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ABSTRACT 
Autophagy is a conserved and essential cellular degradation and recycling process that is 

required to maintain neuronal homeostasis.  Genetic and pathological evidence suggest that 

autophagy is disrupted in Parkinson’s disease (PD), a prevalent and progressive 

neurodegenerative disease, yet how changes in autophagy contribute to disease pathogenesis is 

unclear. To better understand the cellular impacts of disrupted autophagy on neuronal function, 

we used unbiased proteomics to compare the cargos degraded by basal autophagy in two 

different mouse models of PD. We isolated autophagic vesicles from the brains of PINK1
 
knock-

out mice and LRRK2
G2019S

 knock-in mice, and further compared these data to observations from 

young and old mice. We find evidence for the upregulation of adaptive pathways to remove 

proteins and organelles in PINK1
-/-

 and LRRK2
G2019S 

mice. In PINK1
-/-

 mouse brain, impaired 

mitophagy leads to increased expression of components of the autophagic machinery as well as 

increased expression of selective adaptors for mitochondrial autophagy independent of 

PINK1/Parkin, including BCL2L13. In LRRK2
G2019S

 mice, we find that the impairments to 

autophagosome trafficking and acidification lead to increased cargo secretion. We further 

compared these data sets to proteomic data comparing young and old mice. In aged mice, we 

find decreased engulfment of lysosomes and increased engulfment of a-synuclein, a key 

component of pathogenic Lewy bodies found in PD. Together, these findings highlight the 

engagement of distinct compensatory pathways to maintain homeostasis in the brain upon 

disruption of either stress-induced or basal autophagic pathways, and we begin to identify how 

age-related changes may place further stress on autophagy’s ability to maintain homeostasis.  
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INTRODUCTION 
 

Autophagy is an evolutionarily conserved process for the clearance and recycling of proteins and 

organelles. Neurons have a unique dependence on autophagy, as impairment of this pathway 

leads to either neurodevelopmental or neurodegenerative phenotypes 
1–3

. Cellular, genetic, and 

pathological data point to two major types of autophagy in neurons. Acute stress induces the 

targeting of dysfunctional organelles or aggregated proteins for turnover, in regulated pathways 

for mitophagy, lysophagy and aggrephagy, among other mechanisms 
4
. These pathways 

generally involve damage-sensing, leading to induction of a downstream response. For example, 

mitochondrial damage leads to the stabilization of PINK1 kinase on the outer mitochondrial 10 
membrane (OMM), which in turn triggers a feedforward activation of the E3 ubiquitin ligase Parkin, 

leading to widespread ubiquitination of mitochondrial proteins and recruitment of ubiquitin-binding 

receptors such as OPTN that serve as a platform leading to the engulfment of the damaged 

organelle by a double-membrane autophagosome 
5–8

. Similarly, in lysophagy, lysosomal 

membrane permeabilization that cannot be repaired via the ESCRT pathway leads to 

ubiquitination of proteins within the lysosomal membrane, followed by the recruitment of receptors 

including TAX1BP1 and p62/SQSTM1, and again the engulfment via a locally formed 

autophagosome 
9,10

. 

 

In addition to these stress-induced mechanisms, there is robust cellular and in vivo evidence for 20 
a requirement of basal autophagy in neurons 

11–13
. Autophagosomes form constitutively at 

synaptic sites and the axon terminus, engulfing diverse cargos into double-membrane 

autophagosomes. Newly formed autophagosomes then undergo a stereotypical pattern of highly 

regulated transport toward the soma, driven by the molecular motor cytoplasmic dynein.  Defects 

in this transport impede the degradation of engulfed cargos. A notable example occurs in neurons 

expressing the most common familial mutation in Parkinson’s disease (PD), the G2019S mutation 

in LRRK2. Pathological mutations in LRRK2 kinase induce hyperactivity, leading to hyper-

phosphorylation of RAB proteins that are known LRRK2 kinase targets 
14

, and key regulators of 

vesicle trafficking pathways 
15

. Elevated LRRK2 activity is sufficient to disrupt both the transport 

and the maturation of autophagic vesicles in the axon, leading to a block in autophagic 30 
degradation 

16
.  

 

To better understand how autophagy supports normal neuron function, we used proteomics to 

identify the major cargos engulfed by autophagic vesicles in the brain under basal conditions, and 

found that mitochondrial fragments and synapse-related proteins were the prominent cargos of 

this homeostatic pathway. Western blotting and live imaging studies of induced human neurons 

and primary rodent neurons confirmed that these cargos were highly enriched in autophagic 

vesicles in neurons 
17

.  

 

Next, we sought to understand how autophagic cargo might be altered in the context of PD, which 40 
is tightly linked to disrupted autophagy. PD is a progressive neurodegenerative disease primarily 

affecting dopaminergic neurons in the substantia nigra pars compacta. It presents as a movement 

disorder in patients with an average age of onset at 60. 15% of PD cases are familial, but in both 

familial and sporadic PD the most common risk factor is age, with disease severity correlating 

with age 
18

. There have been many links of disrupted autophagy to PD. Abnormal autophagosome 

are accumulated in post-mortem patient brain tissue independent of etiology 
19

; familial mutations 

in the genes encoding PINK1 and Parkin impair the selective autophagic degradation of damaged 

mitochondria, and mutations in LRRK2 impair autophagosome trafficking and maturation. 

Functional autophagy is responsible for clearing a-synuclein aggregates that can form the 

characteristic pathological Lewy bodies found in PD 
20,21

. Therefore, it is reasonable to 50 
hypothesize that impairments to the autophagy pathway may be causative for disease, although 
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the late age of onset in PD patients suggests that there are likely to be additional disease drivers 

or modifiers that involves the slow accumulation of damage over time. 

 

Here, we report the changes in autophagy cargo observed using unbiased proteomics to analyze 

two distinct mouse models of PD, PINK1 knock-out mice and LRRK2G2019S
 knock-in mice. In both 

models, we find evidence for the upregulation of compensatory pathways for protein clearance 

and organelle quality control. PINK1 loss in mice leads to compensatory changes in autophagy 

machinery, so that mitochondria are still engulfed within autophagic vesicles (AVs). In 

LRRK2
G2019S 

mice, we find evidence of increased secretion, which may help to maintain neuronal 60 
homeostasis by removal of damaged organelles or aggregated proteins from the affected 

neurons. Further, we analyze how the AV cargo changes with age, finding that age-associated 

changes to lysophagy are distinct from the changes seen in genetic PD models, but may further 

exacerbate disease progression. Overall, we report many changes to autophagy in PD-associated 

models and highlight a common theme of compensation in response to PD-associated mutations 

to maintain the clearance of neuronal proteins.  

 
RESULTS 
 
Autophagic vesicles from PINK-/- mice contain mitochondria 70 
 

PINK1 is a kinase that stabilizes and amplifies ubiquitination on damaged mitochondria to 

promote autophagosome formation and clearance 
5
. However, previous studies in Drosophila and 

mouse indicate that under basal conditions, PINK1 and/or Parkin contribute minimally to 

mitochondrial turnover 
12,17,22

. Therefore, we were curious to define the broader impacts of PINK1 

loss on overall mitochondrial turnover by autophagy.  

 

We investigated the autophagic cargo in brains collected from 7-month-old PINK1
-/-

 mice 

compared to aged matched wild type mice. We previously confirmed that AV enrichment yields 

preparations in which  ³85% of vesicles were bona fide AVs. To assess the likelihood that a given 80 
protein in our AV fraction is a true cargo destined for degradation, we calculated a parameter 

termed the “cargo score” by determining its enrichment in a proteinase K-protected fraction 

relative to the total AV fraction
17

.  

 

Over 600 proteins exhibit significantly different cargo scores in AVs derived from PINK1
-/- 

brains 

as compared to scores determined for AVs isolated from the brain of age-matched wild-type mice, 

indicative of widespread alterations in protein and organelle turnover (Figure 1a, Supplementary 

Table 1). Gene ontology (GO) analysis on the proteins that exhibited significantly decreased cargo 

scores from PINK1
-/-

 brain as compared to WT suggests that certain mitochondrial proteins have 

decreased engulfment under basal conditions (Figure 1b).  90 
 

To further understand how the observed changes in cargo are reflective of the state of the brain, 

we immunoblotted for proteins of interest from total brain and AV fractions. Increased enrichment 

of the protein within the AV could reflect higher levels of total protein in the brain, or alternatively 

indicate higher rates of turnover via autophagy. Therefore, we first compared levels in brain 

lysates between WT and PINK1
-/-

, and then compared the levels of the proteins in the AV and 

AV+PK fraction between WT and PINK1
-/-

. 34/82 of the mitochondrial proteins that are lower in 

PINK1
-/-

 AVs are mitochondrial transcription and translation associated (Supplementary Table 2), 

suggesting there is a loss of autophagic engulfment of this specific subset of mitochondrial 

proteins in PINK1
-/-

 mice. We confirmed these observations by focusing on GFM2, a mitochondrial 100 
elongation factor responsible for ribosome release during translation that had one of the highest 

fold changes between WT and PINK1
-/-

 cargo scores. While GFM2 levels are not altered in brain 
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lysates of PINK1
-/-

 mice relative to wild type mice, we noted that this protein is significantly 

decreased within PINK1
-/-

 derived AVs (Figure 1c). EM analysis of enriched autophagosomes 

from wild type and PINK1
-/-

 mouse brains shows that there is a slight, but significant decrease in 

the fraction of AVs that contain mitochondrial fragments, although there is no difference in 

acidified vesicles, or vesicles that contain synaptic vesicle like structures (Figure 1g, h, 

Supplementary Figure 1a,b). However, still 30% of the AVs derived from the PINK1
-/-

 mice contain 

mitochondrial fragments.  

 110 
Our previous work highlighted a surprising enrichment of mitochondrial nucleoids within brain 

AVs, and showed that TFAM-positive nucleoids are engulfed constitutively within the axon in 

primary neurons 
17

. TFAM is also enriched within autophagosomes isolated from the brain of 

PINK1
-/-

 knockout mice. However, total TFAM levels in PINK1
-/-

 brain lysates were significantly 

lower than levels seen in wild type brain lysates (Figure 1i-l). Therefore, comparing the amount of 

TFAM within AVs relative to the total amount in the brain, AVs are engulfing proportionally more 

TFAM in PINK1
-/-

 mice (Figure 1m). qPCR analysis did not detect changes in the amount of 

mtDNA present in whole brain samples from WT compared to PINK1
-/-

 mice (Supplementary 

Figure 1c), thus further investigation on the impact of decreased TFAM levels following the loss 

of PINK1 in total brain is required.  120 
 
PINK1-/- mice increase selective autophagic pathways to remove mitochondria 
 
The continued clearance of mitochondrial fragments and TFAM-positive nucleoids in PINK1

-/-
 

derived AVs led us to ask whether we might find evidence for compensatory changes in 

autophagy in this PD model. Such compensatory changes might explain the limited phenotypic 

consequences observed in knock-out mice despite the loss of an important quality control 

pathway. Indeed, proteins associated with selective mitophagy had increased likelihood to be AV 

cargo in the absence of PINK1 (Figure 2a,b). FIS1 was found at increased levels in the AVs from 

PINK1
-/-

 brains, while MFF levels were unchanged (Figure 2c-f, Supplementary Figure 2a-d). As 130 
FIS1 is associated with the fission of damaged mitochondrial components, and MFF is associated 

with mitochondrial maintenance and biogenesis 
23

, this suggests that damaged mitochondria are 

still effectively cleared in PINK1
-/-

 mice.  

 

Thus, we examined alternate pathways for the selective removal of damaged mitochondria. We 

observed increased BNIP3
24,25

 and BCL2L13
26,27

, two previously reported mitophagy receptors, 

in AVs from PINK1
-/-

 brains by mass spectrometry (Figure 2a). We compared these two adaptors 

in whole brain and AV fractions by immunoblot (Figure 2g-n) and found higher levels of BCL2L13 

in PINK1
-/-

 total brain lysate relative to wildtype (Figure 2l). Both BNIP3 and BCL2L13 were 

enriched in AVs from PINK1
-/-

 mice, suggesting that these mitophagy receptors may be 140 
preferentially engaged to compensate for the loss of PINK1 (Figure 2j, n). HUWE1, an E3 ligase 

that regulates PINK1
-/-

 independent mitophagy by ubiquitylating MFN2 and recruiting AMBRA1 to 

initiate autophagosome formation 
28

, was identified as significantly increased in PINK1
-/-

 brain 

derived AVs by proteomics (Figure 2a). Although immunoblot analysis did not show changes to 

HUWE1 (Supplementary Figure 2f-i), we did note increased engulfment of MFN2 in AVs (Figure 

2o-r), suggesting this pathway may be activated to recruit mitochondria to autophagosomes. 

Together, the changes suggest evidence of upregulation of compensatory pathways to remove 

damaged mitochondria in the absence of PINK1.  

 

We also noted changes to synaptic proteins, another major cargo of basal autophagy, within the 150 
PINK1

-/-
 brain AVs (Supplementary Figure 3a). Proteomics suggests that the autophagic 

engulfment of both pre- and post-synaptic density proteins were significantly changed in PINK1
-/-

 

brain-derived AVs as compared to wild type (Supplementary Figure 3a,b). The multiple 
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statistically significant changes observed by MS are consistent with the observed broad changes 

in synapse formation and dendritic morphology induced by the loss of PINK1 
29–31

. Close 

inspection of the proteomic dataset also identified significant differences in proteins in the nitric 

oxide (NO) and spermidine synthesis pathway in the PINK1
-/-

 brain-derived AVs (Supplementary 

Figure 3c). We immunoblotted for NOS1, SRM, and MAT2A, proteins required for NO and 

spermidine synthesis, in WT and PINK1
-/-

 total brain and brain-derived AVs (Supplementary 

Figure 3d-o), and found that there are higher levels of these proteins in brains of PINK1
-/-

 mice, 160 
suggesting possible increased production of NO and spermidine in PINK1

-/-
 mouse brain. 

Supplemental spermidine rescues growth phenotypes in mitophagy deficient yeast 
32

, and 

increases WIPI2 levels, a protein that promotes autophagosome biogenesis in neurons
33

,  and 

autophagic flux in aged hippocampal neurons 
34

. Consistent with these findings and the idea that 

spermidine production may be increased, immunoblotting indicated that total brain levels of WIPI2 

were also increased (Supplementary Figure 3p-s).  
 

LRRK2G2019S alters the autophagy of proteins regulating extracellular vesicle production 
 
Mutations in the LRRK2 gene are the most common familial cause of PD, resulting in hyperactive 170 
LRRK2 kinase activity. Evidence of elevated LRRK2 kinase activity has also been shown in 

idiopathic PD cases 
35

. Hyperactive LRRK2 increases the phosphorylation of RAB proteins that 

regulate vesicular trafficking 
14,36

. Previously, we have shown that the G2019S mutation in LRRK2 

leads to significant impairment in the trafficking and acidification of AVs 
16

. Thus, we were curious 

how autophagic cargos might be altered in the brains of LRRK2
G2019S

 mice, and how these 

alterations might compare to the changes observed in PINK1
-/-

 mice.  

 

Overall, 71 proteins exhibited significantly different cargo scores when comparing results from 

analysis of brain-derived AVs from LRRK2
G2019S

 and wild type mice (Figure 3a, Supplementary 

Table 3), an order of magnitude less than the observed 652 proteins with significantly different 180 
cargo scores found in comparisons of PINK1

-/-
 and wild type derived AVs. Yet 73% of the 

significant LRRK2
G2019S

 changes were common to the changes observed in the PINK1
-/-

 model, 

identifying some similar response (Supplementary Figure 4 a,b). Autophagy cargo decreased in 

both PINK1
-/-

 and LRRK2
G2019S

 brain as compared to wild type include synapse-related proteins 

(Supplementary Table 4), suggesting that some remodeling of synapses is common to different 

forms of PD. While we observed a mild reduction in the fraction of PINK1
-/-

 derived AVs containing 

mitochondrial fragments, expression of LRRK2
G2019S

 did not affect the number of AVs with 

mitochondrial cargo (Supplementary Figure 4 c,d). 

 

Most strikingly, GO analysis of the significantly changed AV cargo proteins from LRRK2
G2019S

 190 
brains found that terms for extracellular organelles were enriched, including a lower cargo score 

for TSG101 and a higher cargo score for PIKFYVE (Figure 3a, b). Immunoblotting confirmed that 

TSG101, involved in the formation of extracellular vesicles (EVs) and commonly used as a marker 

of EVs 
37

, was decreased in LRRK2
G2019S

 AVs (Figure 3c-f). PIKFYVE is a kinase that 

phosphorylates PI3P to PI(3,5)P2, thereby regulating vesicular dynamics, lysosome fission and 

the fusion of multivesicular bodies to the lysosome 
38–40

. When PIKFYVE is inhibited, it results in 

increased EV release 
41,42

. Immunoblotting identified lower, although non-significant, levels of 

PIKFYVE in LRRK2
G2019S

 brain (Figure 3g, h).  While AV levels of PIKFYVE were lower, the 

amount protected from proteinase K was sustained (Figure 3i-k). This suggests that the lower 

levels of PIKFYVE in the brain may result from autophagic degradation.  200 
 

Based on these results, we wondered if the secretion of EVs was increased in the LRRK2 model. 

Consistent with this possibility, we found increased levels of TSG101 in conditioned media from 

LRRK2
G2019S

 primary cortical neurons, which could be reduced by kinase inhibition of LRRK2 with 
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MLi2 (Figure 3l, m, Supplementary Figure 4e, f). Additionally, proteomics identified increased 

levels of hnRNPK within AVs in LRRK2
G2019S

 (Figure 3a), which has been previously shown to be 

secreted in EVs in an autophagy-dependent manner 
43

. Although changes in hnRNPK levels 

within AVs from LRRK2
G2019S

 did not reach statistical significance by immunoblotting 

(Supplementary Figure 4i-l), levels of hnRNPK in conditioned media were elevated in a kinase-

dependent manner, as inhibition of LRRK2 kinase activity by MLi2 reduced the amount of 210 
hnRNPK secreted (Figure 3n, o, Supplementary Figure 4g, h). Together, these data suggest that 

while uptake into autophagosomes is not profoundly affected in the LRRK2 model, there are 

changes consistent with an induction of secretory autophagy to maintain proteostasis upon 

inhibition of lysosomal degradation, as discussed by Solvik et al.
44

. 

 

Aging leads to decreased lysosomal cargo in AVs 
 
Aging is the most significant risk factor for PD, common to both familial and sporadic cases. Thus, 

we next asked whether aging can affect the nature of cargo turned over by autophagy in the brain, 

and if this might also contribute to PD progression. We proteomically profiled AVs derived from 220 
the brains of young (1-month-old) and old (18-month-old) mice for comparison of age-dependent 

changes 
45

. 

 

Overall, 94 proteins were observed to significantly change with aging in AVs isolated from young 

and old mouse brains (Figure 4a, Supplementary Table 5). Only two of the proteins, PSMB4 and 

EDIL3, overlapped with changes found in LRRK2
G2019S

 brains (Supplementary Figure 5a). 27 

proteins overlapped with changes found in PINK1
-/-

 brains (Supplementary Figure 5 b,c). GO 

analysis on the cargo scores significantly lower in old mice indicates that engulfment of lysosomal 

proteins is decreased (Figure 4b). Immunoblotting confirmed two proteomic hits, GLA and 

SCARB2 decrease in AVs with age (Figure 4c-j). We further investigated other lysosomal 230 
membrane proteins LAMP1 and RagA and found that these too were decreased in the AV+PK 

fractions from old mice (Supplementary Figure 5 d-k).  

 

We hypothesize that decreased lysophagy, as opposed to decreased autophagosome 

acidification, was responsible for the lower levels of lysosomal proteins in AVs derived from aged 

mice for three reasons. The lysosomal membrane proteins LAMP1 and RagA are found within 

the proteinase K protected fraction in AVs from young mice, whereas if autophagosome-lysosome 

fusion was impaired, membrane proteins should remain on the surface of the autophagolysosome 

(APL) and thus be degraded by the addition of protease (Supplementary Figure 5g, k). 

Additionally, EM analysis between AVs derived from young and old mouse brain does not indicate 240 
a change in the number of APLs, identified by dense, unilamellar structures (Supplementary 

Figure 5m, n). Lastly, there is no delay in the rate of autophagosome acidification with age in 

dorsal root ganglion neurons (DRGs) 
46

. To confirm whether lysophagy could be affected with 

age, we investigated whether LGALS8, a crucial component of lysophagy 
47

,or the lysophagy 

receptors p62/SQSTM1 and TAX1BP1 
9,10

 changed in total brain and in AVs with age. We found 

that the amount of LGALS8 and p62/SQSTM1 in the total brain lysate decreased, while total brain 

levels of TAX1BP1 were strongly increased, suggesting there may be an impairment in lysophagy 

in aging brain (Figure 4k-v).  

 

Increased autophagic engulfment of a-synuclein with age 250 
 
GO analysis of the cargos significantly enriched in AVs isolated from old mice compared to young 

mice include terms related to mitochondria and synapses (Figure 5a, b), similar to our findings 

from AVs isolated from 7-month-old mice 
17

. EM of enriched autophagosomes did not show any 
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obvious changes to the mitochondrial cargo, as mitochondrial fragments were identified in about 

half of the AVs examined (Supplementary Figure 5m, o). 

 

We noted the higher levels of a- and b- synuclein in AVs isolated from the brains of older mice 

(Figure 5a). a-synuclein is known to be degraded by autophagy 
20,48

 and is a key component of 

Lewy bodies that correlate with PD progression 
49

. We confirmed that a-synuclein levels increased 260 
within AVs with age by immunoblotting (Figure 5c-f). We did not find changes in the amount of 

fibrillar proteins by Thioflavin T staining in total brain or within AVs with age, nor changes to 

phosphorylated a-synuclein (Supplementary Figure 6a-d). We further validated an increased 

colocalization of endogenous a-synuclein with endogenous LC3 puncta by immunocytochemistry 

in the cell body of dorsal root ganglion neurons from 18-month-old compared to 1-month-old mice 

(Figure 5g-f). Immunostaining indicated that colocalization of the lysosomal protein LAMP1 with 

LC3 is maintained (Figure 5j, k). We did not observe any changes to the colocalization of a-

synuclein with LAMP1 with age, consistent with our analysis that the a-synuclein in AVs is 

monomeric (Figure 5l, m).  
 270 
Secretion of a-synuclein is increased in LRRK2 mice 
 

a-synuclein pathology spreads in PD patient brains in a stereotypical pattern that correlates with 

the staging of clinical symptoms. Previous research has demonstrated that exogenous a-

synuclein fibrils can induce Lewy body formation in neurons both in vitro and in mouse brain via 

a prion-like activity 
50–56

. We investigated whether the LRRK2
G2019S

 mutation affected AV levels 

and the extracellular release of a-synuclein. Levels of a-synuclein within AVs were unchanged in 

the adult LRRK2
G2019S

 brain-derived AVs (Figure 6a-c, Supplementary Figure 7a). However, the 

hyperactive kinase activity of LRRK2
G2019S

 in primary cortical neurons resulted in increased 

secretion of a-synuclein into the conditioned media, as these elevated levels can be rescued by 280 
treatment with MLi2 (Figure 6d-f).  

 

We next investigated whether the increased secretion of a-synuclein from LRRK2
G2019S

 neurons 

correlated with changes to the circulating plasma levels in mice, and whether increasing age might 

also increase secretion. We confirmed that the levels of a-synuclein within AVs increased with 

age, but were unaffected by the LRRK2
G2019S

 mutation (Figure 6g-i). We observed an increase in 

plasma levels of a-synuclein in the LRRK2
G20191S

 mutant mice consistent with the increased levels 

in conditioned media from primary neurons, but surprisingly we did not observe any further 

change in the plasma levels of a-synuclein with age (Figure 6j).  

 290 
We investigated whether TSG101 levels were changing within AVs or in plasma with age and the 

LRRK2 mutation. As observed previously, TSG101 levels associated with AVs were decreased 

with the LRRK2 mutation, but we did not observe further changes to the levels in AVs with age 

(Figure 6k-m, Supplementary Figure 7a). TSG101 levels in plasma increased with the 

LRRK2
G2019S

 mutation, but was not further increased with age (Figure 6n), which tracks with the 

same pattern of secreted a-synuclein.  

 

We compared the AV levels, extracellular secreted and plasma levels of TFAM from adult and 

aged wild type and LRRK2
G2019S

 mice and embryonic primary cortical neurons (Figure 6o-r, 

Supplementary Figure 7b,c). TFAM levels within brain-derived AVs decreased with the 300 
LRRK2

G2019S
 and age (Figure 6q), and levels of secretion of TFAM into conditioned media from 

LRRK2
G2019S

 primary cortical neurons were not significantly increased (Supplementary Figure 

7b,c). However, we detected higher plasma levels of TFAM in LRRK2
G2019S

 mice that further 

increased with age (Figure 6r). These data suggest there are multiple pathways of secretion that 
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are upregulated in LRRK2
G2019S

 mice, one for TSG101-positive EVs that is LRRK2 kinase 

dependent, and another for mitochondrial fragments or mtDNA. 

 
DISCUSSION 
 

We identify distinct degradative signatures in mouse models of PD, characterized by changes to 310 
cargos turned over by basal autophagy in the brain. These changes in autophagosome cargo are 

reflective of overall changes to neuronal biology, including alterations in synaptic protein turnover 

in PD
57

 and changes to the lysosome in aged brain
58

. We find evidence for activation of 

compensatory mechanisms to maintain protein and organelle clearance, including increased 

autophagosome biogenesis and mitophagy adaptors in the absence of PINK1, and increased 

secretion in LRRK2
G2019S

 brain. We propose that these compensatory pathways maintain neuron 

health in the short term. However with age and further age-related stresses, there may be 

repercussions to the engagement of compensatory mechanisms that may ultimately contribute to 

PD onset, such as increased secretion leading to cell-to-cell transfer of a-synuclein or the 

inflammatory molecule mtDNA.  320 
 

We find increased expression and use of alternative mitophagy adaptors in PINK1
-/-

 mice (Figure 

2). We have not directly tested whether the compensatory mitophagy pathways are as efficient 

as PINK1/Parkin at clearing damaged mitochondria, but because we observed fewer AVs 

containing mitochondrial fragments (Figure 1h), and PINK
-/-

 mouse models are reported to have 

increased mitochondrial dysfunction with age or with mitochondrial damage
59,60

, we suspect that 

the adaptive mechanisms are less resistant to additional stresses. We hypothesize that a there 

may also be an increase in autophagosome biogenesis in PINK1
-/-

 mice because of the increase 

in WIPI2 levels (Supplementary Figure 3q) as reported in Maglione et al., 2019, although further 

in vitro flux assays are required to confirm. We believe that the higher levels of alternate 330 
mitophagy adaptors, potentially in combination with increased autophagic flux, may be 

responsible for the lower levels of TFAM observed in the PINK1
-/-

 brain. We do not yet know how 

this impacts mitochondrial function or resilience, considering that mtDNA levels appear unaffected 

in total brain lysates. Additionally, we propose that the adaptations implemented may contribute 

to the abnormal development of synapses observed in PINK1 deficient animals and primary 

neurons 
29–31,61

. Previously, abnormal synapses following PINK1 loss were attributed to reduced 

bioenergetic capacity, based on the relocalization of mitochondria to active post-synapses 
62

. We 

propose that abnormal NO production predicted based on the higher levels of NOS1 in PINK1
-/-

 

mouse brain tissue (Supplementary Figure 3e), coupled with the observed changes in synapse 

proteins within the AVs from PINK1
-/-

 mice (Supplementary Figure 3a,b), may contribute to the 340 
observed synapse remodeling described in PINK1

-/-
 mice and neurons 

63
. These changes are 

likely specific to certain proteins however, as we did not observe any changes in the fraction of 

AVs containing synaptic vesicle-like structures (Supplementary Figure 1a).  

 

AVs derived from LRRK2
G2019S

 mouse brain displayed fewer significant changes to the AV cargo, 

but our analysis indicated that secretion was upregulated (Figure 3a). Impaired autophagosome-

lysosome fusion increases the secretion of autophagosome cargo 
41,44

. Therefore, we hypothesize 

that the defect in trafficking and acidification caused by LRRK2
G2019S

 
16

 results in an increase in 

secretion of some of the AV cargo through EVs as a compensatory mechanism to remove 

undegraded cargo. Autophagosomes can fuse with MVBs to form amphisomes, which can then 350 
release EVs extracellularly 

64–66
, or autophagy cargo can be directly loaded into MVBs in an LC3-

dependent mechanism 
43

, but we cannot yet determine if one of these pathways drives the 

observed compensation more than the other. Interestingly, we identified several biomarkers of 

neurodegenerative disease as changed within the AVs from LRRK2
G2019S

 mouse brains 
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(Supplementary Table 3). Other autophagy cargo may provide candidates for novel biomarkers 

to detect changes to autophagy before later stages of disease progression.   

 

We find that with advanced age, we see fewer lysosomal proteins and more a-synuclein as AV 

cargo (Figure 4, Figure 5). Cell biology and GWAS studies strongly implicate lysosomal failure as 

causative for PD pathology 
67

 , therefore impaired clearance of damaged lysosomes with age may 360 
be a contributing factor, and further exacerbate disease progression. We predict that lower levels 

of LGALS8 and p62/SQSTM1 contribute to the decrease in lysosomal proteins present in AVs 

derived from older mice, and the accumulation of TAX1BP1 is reflective of the impairments of 

lysosome degradation by autophagy. a-synuclein pre-formed fibrils are rapidly endocytosed and 

delivered to the lysosome and can induce lysosomal rupture 
68

, which may contribute to the 

seeding progression of a-synuclein aggregates 
69

. We suspect that increased delivery of a-

synuclein to the lysosome with age may result in more damaged lysosomes that require 

lysophagy. If the observed decreases in LGALS8 decrease the rate of lysophagy with age, the 

increase in a-synuclein in AVs may further aggravate the accumulation of defective lysosomes.  

 370 
Increased secretion of a-synuclein in the LRRK2

G2019S
 primary cortical neurons and mice is 

consistent with previous findings linking both impaired autophagy and the LRRK2
G2019S

 mutation 

to increased secretion of a-synuclein 
70–72

. We believe that in addition to increased 

phosphorylation of Rab35, the impaired acidification of autophagosomes in the LRRK2
G2019S

 

model 
16

 results in the unconventional secretion of a-synuclein, similar to the secretion of a-

synuclein and autophagosome cargo via Rab27a mediated pathways 
44,70

. Both Rab27a and 

Rab35 have been linked to exosome secretion, consistent with our findings of higher TSG101 

secretion in the LRRK2
G2019S

 mice in the same pattern as a-synuclein secretion (Figure 3m, Figure 

6e, j, n).  

 380 
In a surprising finding, although the levels of a-synuclein increase within AVs with age, this does 

not correlate with the plasma levels of a-synuclein in aged LRRK2
G2019S

 mice (Figure 6j), which 

we would expect from a model where AVs fuse directly with MVBs, and the inner AV membrane 

becomes the EV itself. We cannot yet rule out that the amount of a-synuclein secreted by aged 

neurons is unchanged, as clearance by surrounding glia may affect the amount of a-synuclein 

that ends up in the plasma. However, assuming that the plasma levels are indeed reflective of 

the amount secreted from neurons, there are a few alternative models that fit the data. Recent 

research has demonstrated that a-synuclein aggregates can be released extracellularly from the 

lysosome or acidified MVBs 
73,74

. If a-synuclein pre-formed fibril transfer occurs primarily on the 

surface of exosomes following the fusion of lysosomes to multivesicular bodies as proposed in 390 
Bayati et al., 2022, the number of EVs secreted may be the limiting factor for the amount of 

secreted a-synuclein in aged LRRK2
G2019S

 mice. As acidification of the AVs does not decrease 

with age 
46

,  we would not expect increases to EV secretion with age as found in the 

LRRK2
G2019S

 mice, which is supported by our measurements of the plasma levels of TSG101 in 

aged mice (Figure 6n).  
 

The distinct pattern of secretion of TFAM that is increased in both LRRK2
G2019S

 and aged mice 

(Figure 6r) suggests an alternative pathway of secretion compared to a-synuclein. Recently, 

damaged mitochondria were shown to be secreted in an autophagy dependent manner distinct 

from the secretion of small EVs when normal autophagy is inhibited in ATG7
-/-

 cells 
75

. Our findings 400 
are consistent with these results, but we cannot yet determine what is driving the increased 

extracellular levels of TFAM. We posit that alternative secretion of TFAM in aging and the LRRK2 

mutation may contribute to inflammation that drives PD progression, as TFAM is associated with 

mtDNA, which is potently pro-inflammatory when released from the mitochondria 
76,77

. 
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Is compensatory secretion in the context of impaired autophagy good or bad for neuron health? 

Most likely it is both, depending on context. We found that the a-synuclein in AVs from WT brain 

did not seem to be aggregated or fibrillar (Supplementary Figure 6). If LRRK2 mutations cause 

monomeric a-synuclein secretion as we suggest, it may prevent intra-neuronal buildup that can 

promote pathogenic aggregation, and the secreted a-synuclein may be cleared extracellularly by 410 
microglia 

78
. Indeed, decreased a-synuclein in the CSF is correlated with PD-diagnosis and further 

reduced with older age, suggesting that secretion is protective to remove a-synuclein from the 

neuron where it may aggregate 
18

. However if the a-synuclein is aggregated prior to secretion, as 

is the case with pre-formed fibrils, secretion in response to impaired autophagy could propagate 

PD pathology and accelerate disease progression as previously found 
79,80

. If aging results in 

increased a-synuclein delivery to the lysosome and MVB that outpaces its secretion on the 

surface of EVs, could this further contribute to aggregation and Lewy body formation? 

 

Although both genetic PD models upregulate pathways to compensate for impaired autophagy, 

each response is specific to the type of autophagy impairment. It would not be beneficial to 420 
increase autophagosome formation in the LRRK2

G2019S
 model via the same process as in the 

PINK1
-/- 

model if the extra autophagosomes will only then get stuck in a traffic jam. How the 

different impairments to autophagy are sensed and subsequently compensated for is a question 

that requires further study, as it may identify targetable avenues for novel PD therapies. In all, our 

proteomic analysis identifies changes to the autophagy pathway that may contribute to PD 

progression in multiple ways, including regulating Lewy body propagation, neuroinflammation and 

mitochondrial and synapse dysfunction, further cementing the crucial role of autophagy in 

maintaining neuron health and demonstrating the importance of this pathway in 

neurodegenerative disease progression.  

 430 
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Figure 1: PINK1-/- derived AVs maintain mitochondrial fragments as cargo at a diminished 
level 
a. Volcano plot analysis of the ratio of AV+PK to AV derived from brain of PINK1

-/-
 relative to WT 

mice. Significantly increased or decreased proteins are depicted as larger circles. WT n=6; 

PINK1
-/-

 n=6. Proteins annotated as mitochondrial using the MitoCarta3 database are denoted in 

green. b. Graph of p-values of the top gene ontology terms using the Enrichr database from 

proteins significantly lower in PINK1
-/-

 derived AVs (the dotted box in panel a.) c-f. 
Representative immunoblot (c) and quantifications (mean ± SEM, unpaired t test) of the levels 

of GFM2 in total brain (d), AV fraction (e), and AV+PK fraction (f), normalized to total protein 

and WT total brain lysate levels. WT n=4, PINK1
-/-

 n=5. g. Representative electron micrographs 470 
of AVs derived from WT and PINK1

-/-
 mouse brains. Insert highlights an identified AV containing 

a mitochondrial fragment and synaptic vesicle like structures. h. Quantification of AVs 

containing mitochondria from EM images (WT n=3; PINK1
-/-

 n=3, >400 events counted per 

biological replicate). i-m. Representative immunoblot (i) and quantifications (mean ± SEM, 

unpaired t test) of the levels of TFAM in total brain (j), AV fraction (k), and AV+PK fraction (l), 
normalized to total protein and WT total brain lysate levels, or (m) AV+PK fraction normalized to 

total protein and internally normalized to total brain levels. WT n=5, PINK1
-/-

 n=6. 

 

Figure 2: PINK1-/- mice upregulate and rely on alternate mitophagy receptors 
a. Identical volcano plot analysis as in Figure 1a, with alternate mitophagy receptors highlighted 480 
in orange. b. Schematic of alternative mitophagy adaptors. c-f. Representative immunoblot (c) 

and quantifications (mean ± SEM, unpaired t test) of the levels of FIS1 in total brain (d), AV 

fraction (e), and AV+PK fraction (f), normalized to total protein and WT total brain lysate levels. 

WT n=5, PINK1
-/-

 n=6. g-j. Representative immunoblot (g) and quantifications (mean ± SEM, 

unpaired t test) of the levels of BNIP3 in total brain (h), AV fraction (i), and AV+PK fraction (j), 
normalized to total protein and WT total brain lysate levels. WT n=4, PINK1

-/-
 n=4. 

k-n. Representative immunoblot (k) and quantifications (mean ± SEM, unpaired t test) of the 

levels of BCL2L13 in total brain (l), AV fraction (m), and AV+PK fraction (n), normalized to total 

protein and WT total brain lysate levels. WT n=4, PINK1
-/-

 n=6. o-r. Representative immunoblot 

(o) and quantifications (mean ± SEM, unpaired t test) of the levels of MFN2 in total brain (p), AV 490 
fraction (q), and AV+PK fraction (r), normalized to total protein and WT total brain lysate levels. 

WT n=4, PINK1
-/-

 n=5. 

 

 

Figure 3: LRRK2G2019S mice increase secretion of EVs  
Volcano plot analysis of the ratio of AV+PK to AV derived from brain of LRRK2

G2019S
 relative to 

WT mice. Significantly increased or decreased proteins are depicted as larger circles, except 

ALIX which is highlighted but did not meet the defined statistical cut-off. WT n=6; LRRK2
G2019S

 

n=5. Proteins reported to be EV cargo are highlighted in aqua. Proteins involved in EV formation 

and a validated EV cargo hnRNPK are highlighted in teal. b. Graph of p-values of the top gene 500 
ontology terms using the Enrichr database of all proteins significantly changed within AVs (the 

dotted box in panel a.) c-f. Representative immunoblot (c) and quantifications (mean ± SEM, 

unpaired t test) of the levels of TSG101 in total brain (d), AV fraction (e), and AV+PK fraction (f), 
normalized to total protein and WT total brain lysate levels. WT n=4, LRRK2

G2019S
 n=4. g-k. 

Representative immunoblot (g) and quantifications (mean ± SEM, unpaired t test) of the levels 

of PIKFYVE in in total brain (h), AV fraction (i), and AV+PK fraction (j), normalized to total 

protein and WT total brain lysate levels, or (k) levels of AV+PK normalized to total protein and 

AV levels. WT n=4, LRRK2
G2019S

 n=4. l-m. Immunoblot (l) and (m) quantification (mean ± SEM, 

ANOVA with Šídák's) of levels of TSG101 in conditioned media from WT or LRRK2
G2019S

 

primary cortical neurons, treated with DMSO or the LRRK2 kinase inhibitor MLi2 (100nM for 510 
72h), normalized to total protein levels and WT, DMSO control. n=3 per condition. n-o. 
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Representative immunoblot (n) and (o) quantification (mean ± SEM, ANOVA with Šídák's) of 

levels of hnRNPK in conditioned media from WT or LRRK2
G2019S

 primary cortical neurons, 

treated with DMSO or MLi2 (100nM for 72h), normalized to total protein levels and WT, DMSO 

control. n=3 per condition. 

 

Figure 4: Evidence of decreased lysophagy in the brain with age 
a. Volcano plot analysis of the ratio of AV+PK to AV derived from brain of 18-month-old relative 

to 1-month-old WT mice. Significantly increased or decreased proteins are depicted as larger 

circles. 1-month n=10; 18-month n=11. Proteins annotated as lysosomal are denoted in purple. 520 
b. Graph of p-values of the top gene ontology terms using the Enrichr database from proteins 

significantly lower in old compared to young brain-derived AVs (the dotted box in panel a.) c-f. 
Representative immunoblot (c) and quantifications (mean ± SEM, unpaired t test) of the levels 

of GLA in total brain (d), AV fraction (e), and AV+PK fraction (f), normalized to total protein and 

WT total brain lysate levels. 1-month n=4, 18-month n=4. g-j. Representative immunoblot (g) 

and quantifications (mean ± SEM, unpaired t test) of the levels of SCARB2 in total brain (h), AV 

fraction (i), and AV+PK fraction (j), normalized to total protein and WT total brain lysate levels. 

1-month n=3, 18-month n=3. k-n. Representative immunoblot (k) and quantifications (mean ± 

SEM, unpaired t test) of the levels of LGALS8 in total brain (l), AV fraction (m), and AV+PK 

fraction (n), normalized to total protein and 1-month total brain lysate levels. 1-month n=4, 18-530 
month n=4.  o-r. Representative immunoblot (o) and quantifications (mean ± SEM, unpaired t 

test) of the levels of p62/SQSTM1 in total brain (p), AV fraction (q), and AV+PK fraction (r), 
normalized to total protein and 1-month total brain lysate levels. 1-month n=4, 18-month n=4. s-
v. Representative immunoblot (s) and quantifications (mean ± SEM, unpaired t test) of the 

levels of TAX1BP1 in total brain (t), AV fraction (u), and AV+PK fraction (v), normalized to total 

protein and 1-month total brain lysate levels. 1-month n=4, 18-month n=4. 

 

Figure 5: a-synuclein is increased within AVs from older mice 
a. Identical volcano plot analysis as in Figure 4a, with synapse associated proteins highlighted 

in maroon and mitochondrial proteins highlighted in green. a-synuclein and b-synuclein are 540 
annotated. b. Graph of p-values of the top gene ontology terms using the Enrichr database from 

proteins significantly higher in old compared to young brain-derived AVs (the dotted box in panel 

a.) c-f. Representative immunoblot (c) and quantifications (mean ± SEM, unpaired t test) of the 

levels of a-synuclein in total brain (d), AV fraction (e), and AV+PK fraction (f), normalized to 

total protein and 7-month old total brain lysate levels. 1-month n≥5, 18-month n≥5. g. 
Representative immunocytochemistry of DRGs derived from 1-month-old or 18-month-old mice, 

and co-stained for the lysosomal marker LAMP1, a-synuclein, and the autophagosome marker 

LC3. 1-month n=3, 18-month n=4. h-m. Quantification of ICC images (mean ± SEM, unpaired t 

test), separated by cell body and axon, using automated Mander’s coefficient to quantify 

colocalization, as indicated in the y-axis labels.  550 
 

Figure 6: a-synuclein, TSG101, and TFAM are increased in plasma of LRRK2G2019S mice 
a-c. Quantification (mean ± SEM, unpaired t test) of immunoblots for a-synuclein levels in 

LRRK2
G2019S

 relative to WT derived (a) total brain, (b) AV fraction, and (c) AV+PK fraction, 

normalized to total protein and WT total brain lysate levels. WT n=5, LRRK2
G2019S

 n=6. d-e. 
Representative immunoblot (d) and (e) quantification (mean ± SEM, ANOVA with Šídák's) of 

levels of a-synuclein in conditioned media from WT or LRRK2
G2019S

 primary cortical neurons, 

treated with DMSO or the LRRK2 kinase inhibitor MLi2 (100nM for 72h), normalized to total 

protein levels and WT, DMSO control. n=3 per condition. f. Quantification of levels of a-

synuclein in WT or LRRK2
G2019S

 primary cortical neurons, treated with DMSO or the LRRK2 560 
kinase inhibitor MLi2 (100nM for 72h), normalized to total protein levels and WT, DMSO control. 
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n=3 per condition. g-i. Quantifications of immunoblots (mean ± SEM, ANOVA with Šídák's) for 

the levels of a-synculein in total brain (g), AV fraction (h), and AV+PK fraction (i) from 7-month 

old and 18-month-old WT and LRRK2
G2019S

 mice, normalized to total protein and 7-month old 

WT total brain lysate levels. n=4 per condition. j. Quantification of immunoblots (mean ± SEM, 

ANOVA with Šídák's) for the level of a-synuclein from plasma from 7-month old and 18-month-

old WT and LRRK2
G2019S

 mice, normalized to total protein and 7-month old WT plasma levels. 

n≥5 per condition. k-m. Quantifications of immunoblots (mean ± SEM, ANOVA with Šídák's) for 

the levels of TSG101 in total brain (k), AV fraction (l), and AV+PK fraction (m) from 7-month old 

and 18-month-old WT and LRRK2
G2019S

 mice, normalized to total protein and 7-month old WT 570 
total brain lysate levels. n≥3 per condition. n. Quantification of immunoblots (mean ± SEM, 

ANOVA with Šídák's) for the level of TSG101 from plasma from 7-month old and 18-month-old 

WT and LRRK2
G2019S

 mice, normalized to total protein and 7-month old WT plasma levels. n≥9 

per condition. o-q. Quantifications of immunoblots (mean ± SEM, ANOVA with Šídák's) for the 

levels of TFAM in total brain (o), AV fraction (p), and AV+PK fraction (q) from 7-month old and 

18-month-old WT and LRRK2
G2019S

 mice, normalized to total protein and 7-month old WT total 

brain lysate levels. n≥3 per condition. n. Quantification of immunoblots (mean ± SEM, ANOVA 

with Šídák's) for the level of TFAM from plasma from 7-month old and 18-month-old WT and 

LRRK2
G2019S

 mice, normalized to total protein and 7-month old WT plasma levels. n≥6 per 

condition. 580 
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STAR Methods 
 

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).  

 780 
Data and code availability 
The MS proteomics data have been deposited to the MassIVE repository with the dataset 

identifier MSV000090264. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 
 
Animal models  
For mass spectrometry and immunoblotting analysis of brain-derived autophagic vesicles,  

Wildtype and GFP-LC3B transgenic mice (strain: B6Cg-Tg(CAG-EGFP/LC3)53Nmi/NmiRbrc) 

generated by Mizushima et al, 2004 and available from RIKEN BioResource Center in Japan 790 
(PMID 14699058), C57BL/6NTac WT and LRRK2

G2019S
 knock-in (strain: available from Taconic 

Models #B6 and #13940) and PINK1
-/-

 (strain: B6.129S4-PINK1
tm1Shn

/J, #017946 available from 

Jackson Laboratories) of both sexes at 1 month of age, 7-8months of age, or 18 months of age 

were euthanized according to University of Pennsylvania Institutional Animal Care and Use 

Committee approved procedures and the brain above the brainstem was removed and 

homogenized in a sucrose buffer (see method details). 

 

Primary cell cultures 
Primary mouse cortical neurons were dissected and cultured in our laboratory. Briefly, E15.5 

embryos from B6NTac mice (model #B6) or homozygous LRRK2- G2019S knockin mice (model 800 
#13940) were dissected and the cortex was removed and dissociated with 0.25% trypsin and 

trituration. 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 4-6h, 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 μM) was added the day after plating to prevent glia cell proliferation. Every 3-4 days, 40% of 

the media was replaced with fresh Maintenance Media and at DIV14 the neurons were used for 

biochemical analysis. For MLi-2 treatment, neurons were incubated in 100 nM MLi-2 over 72 

hours or DMSO control. 810 
 

Dorsal root ganglion neuron isolation and culture from mice was performed in the laboratory. 

Briefly, Dorsal root ganglion (DRG) cultures from adult mice were dissociated with 100 U of papain 

(Worthington #LS003126) followed by 1 mg/ml collagenase-II (Gibco 17101-015) and 1.2 mg/ml 

dispase (Roche 165859). The ganglia were then triturated in HBSS (10 mM glucose, and 5 

mM HEPES; pH 7.35). Neurons were purified through 20% Percoll, plated on PLL coated plates 

supplemented with laminin (BD biosciences 354232), and cultured in F-12 media (GibcoBRL 

11765-047) with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL 

streptomycin. 

 820 
METHOD DETAILS 
 

Isolation of autophagic vesicles by differential centrifugation 
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Enriched autophagosome fractions were isolated following a protocol modified from Strømhaug 

et al., 1998 and Maday et al., 2014. Briefly, one mouse brain or ~15 million neurons were collected 

in a 250mM sucrose solution buffered with 10μM HEPES and 1mM EDTA at pH 7.3, homogenized 

using a tissue grinder, incubated with Gly-Phe-β-naphthylamide (GPN) for 7 min at 37°C to 

destroy lysosomes and subsequently subjected to three differential centrifugations through 9.5% 

Nycodenz and 33% Percoll and 30% Optiprep discontinuous gradients to isolate vesicles of the 

appropriate size and density. Following collection, the autophagic vesicle enriched fraction (AV) 830 
was divided into three, one third was treated with 10μg Proteinase K for 45min at 37°C, similar to 

Le Guerroué et al., 2017 and Zellner et al., 2021, to degrade non-membrane protected proteins 

and enrich for internal autophagosome cargo (AV+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 autophagosomes. AV-enriched fractions were subsequently used for 

mass spectrometry, electron microscopy, immunoblotting and confocal microscopy.  
 

Proteomics –  sample preparation and digestion  
The AV and AV+PK fractions from independent mouse brain preparations were lysed with RIPA 840 
buffer (50 mM HEPES (pH 7.4), 150 mM NaCl, 1% sodium deoxycholate, 1% NP-40, 0.1% SDS, 

2.5 mM MgCl2, 10 mM sodium glycerophosphate, 10 mM sodium biphosphate) containing 1 µg/ml 

aprotinin, 1 µg/ml leupeptin, 1 mM benzamidine, 1 mM AEBSF and 1% final SDS. Lysates were 

sonicated on ice three times, followed by centrifugation (13000 rpm, 5 min). Protein concentration 

was measured by Bradford assay. Protein extracts (50 ug) were subjected to disulfide bond 

reduction with 5 mM TCEP (room temperature, 10 min) and alkylation with 25 mM 

chloroacetamide (room temperature, 20 min) and followed by TCA precipitation, prior to protease 

digestion. Samples were resuspended in 100 mM EPPS, pH 8.5 containing 0.1% RapiGest and 

digested at 37°C for 8 h with Trypsin at a 100:1 protein-to-protease ratio. Trypsin was then added 

at a 100:1 protein-to-protease ratio and the reaction was incubated for 6 h at 37°C. Following 850 
incubation, digestion efficiency of a small aliquot was tested. The sample was vacuum centrifuged 

to near dryness, resuspended in 5% formic acid for 15 min, centrifuged at 10000×g for 5 minutes 

at room temperature and subjected to subjected to C18 StageTip desalting. 

 

Proteomics – Liquid chromatography and tandem mass spectrometry 
Mass spectrometry data were collected using an Orbitrap Eclipse Tribrid Mass Spectrometer 

(Thermo Fisher Scientific), combined with a high-field asymmetric waveform ion mobility 

spectrometry (FAIMS) Pro interface, coupled to a Proxeon EASY-nLC1000 liquid chromatography 

(LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 μm inner diameter 

microcapillary column packed in house with ~35 cm of Accucore150 resin (2.6 μm, 150 Å, Thermo 860 
Fisher Scientific, San Jose, CA) with a gradient (ACN, 0.1% FA) over a total 60 min run at ~550 

nL/min. For analysis, we loaded 1/4 of each fraction onto the column. The scan sequence began 

with an MS
1
 spectrum (Orbitrap analysis resolution 120,000 at 200 Th; mass range 375−1500 

m/z; automatic gain control (AGC) target 4×10
5
; maximum injection time 50 ms) and peak-picking 

algorithm Advanced Peak Determination was used. Precursors for MS
2
 analysis were selected 

using a cycle type of 1 sec/CV method (FAIMS CV=-40/-60/-80 (Schweppe et al., 2019)). MS
2
 

analysis consisted of collision-induced dissociation (quadrupole ion trap analysis; Rapid scan 

rate; AGC 2.0×10
4
; isolation window 0.7 Th; normalized collision energy (NCE) 35; maximum 

injection time 35 ms). Monoisotopic peak assignment was used, determined charge states 

between 2 and 6 were required for sequencing, previously interrogated precursors were excluded 870 
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using a dynamic window (60 s ± 10 ppm) and dependent scan was performed on a single charge 

state per precursor. 

 

Proteomics - Data analysis 
Mass spectra were processed using Protein Discoverer using the Minora algorithm (set to default 

parameters). Database searching included all canonical entries from the mouse Reference 

Proteome UniProt database (SwissProt – 2019-12), as well as an in-house curated list of 

contaminants. The identification of proteins was performed using the SEQUEST-HT engine 

against the database using the following parameters: a tolerance level of 10 ppm for MS
1
 and 0.6 

Da for MS
2
 post-recalibration and the false discovery rate of the Percolator decoy database 880 

search was set to 1%. Trypsin was used as the digestion enzyme, two missed cleavages were 

allowed, and the minimal peptide length was set to 7 amino acids. Carbamidomethylation of 

cysteine residues (+57.021 Da) were set as static modifications, while oxidation of methionine 

residues (+15.995 Da) was set as a variable modification. Final protein-level FDR was set to 1%. 

Precursor abundance quantification was determined based on intensity and the minimum 

replicate feature parameter was set at 50%. Proteins were quantified based on unique and razor 

peptides. 

 

Protein quantification values were exported for further analysis in Microsoft Excel and Perseus 

(Tyanova et al., 2016)and statistical test and parameters used are indicated in the corresponding 890 
Supplementary Data Tables datasets. Briefly, Welch’s t-test analysis was performed to compare 

two datasets, using s0 parameter (in essence a minimal fold change cut-off) and correction for 

multiple comparison was achieved by the permutation-based FDR method, both functions that 

are built-in in Perseus software. 

 

Plasma collection 
Blood from mice was collected following IACUC-approved euthanasia and decapitation. 

Approximately 200μl of blood was collected in a microvette tube coated in EDTA, and the samples 

were spun at 2000xg for 5 minutes at room temperature. 80μl of plasma was collected, diluted in 

200μl PBS and denaturing buffer was added to a 1x final concentration, then boiled for 5 min at 900 
95°C. 

 

Immunoblotting 
Samples were lysed in 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, PMSF, Pepstatin A, 

TAME and Leupeptin), centrifuged at 18,000g for 20min to clear unlysed and membranaous 

fractions, and then the protein concentration was determined by Bradford assay. Conditioned 

media from DIV14 primary cortical neurons was first pulse spun to remove cell debris in the media 

(5000xg for 2min) before 4x denaturing buffer was added, and boiled for 5 min at 95°C.   

Proteins were resolved on 6%, 8%, 10%, 12% or 15% SDS-PAGE gels, based on size of proteins 910 
to be identified. Proteins were transferred to Immobilon-FL PVDF membranes (Millipore) using a 

wet blot transfer system (BioRad). 15% gels were transferred in buffer containing 20% methanol. 

Membranes were stained for total protein using Li-Cor Revert Total Protein Stain. Following 

imaging, the total protein was destained, blocked for 5min at RT with EveryBlot blocking buffer 

(BioRad) and incubated with primary antibodies diluted in TrueBlack WB antibody diluent + 0.2% 

Tween-20 overnight at 4°C. Membranes were washed three times in TBS+ 0.1% Tween-20 and 

incubated with secondary antibodies (1:20,000 dilution) in TrueBlack WB antibody diluent + 0.2% 

Tween-20 + 0.1% SDS for 1hr at RT. Following three washes in TBS+ 0.1% Tween-20, 
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membranes were imaged using Odyssey CLx Infrared Imaging System (LI-COR), and 

quantification of protein levels was performed using ImageStudio (Li-Cor).  920 
 

For quantification of immunoblot data, an independent biological replicate is defined as a separate 

brain or cortical neuron preparation. Data was excluded if the total protein levels were 

unquantifiable.  

 
Electron microscopy 
AV were pelleted and fixed with 2.5% glutaraldehyde, 2.0% paraformaldehyde in 0.1M sodium 

cacodylate buffer, pH 7.4, overnight at 4°C. Fixed samples were then transferred to the Electron 

Microscopy Resource Laboratory at the University of Pennsylvania, where all subsequent steps 

were performed. After buffer washes, the samples were post-fixed in 2.0% osmium tetroxide for 930 
1 hr at room temperature and then washed again in buffer, followed by dH2O. After dehydration 

through a graded ethanol series, the tissue was infiltrated and embedded in EMbed-812 (Electron 

Microscopy Sciences, Fort Washington, PA). Thin sections were stained with lead citrate and 

examined with a JEOL 1010 electron microscope fitted with a Hamamatsu digital camera and 

AMT Advantage image capture software. Regions of dense AVs were chosen for imaging. 

Biological replicates are defined as separate brain-derived AV preparations.  

 
Immunocytochemistry of DRGs  
DRGs at DIV2 were fixed 1:1 in media with Bouin’s solution containing 8% sucrose warmed to 

37°C for 30min at RT, then washed twice in PBS before permeabilizing in 100% ice-cold methanol 940 
for 8 minutes at -20°C. The cells were washed in PBS twice before blocking in sterile filtered 0.5% 

goat serum + 1% BSA in PBS. Antibodies to LC3 (1:250), LAMP1 (1:20), and a-synuclein (1:5000) 

were diluted in blocking buffer and incubated for 1hr at RT. Following three 5min washes in PBS, 

secondary antibodies at 1:400 dilution in blocking buffer were incubated at RT for 1hr. Cells were 

stained with Hoescht (diluted to 1x) for 10min at RT before a final wash in PBS and mounted in 

Prolong Gold.  

 

Thioflavin T assay 
Total brain samples and AV fractions from 6 independent biological replicates were generated as 

described above. 5mM stock of ThT (Sigma) was resuspended in PBS and filtered through a 950 
0.2μm syringe before use, and stored in the dark. BSA at concentrations ranging from 1-5mg/mL 

was resuspended in PBS and sterile filtered. Some was aggregrated by incubation at 75°C for 

90min. BSA was diluted to 100 μg/μL before reading with 20μM ThT. BL and AV samples were 

diluted to the same protein concentration before incubation with 20μM ThT and reading in a black 

walled, clear bottom microplate at 450/15 485/15. Technical triplicates were performed per 

biological replicate. PBS only and PBS+ThT negative controls were included.  

 

qPCR 
Total brain samples from three independent biological replicates were DNA extracted using Trizol, 

and qPCR was performed using the Luna Universal qPCR master mix and protocol, with 50ng 960 
DNA and final primer concentration of 0.25μM. For each biological replicate, 3 technical replicates 

were performed. The plate reader and analysis was performed using the QuantStudio 3 Real-

Time PCR System controlled by QuantStudio Design and Analysis Software (ThermoFisher 

Scientific).  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 
 

Mitochondrial annotations and sublocalizations were performed using the MitoCarta3.0 and 

UniProt databases (Calvo et al., 2016).  
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  970 
GraphPad prism software (v9.1.0) was used for statistical analysis. The statistical test performed 

for all immunoblot analyses is unpaired t test for comparisons of two categories, or Ordinary one-

way ANOVA with Šídák's multiple comparisons test for comparisons of three or more groups. 

Biological replicates (n), defined in the method details, are always displayed as individual data 

points and the precision measures (mean ± SEM) are displayed. Significance was defined as a 

p-value < 0.05, and directly reported in the figure. R (v4.0.4) was used to generate volcano plots, 

Euler diagrams and XY plots of Log2 change of mass spectrometry data sets. Enrichr (Chen et 

al., 2013; Kuleshov et al., 2016; Xie et al., 2021) and SynGO (Koopmans et al., 2019) were used 

to compute the p-values of gene ontology term enrichment. Proteins identified as significantly 

changed between groups by analysis on Perseus were input into the softwares – the p-value 980 
calculation is dependent on Fisher’s exact test and the q-value displays the Benjamini-Hochburg 

multiple hypothesis testing correction. Enrichr precomputes a background expected rank for each 

term in the gene set library. Neither software takes into account the background protein 

expression levels in specific organs. 
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KEY RESOURCES TABLE 
 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
LC3 Rabbit polyclonal antibody (for IB) Novus Biologicals NB100-2220; 

RRID:AB_10003146 

LC3 Rabbit polyclonal antibody (for ICC) Abcam Ab48394; 

RRID:AB_881433 

GFM2 Rabbit polyclonal antibody Abcam Ab229463, lot 

GR3230386-2 

mtTFA (TFAM) Rabbit monoclonal antibody Abcam Ab252432 

FIS1 Mouse monoclonal antibody Santa Cruz sc-376447; 

RRID:AB_11149382 

BNIP3 Mouse monoclonal antibody Santa Cruz Sc-56167; 

RRID:AB_2066767 

BCL2L13 Rabbit polyclonal antibody ProteinTech 16612-1-AP; RRID: 

RRID:AB_1850928 

MFN2 Mouse monoclonal antibody Santa Cruz Sc-515647; 

RRID:AB_2811176 

MFF Mouse monoclonal antibody Santa Cruz Sc-398617; 

RRID:AB_2744543 

HUWE1 Rabbit recombinant monoclonal antibody Abcam Ab271032 

WIPI2 Mouse monoclonal antibody Abcam AB105459; 

RRID:AB_10860881  

NOS1 Mouse monoclonal antibody Santa Cruz Sc-5302; 

RRID:AB_626757 

SRM Rabbit polyclonal antibody Bethyl 

Laboratories 

A305-505A-T lot1 

MAT2A Rabbit polyclonal antibody Novus 

Biosciences 

NB-110-9415855; 

RRID:AB_1237164 

GABARAPL2 Rabbit antibody Cell Signaling 

Technologies 

CST14256 

TSG101 Mouse monoclonal antibody BD Biosciences 612696; 

RRID:AB_399936 

PIKFYVE (PIP5K3) Rabbit polyclonal antibody ProteinTech 1336-1-1-AP; 

RRID:AB_10638310 

hnRNPK Mouse monoclonal antibody Santa Cruz Sc-28380 Lot#A1521; 

RRID:AB_627734 

GLA Rabbit antibody Sigma Aldrich HPA000237; 

RRID:AB_1078968 

SCARB2 Rabbit polyclonal antibody LSBio LS-B305; 

RRID:AB_2182974 

LGALS8 Rabbit polyclonal antibody Abcam Ab42879; 

RRID:AB_880161 

P62/SQSTM1 Guinea Pig polyclonal antibody American 

Research 

Products 

03-GP62-C; 

RRID:AB_1542690 

TAX1BP1 Mouse monoclonal antibody Santa Cruz Sc-393143 
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LAMP1 Rat monoclonal antibody (for IB and ICC) Research 

diagnostics 

RDI-MCD-107A-D4B 

RagA Rabbit monoclonal antibody Cell Signaling 

Technologies 

CST4357; 

RRID:AB_10545136 

a-synuclein Chicken polyclonal antibody (for IB and 

ICC) 

Abcam Ab190376; 

RRID:AB_2747764 

p-129 a-synuclein Mouse antibody Gift from the Luk 

Lab 

 

Anti-Rabbit IgG-IRDye 800CW, Donkey Polyclonal Licor Cat# 926-32213; 

RRID: AB_621848 

Anti-Rabbit IgG-IRDye 680RD, Donkey Polyclonal Licor Cat# 926-68073; 

RRID: AB_10954442 

Anti-Mouse IgG-IRDye 800CW, Donkey Polyclonal Licor Cat# 926-32212; 

RRID: AB_621847 

Anti-Mouse IgG-IRDye 680RD, Donkey Polyclonal Licor 926-68072; 

RRID:AB_10953628 

Anti-Guinea Pig IgG-IRDye 680RD, Donkey 

Polyclonal 

Licor 926-68077; 

RRID:AB_10956079 

Anti-Chicken IgG-IRDye 680RD, Donkey 

Polyclonal 

Licor 926-68075; 

RRID:AB_10974977 

 

Anti-Sheep IgG AlexaFluor 680, Donkey Polyclonal Invitrogen 2041656 

Anti-Rat IgG IRDye 800CW, Goat Polyclonal Licor 926-33219 

Anti-Chicken IgG AlexaFluor 564, Goat Polyclonal 

(for ICC) 

Invitrogen A11040 

Lot#1830310; 

RRID:AB_1500590 

Anti-Rat IgG AlexaFluor 488, Goat Polyclonal (for 

ICC) 

Invitrogen A11006 

Lot#2299157; 

RRID:AB_141373 

Anti-Rabbit IgG AlexaFluor 647, Donkey Polyclonal 

(for ICC) 

Invitrogen A31573 

Lot#2359136; 

RRID:AB_2536183 

   

Bacterial and virus strains  
   

Biological samples   

   

Chemicals, peptides, and recombinant proteins 
PLL (mol wt 70,000 – 150,000) Sigma-Aldrich Cat# P1274 

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 

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 

10x HBSS Gibco Cat# 14185-052 
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Penicillin-Streptomycin Thermo Fisher Cat# 15140-122 

AraC Sigma-Aldrich Cat# C6645 

Papain Worthington  #LS003126 

Collagenase-II Gibco  17101-015 

Dispase Roche  165859 

Laminin BD biosciences  354232 

L-Cysteine Sigma Cat# C-6852 

F-12 media GibcoBRL 11765-047 

Halt Protease and Phosphatase Inhibitor Cocktail Thermo Fisher Cat# 78442 

Bradford reagent Sigma B6916 

SDS (for proteomics) Bio-Rad Cat#1610302 

TCEP Gold 

Biotechnology 

51805-45-9 

Formic Acid Sigma-Aldrich Cat# C0267 

Trypsin (for proteomics) Promega Cat# V511C 

Rapigest SF Surfactant Glixx 

Laboratories 

Cat#GLXC-07089 

EPPS Sigma-Aldrich Cat#E9502 

2-Choroacetamide Sigma-Aldrich Cat#C0267 

Empore SPE Disks C18 3M-Sigma-

Aldrich 

Cat#66883-U 

Immobilon-FL PVDF membranes  Millipore IPFL00010 

Li-Cor Revert Total Protein Stain Licor 926-11021 

EveryBlot Blocking Buffer  BioRad 12010020 

TrueBlack WB Antibody Diluent Biotium 23013B 

SYBR Gold Invitrogen S11494 

CellMask Deep Red Invitrogen C10046 

Percoll Sigma Cat#P1644 

Proteinase K Sigma Cat#P2308 

Gly-Phe-Beta-naphthylamide Cayman 

Chemical 

Cat#14636 

Nycodenz Cosmo Bio USA Cat#1002424 

Optiprep Cosmo Bio USA Cat#04-03-9392/01 

Bouin’s solution Sigma HT10132 

Prolong Gold antifade reagent Invitrogen P36930 

Thioflavin T Sigma T3516 

Microvettre CB 300 K2E Sarstedt 16.444.100 

Lot#9074611 

   

Critical commercial assays 
Luna Universal qPCR master mix New England 

Biolabs 

M3003 

   

Deposited data 
MS proteomics MassIVE MSV000090264 
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Experimental models: Cell lines 
   

Experimental models: Organisms/strains 
B6Cg-Tg(CAG-EGFP/LC3)53Nmi/NmiRbrc) Mizushima et al., 

Mol. Biol.Cell, 

2004 

RIKEN BioResource 

Center in Japan 

B6.129S4-PINK1
tm1Shn

/J Jackson 

Laboratories 

#017946 

LRRK2-G2019S knock-n Taconic #12940 

C57BL/6NTac WT Taconic #B6 

   

Oligonucleotides 
Primer: L1MdTf1  

Forward: TTTGGGACACAATGAAAGCA 

Reverse: CTGCCGTCTACTCCTCTTGG 

Goldsmith et al., 

Neuron, 2022 

 

Primer: L1MdTf2 

Forward: GCGAGGATGTGGAGAAAGAG 

Reverse: AGTTGGGGCTTCTTCTGGAT 

Goldsmith et al., 

Neuron, 2022 

 

Primer: ND2 

Forward: ATCCTCCTGGCCATCGTACT 

Reverse: ATCAGAAGTGGAATGGGGCG 

Goldsmith et al., 

Neuron, 2022 

 

Primer: COXII 

Forward: AACCGAGTCGTTCTGCCAAT 

Reverse: CTAGGGAGGGGACTGCTCAT 

Goldsmith et al., 

Neuron, 2022 

 

Recombinant DNA 
   

Software and algorithms 
Enrichr Xie et al, Current 

protocols, 2021 

https://maayanlab.clo

ud/Enrichr/ 

SynGO Koopmans et al., 

NeuroResource, 

2019 

https://syngoportal.or

g/ 

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

Perseus Tyanova et al., 

Nature Methods, 

2016 

https://maxquant.net/

perseus/ 

ImageStudio Li-Cor https://www.licor.com/

bio/image-studio-lite/ 

Volocity PerkinElmer  

Prism 9 GraphPad https://www.graphpad

.com/scientific-

software/prism/ 

R  The R 

Foundation 

https://www.r-

project.org/ 

Other 
Sketch for figure preparation (v70.2) Sketch https://www.sketch.co

m/ 
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Orbitrap Fusion Eclipse Mass Spectrometer ThermoFisher 

Scientific 

Cat#FSN04-10000 

Easy-nLC 1200 ThermoFisher 

Scientific 

LC140 

MitoCarta 3.0 Rath et al., 

Nucleic Acids 

Research, 2020 

https://www.broadinsti

tute.org/mitocarta/mit

ocarta30-inventory-

mammalian-

mitochondrial-

proteins-and-

pathways 
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Supplementary Figure 1

Tf1 Tf2 ND2 COXII
0.0

0.1

0.2

0.3

0.4
0.5
1.0
1.5

WT

PINK1-/-

0.8619

0.9945

0.9899

0.9985

%
 A

V
s 

w
ith

 S
V

 c
ar

go
%

 A
P

L

a

b

c

WT PINK1-/-

WT PINK1-/-

re
la

tiv
e 

fo
ld

 c
ha

ng
e 

(2
Δ
Δ

C
T ) 

0

20

40

60

80

100

0.8412

0

20

40

60

80

100

0.5166

Supplementary Figure 1: PINK1-/- mice do not have different amounts of synaptic 
vesicles, autophagolyosomes in AVs, levels of mtDNA, compared to WT (related to 
Figure 1) 
a. Quantification of AVs containing synaptic vesicle like structures from EM images (WT n=3; 
PINK1-/- n=3, >400 events counted per biological replicate). b. Quantification of acidified 
autophagolysosome structures from EM images (WT n=3; PINK1-/- n=3, >400 events counted 
per biological replicate). c. qPCR for nuclear DNA (LINE sequences L1MdTf1 and L1MdTf2) 
and mitochondrial DNA (ND2 and COXII) was performed on DNA extracted from whole brain. 
The relative fold change (2ΔΔCT) is plotted (mean ± SEM, WT n=3; PINK1-/- n=3, ANOVA with 
Šídák's).  
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Supplementary Figure 2: MFF and HUWE1 not changed in PINK1-/- brain or AVs (related 
to Figure 2) 
a-d. Representative immunoblot (a) and quantifications (mean ± SEM, unpaired t test) of the 
levels of MFF in total brain (b), AV f raction (b), and AV+PK fraction (d), normalized to total 
protein and WT total brain lysate levels. WT n=6, PINK1-/- n=6. f-i. Representative immunoblot 
(f) and quantifications (mean ± SEM, unpaired t test) of the levels of HUWE1 in total brain (g), 
AV fraction (h), and AV+PK fraction (i), normalized to total protein and WT total brain lysate 
levels. WT n=6, PINK1-/- n=6. 
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Supplementary Figure 3
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Supplementary Figure 3: Other observed changes to autophagy cargo in PINK1-/- AVs 
relative to WT include synapse related proteins and proteins in NO and spermidine 
synthesis 
a. Identical volcano plot analysis as in Figure 1a, with presynaptic proteins highlighted in pink, 
post-synaptic proteins highlighted in violet, and proteins associated in both the pre and post 
synapse highlighted in maroon. b. Graph of p-values of the top gene ontology terms using the 
Enrichr database from proteins significantly higher in PINK1-/- compared to WT brain-derived 
AVs (the dotted box in panel a.) c. Diagram of nitric oxide and spermidine synthesis pathways, 
with proteins significantly changed as cargo in PINK1-/- mice highlighted in gold. d-g. 
Representative immunoblot (d) and quantifications (mean ± SEM, unpaired t test) of the levels 
of NOS1 in total brain (e), AV f raction (f), and AV+PK fraction (g), normalized to total protein 
and WT total brain lysate levels. WT n=6, PINK1-/- n=6. h-k. Representative immunoblot (h) and 
quantifications (mean ± SEM, unpaired t test) of the levels of SRM in total brain (i), AV f raction 
(j), and AV+PK fraction (k), normalized to total protein and WT total brain lysate levels. WT n=4, 
PINK1-/- n=5. l-o. Representative immunoblot (l) and quantifications (mean ± SEM, unpaired t 
test) of the levels of MAT2A in total brain (m), AV f raction (n), and AV+PK fraction (o), 
normalized to total protein and WT total brain lysate levels. WT n=4, PINK1-/- n=5. p-s. 
Representative immunoblot (p) and quantifications (mean ± SEM, unpaired t test) of the levels 
of WIPI2 in total brain (q), AV f raction (r), and AV+PK fraction (s), normalized to total protein 
and WT total brain lysate levels. WT n=3, PINK1-/- n=6. 
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Supplementary Figure 4: LRRK2G2019S AVs have some common changes to AV cargo as 
PINK1-/- but does no effect on mitochondrial fragment engulfment, and increased 
secretion of EVs (related to Figure 3) 
a. Euler diagram of overlap of significant changes between PINK1-/- and WT AV cargo, and 
LRRK2G2019S and WT AV cargo. b. Scatter plot showing the overlapping changes to AV cargo 
between PINK1-/- and LRRK2G2019S derived AVs. Size of circle denotes the LRRK2G2019S p value, 
and color of circle denotes the PINK1-/- p value. c. Representative electron micrographs of AVs 
derived from WT or LRRK2G2019S mouse brains d. Quantification of AVs containing mitochondria 
from EM images. e,f. (e) Immunoblot of total levels of TSG101 in WT and LRRK2G2019S primary 
cortical neurons, treated with DMSO or MLi2 (100nM for 72h) and (f) quantification (mean ± 
SEM, ANOVA with Šídák's) of TSG101 levels normalized to total protein and DMSO, WT 
control. n=3 per condition. g,h. (g) Representative immunoblot of total levels of hnRNPK in WT 
and LRRK2G2019S primary cortical neurons, treated with DMSO or MLi2 (100nM for 72h) and (h) 
quantification (mean ± SEM, ANOVA with Šídák's) of hnRNPK levels normalized to total protein 
and DMSO, WT control. n=3 per condition. i-l. Representative immunoblot (i) and 
quantifications (mean ± SEM, unpaired t test) of the levels of hnRNPK in total brain (l), AV 
fraction (k), and AV+PK fraction (l), normalized to total protein and WT total brain lysate levels. 
WT n=5, LRRK2G2019S n=7. 
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Supplementary Figure 5: Changes to AV cargo with age suggest decreases in lysophagy 
(related to Figure 4) 
a. Scatter plot showing the overlapping changes to AV cargo between aging and LRRK2G2019S 
derived AVs. Size of circle denotes the aging p value, and color of circle denotes the 
LRRK2G2019S p value. b. Euler diagram of overlap of significant changes between PINK1-/- and 
WT AV cargo, and aging AV cargo. c. Scatter plot showing the overlapping changes to AV 
cargo between aging and PINK1-/- derived AVs. Size of circle denotes the aging p value, and 
color of circle denotes the PINK1-/- p value. d-g. Representative immunoblot (d) and 
quantifications (mean ± SEM, unpaired t test) of the levels of LAMP1 in total brain (e), AV 
fraction (f), and AV+PK fraction (g), normalized to total protein and WT total brain lysate levels. 
1-month n=4, 18-month n=4. h-k. Representative immunoblot (h) and quantifications (mean ± 
SEM, unpaired t test) of the levels of RagA in total brain (i), AV f raction (j), and AV+PK fraction 
(k), normalized to total protein and WT total brain lysate levels. 1-month n=4, 18-month n=4. m. 
Representative electron micrographs of AVs derived from 1-month and 18-month old mouse 
brains. n,o. Quantification of (n) autophagolysosomes or (o) AVs containing mitochondria from 
EM images (1-month n = 3 and 18-month n = 2, >1400 events counted per condition).  
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Supplementary Figure 6

Supplementary Figure 6: No change in aggregated proteins or phosphorylated a-
synuclein in AVs with age (related to Figure 5) 
a-c. Quantification (mean ± SEM, unpaired t test) of Thioflavin T AU, normalized to µg protein, 
from (a) total brain fraction and (b) AV+PK fraction from 1-month (n=6) and 18-month (n=6) 
mice, and (c) positive control of denatured BSA (n=5). d. Representative immunoblot of a-
synuclein and phosphorylated S129-a-synuclein from 1-month, 7-month and 18-month old mice 
and AV fractions, as indicated.  
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Supplementary Figure 7: (related to Figure 6) 
a. Representative immunoblot of total brain and AV fractions for a -synuclein, TFAM and 
TSG101 from wildtype and LRRK2G2019S 7-month-old and 18-month-old mice. b,c. Quantification 
(mean ± SEM, ANOVA with Šídák's) of TFAM levels, normalized to total protein and DMSO, WT 
control, from (b) conditioned media  or (c) cell lysate from WT or LRRK2G2019S primary cortical 
neurons, treated with DMSO or the LRRK2 kinase inhibitor MLi2 (100nM for 72h). 
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