(PASEF) acquisition method. The measurements were carried out over the m/z range from 100 to 1700 Th. The range of ion mobilities

values from 0.8 to 1.3 V s/cm2 (1/k0). The total cycle time was set to 1.17s and the number of PASEF MS/MS scans was set to 10.

TheMS files were processed with theMaxQuant80 software version 1.6.17.0 and searched with Andromeda search engine against

the UniProtKB/Swiss-Prot Rattus norvegicus database mixed with its trEMBL entries (updated February 2021, 36188 entries). To

search parent mass and fragment ions, we set a mass deviation of 10 ppm and 40 ppm respectively. The minimum peptide length

was set to 7 amino acids and strict specificity for Trypsin/P cleavage was required, allowing up to two missed cleavage sites. Car-

bamidomethylation (Cys) was set as fixed modification, whereas oxidation (Met) and N-term protein acetylation were set as variable

modifications. The false discovery rates (FDRs) at the protein and peptide level were set to 1%. Scores were calculated in MaxQuant

as described previously.80 The reverse and common contaminants hits were removed from MaxQuant output. Proteins were

quantified according to the MaxQuant label-free algorithm using LFQ intensities; protein quantification was obtained using at least

2 peptides per protein and match between runs was allowed across samples.

Statistical and bioinformatic analysis, including heatmaps, profile plots and clustering, were performed with Perseus software

(version 1.6.14.0) freely available at www.perseus-framework.org.81 For statistical comparison, we set 3 groups, each containing

up to 3 biological replicates. We then filtered the data to keep only proteins with at least 3 valid values in at least one group.

Next, the data were imputed to fill missing data points by creating a Gaussian distribution of random numbers with a standard de-

viation of 30% relative to the standard deviation of themeasured values and 1.8 standard deviation downshift of themean to simulate

the distribution of low signal values. We performed an ANOVA test, FDR<0.05, S0 = 0.1 on both cell lysate and secretome sample

groups and Student t-test, FDR<0.05, S0 = 0.1 or S0 = 1 for cell lysate and secretome sample groups, respectively.

Finally, the differentially expressed proteins were subjected to bioinformatic analysis using EnrichR software freely available at

http://maayanlab.cloud/Enrichr/for enrichment of GO terms using GO Cellular Component library from 2018.82 Ranking of enriched

termwas performed using combined scorewhich is a combination of the p value and Z score calculated bymultiplying both scores as

follows: c = ln(p) *z (see Help page of website for more details) where high value of combined score shows highly significant GO term.

Yeast two-hybrid (Y2H)
The LRRK2 library screening and direct 1-by-1 interaction assay were performed by Hybrigenics Services SAS, Paris, France (http://

www.hybrigenics-services.com) as described below.

Cloning

The coding sequence of the human VAMP7 wt (aa 1–188, GenBank accession number NM_005638.3), the human VAMP4 (aa 1–117,

GenBank accession number NM_003762.1), was PCR-amplified and cloned in frame with the LexA DNA binding domain (DBD) into

plasmid pB29 as an N-terminal fusion to LexA (bait-LexA fusion). The human Snapin (aa 1–136, GenBank accession number

NM_012437.5) was PCR-amplified and cloned in frame with the LexA DNA binding domain (DBD) into pB27 as a C-terminal fusion

to LexA (LexA-bait fusion). pB27 and pB29 derive from the original pBTM116 vector.83,84 Hybrigenics’ references for those con-

structs are hgx425v2_pB29, hgx3438v1_pB29, hgx710v1_pB29, hgx1310v2_pB27 respectively.

LRRK2 cDNA (NM_198578.3) was subcloned in LexA bait vector pB27 derive from pLexA83 using oligonucleotide 6690

(CAGGGCAATAAAGTCGAACT) and 6972 (GACCTACAGGAAAGAGTTACTC). 5 mg of the PCR product was subjected to Fragmen-

tase treatment (New England Biolab, NEB) until a smear of fragments was detected around 500pb by agarose gel electrophoresis.

The DNA fragments were purified by phenol/chloroform extraction and ethanol precipitation. The DNA fragments were next
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subjected to end repair (NEB) and dA-tailing adaptation, using Blunt/TA ligase master mix with NEBNext Adaptor hairpin loop (NEB),

followed by AMPure XP bead (Beckman Coulter) purification. After USER enzyme digestion (NEB), DNA fragments were amplified

with oligonucleotides 10,829 (CTATTCGATGATGAAGATACCCCACCAAACCCAAAAAAAGAGATCCTAGAACTAGACACTCTTTC

CCTACACGACGCTCTTCCGATCT) and 10,830 (CCGGGCCTCTAGACACTAGCTACTCGAGGGGCCCCAGTGGCCCTATCTATGC

GGCCGCTCAGACTGGAGTTCAGACGTGTGCTCTTCCGATC) with 15 cycles of PCR using NEBNext Q5 Hot Start HiFi PCR Master

Mix (NEB), which allowed to add Gap Repair recombination sequences for the cloning in Gal4-AD prey plasmid pP9 derived from the

original pGADGH.85 The library comprised 44,500 independent clones.

The fragment corresponding to amino acids 1773–1857 of human LRRK2was extracted from the ULTImate Y2H screening of Sna-

pin with a library of fragments of LRRK2. It is cloned in frame with the Gal4 activation domain (AD) into plasmid pP6, derived from the

original pGADGH.85 The AD construct was checked by sequencing.

1-By-1 Y2H interaction assays

Bait and prey constructs were transformed in the yeast haploid cells L40DGal4 (mata) and YHGX13 (Y187 ade2-101:loxP-kanMX-

loxP, mata), respectively. The diploid yeast cells were obtained using a mating protocol with both yeast strains.86 These assays

are based on the HIS3 reporter gene (growth assay without histidine).

Growth assay on +/� His plates

Interaction pairs were tested in duplicate as two independent diploid clones were picked for the growth assay. For each interaction,

several dilutions (undiluted, 10�1, 10�2, 10�3) of the diploid yeast cells (culture normalized at 53107 cells) and expressing both bait

and prey constructs were spotted on several selective media. The DO-2 selective medium lacking tryptophan and leucine was used

as a growth control and to verify the presence of both the bait and prey plasmids. The different dilutions were also spotted on a se-

lective medium without tryptophan, leucine and histidine (DO-3) with and without methionine. Four different concentrations of 3-AT,

an inhibitor of the HIS3 gene product, were added to the DO-3 plates to increase stringency. The following 3-AT concentrations were

tested: 1, 5, 10 and 50 mM.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification methods
All quantifications were done using ImageJ/Fiji87 or Icy88 software.

Densitometry analysis for Western blot was performed with ImageJ/Fiji. Pooled data from different replicate experiments were

standardized as follows: ‘‘normalized value (x) = (x – sample mean)/sample standard deviation’’. To avoid negative numbers, the

lowest value of all replicates was subtracted to the totality of values in the dataset. Note that in Figure 1H, the lowest value was

set to 1 to better reflect the positive binding of all constructs.

For analysis of VGF signal distribution from confocal Z-stacks, cell bodies were manually selected in Icy and converted to 3D ROI.

Large clustered perinuclear (R2mm3) and small dispersed peripheral (<2mm3) LAMP1+ populations were segmented by HK-means.

VGF density signal was measured in these two compartments and normalized by the overall VGF density signal in cell bodies. Values

of ‘‘large’’ and ‘‘small’’ values were added to give the total LAMP1+ structures.

For RUSH experiments with RUSH-VGF-mCherry, confocal Z-stacks were analyzed in ImageJ/FiJi and Icy. Each cell of interest

(i.e., expressing both constructs without saturation and well spread), was manually picked and isolated as a single Z-stack using

threshold in ImageJ/FiJi for further analysis. Then, per cell and over each Z-stack, signal of RUSH and GM130 were segmented

by ‘‘Spot detector’’ and ‘‘HK-Means’’, respectively and RUSH integral intensity signal was measured in both regions of interest. A

ratio (whole cell – GM130)/whole cell) RUSH signal was computed per cell and expressed as percentage. For RUSH experiments

with mCherry-TNFa-SBP, after background correction, a Z-projection (SUM) was applied to each Z-stack. Masks of Golgi and whole

cell were generated by thresholding the GM130 and mCherry staining, respectively and corresponding integral density signal was

measured. Post-Golgi proportion of mCherry-TNFa-SBP signal was calculated from the following ratio: (whole cell – GM130)/whole

cell.

Peripheral VGF signal in neurons was estimated using Icy software. In mCherry/RFP+ neurons, HK-means was applied to RFP

signal to generate ‘‘whole cell’’ ROI while ‘‘soma’’ ROI was manually selected. Per cell, intensity of VGF was estimated in both

ROI and plotted according to following ratio: (whole cell – soma)/whole cell.

Colocalization analysis was performed after cell selection on Z-stack with ‘‘Colocalization Threshold’’ plugin from ImageJ/Fiji.

Data representation and statistical analyses
Calculations were performed in Microsoft Excel. GraphPad Prism software (version 5.03) was used for graph generation and statis-

tical analyses. Mean ± S.E.M of at least three independent experiments are shown. ANOVA with Tukey’s post-tests were applied, as

specified in the figure legends (*, p < 0.05; **, p < 0.01; and ***, p < 0.001; ns, not significant). Data were displayed as Superplots,89 a

color-coded manner to depict cell-level variability and experimental reproducibility. Figures were generated using open source

Inkscape software. Graphical schemes were created with BioRender.com.
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