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PARK7/DJ-1, a redox-sensitive protein implicated in neurodegeneration, cancer, and
inflammation, exhibits increased secretion under stress. We previously demonstrated
that, as a leaderless protein, PARK? relies on an unconventional autophagy pathway for
stress-induced secretion. The current study delves deeper into the mechanisms governing
PARK? secretion under oxidative stress triggered by the neurotoxin 6-hydroxydopamine
(6-OHDA). Here, we revealed that 6-OHDA-induced autophagic flux is critical for
PARK?7 secretion. Downregulation of syntaxin 17 (STX17), a SNARE protein crucial
for autophagosome-lysosome fusion and cargo degradation, hindered PARK?7 secretion.
Likewise, impairing lysosomal function with bafilomycin A1 (BafA1l) or chloroquine
(CQ) diminished PARKY release, highlighting the importance of functional lysosomes,
potentially in the form of secretory autolysosomes, in PARK7 release. We also found that
6-OHDA appeared to promote the unfolding of PARK?7, allowing its selective recogni-
tion by the chaperone HSPA8 via KFERQ-like motifs, leading to PARK?7 translocation to
the lysosomal membrane through LAMP2 via chaperone-mediated autophagy (CMA).
Additionally, a dedicated SNARE complex comprising Qabc-SNAREs (STX3/4, VTI1B,
and STX8) and R-SNARE SEC22B mediates the fusion of PARK7-containing autol-
ysosomes with the plasma membrane, facilitating the extracellular release of PARK?7.
Hence, this study uncovers a mechanism where 6-OHDA-induced autophagic flux drives
the unconventional secretion of PARK7, involving CMA for PARK?7 translocation to
lysosomes and specialized SNARE complexes for membrane fusion events.

PARK7/DJ-1 | unconventional secretion | SNAREs | secretory autolysosome |
chaperone-mediated autophagy

Eukaryotic cells secrete proteins through a conventional pathway involving the endoplasmic
reticulum (ER) and Golgi apparatus. However, some proteins without an N-terminal signal
peptide utilize unconventional secretion to bypass or partially use this system. These path-
ways include direct translocation across the plasma membrane, ABC transporter-mediated
secretion, intracellular vesicle-mediated exocytosis, and Golgi-bypass secretion (1, 2).
Unconventionally secreted proteins regulate diverse extracellular processes, including
immunity, neurodegeneration, and cancer (2, 3). While the conventional pathway is well
defined, unconventional secretion mechanisms remain an active area of research.
Autophagy, a cellular recycling process, maintains homeostasis by degrading cytoplasmic
components via lysosomes (4). Under stress, cytoplasmic cargoes such as damaged organelles
and protein aggregates are sequestered into autophagosomes for degradation (5). Autophago-
some biogenesis is initiated by adenosine monophosphate-activated protein kinase (AMPK),
mechanistic target of rapamycin (mTOR), and Unc-51-like autophagy-activating kinase 1
(ULK]1) signaling, while the VPS34 complex generates phosphatidylinositol 3-phosphate
(PI3P) on autophagic membranes, recruiting WIPI2 and the autophagy-related (ATG) pro-
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tein ATG5-ATG12-ATG16L1 complex for LC3 lipidation (6-10). LC3 undergoes conver-
sion to its active form, LC3-II, after ATG4B cleaves LC3 to expose a C-terminal glycine,
which is then lipidated by ATG7 and ATG3 in conjunction with the ATG5-ATG12-ATG16L1
complex. This conversion is a hallmark of nascent autophagic membranes (11). ATG16L1
also binds to FIP200, a component of the ULK1 complex, ensuring coordination between
these core autophagy subsystems (12). As autophagosomes mature, they acquire a specific
Qa-Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) pro- :
tein, syntaxin 17 (STX17), which interacts with the coiled-coil domain of ATG14, forming aclp _ o _ _

a stable complex with another Qbc-SNARE, SNAP29. This SNARE complex and PI3P E'Qt';:,rf'valfwcg221'?;?5555375g;ﬁ%:ﬂt ﬁ?o@gl);ia?
tethering by ATG14 facilitate fusion with the lysosomal R-SNARE VAMPS (13, 14). This
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SNARE complex formation, generating autolysosomes where the
captured material is degraded.

Autophagy involves two primary mechanisms: nonselective (or
bulk) degradation, which indiscriminately engulfs and degrades
cytoplasmic components to sustain cell viability during nutrient
scarcity until resources are restored, and selective degradation,
which identifies explicitly and eliminates potentially harmful or
superfluous cargo. Selective autophagy distinguishes itself from
nonselective autophagy by targeting specific substrates, often
marked by ubiquitin or other molecular signals. These substrates
are recognized by specialized autophagy receptors, such as
sequestosome-like receptors, including the well-studied SQSTM1/
P62 (sequestosome 1). Additionally, certain forms of selective
autophagy, such as ER-phagy and PTEN-induced putative kinase 1
(PINK1)-independent mitophagy, rely on membrane-bound
receptors activated by specific cellular signals (15). In contrast,
chaperone-mediated autophagy (CMA) precisely delivers cytosolic
proteins with KFERQ-like motifs to lysosomes for degradation
(16). The cytosolic chaperone HSPA8/HSC70 and cochaperones
recognize these proteins and shuttle them to the lysosomal recep-
tor LAMP2A for breakdown (16, 17).

While autophagy is traditionally known for its role in cellular
housekeeping by degrading cytoplasmic components within lys-
osomes, recent research suggests a more diverse functionality.
Several key autophagy machinery components appear to have
been repurposed for a distinct function: unconventional protein
secretion via secretory autophagy (18-20). While the precise
mechanism for this switch remains elusive, fundamental differ-
ences exist between the two pathways. Secretory autophagy utilizes
core ATG proteins for autophagosome formation and amphisome
generation (fusion of autophagosomes with late endosomes/
MVBs). In contrast to degradative autophagy, IL-1p secretion via
secretory autophagy involves the specialized receptor TRIM16
and the ER-Golgi intermediate compartment (ERGIC) R-SNARE
SEC22B for IL-1f sequestration into autophagosomes. These
SEC22B-containing autophagosomes bypass STX17-mediated
lysosomal fusion and facilitate IL-1p secretion with plasma mem-
brane SNAREs STX3/4 and SNAP23/29 (21). Notably, several
intracellular proteins, including yeast acyl-CoA-binding protein
(22), IL-1P and IL-18 (18, 21, 23), small heat shock protein
a-Crystallin B (24), nuclear protein HMGB1 (25), and
Alzheimer’s disease-associated ubiquitin mutant (26) have been
reported to be released via secretory autophagy. Nonetheless, the
current knowledge regarding the involvement of SNARE proteins
in secretory autophagy is elusive.

Parkinson’s disease (PD) protein PARK7/DJ-1 is a ubiquitously
expressed multifunctional protein fundamentally known for pro-
tecting mitochondria through its antioxidant activity, promoting
cell survival, and regulating gene expression (27-30). Compromised
PARKY function is linked to neurodegeneration, cancer, stroke,
and inflammation (31-36). Despite lacking a dedicated N-terminal
signal sequence, PARK7 can be released from the cell, playing
crucial roles in physiological and pathological processes, including
antioxidative effects (37), neuroprotection (38), angiogenesis,
osteogenesis (39), and even the degradation of aggregated tran-
sthyretin (40). Elevated expression and increased PARKY7 secretion
into the extracellular fluid, including cerebrospinal fluid, breast
milk, and blood, are observed in patients with various pathophys-
iological conditions such as atopic dermatitis, cancer, strokes,
melanoma, allergies, multiple sclerosis, and early PD (40-47).
The involvement of PARK7 in disease progression highlights it as
a potential biomarker for diagnosis, monitoring, and prognosis.
However, the exact mechanism by which PARK7 exits the cell
remains largely unknown.

https://doi.org/10.1073/pnas.2414790122

Our previous work demonstrated that exposure of mouse
embryonic fibroblasts (MEF) and human neuroblastoma
SH-SY5Y cells to the neurotoxin 6-hydroxydopamine (6-OHDA)
triggered oxidative stress, leading to increased autophagy and sub-
sequent PARKY secretion (48). That study suggested the involve-
ment of the unconventional secretory autophagy pathway in
PARKY release, as evidenced by the requirement for core auto-
phagic membrane biogenesis proteins like ATG5, ATG9, and
ATGI16LI. However, several critical aspects of this pathway,
including the molecular events and the regulatory steps underlying
PARKY7 secretion, remain to be elucidated. The present study
delves deeper into the unconventional secretory autophagy path-
way responsible for PARK7 release upon 6-OHDA treatment.
Our findings provide evidence that autophagic flux is essential for
this process. We find a specific requirement for the lysosomal
fusion SNARE protein STX17, but not its partner SNAP29, in
PARK7 secretion. It appears that the KFERQ-like motifs of
PARK?7 are used for selective translocation of monomeric PARK7
to the lysosomal lumen, like those recognized by the CMA path-
way, leading to its secretion. Furthermore, we unveil a dedicated
SNARE complex comprising plasma membrane Q-SNAREs
(STX3/4, VTI1B, and STX8) and R-SNARE SEC22B, orches-
trating the final step of PARKY7 release.

Results

6-OHDA Induces Unconventional PARK7 Secretion in HeLa Cells.
This study extends our investigation into human cervical carcinoma
Hel a cells to explore PARKY7 secretion outside the central nervous
system. We collected conditioned serum-free medium following
6-OHDA treatment and precipitated the secreted proteins using
trichloroacetic acid precipitation (Fig. 14). Western blot (WB)
analysis was then performed to evaluate the levels of PARK7
present in the conditioned medium. Consistent with our prior
observations, 6-OHDA treatment induced a dose-dependent
increase in PARKY secretion in Hela cells (Fig. 1B), suggesting a
consistent pattern across distinct cell lines. To ensure that PARK7
release resulted from secretion and not cell death, we measured
lactate dehydrogenase (LDH) activities, a cytoplasmic marker,
in the media. Minimal LDH release was observed (Fig. 10),
indicating no significant cell death or membrane disruption under
the experimental conditions.

Next, we investigated whether PARK7 secretion occurs via the
conventional ER-Golgi pathway. We employed brefeldin-A (BFA)
to block ER-to-Golgi trafficking. As expected, BFA blocked the
secretion of the conventionally secreted protein fibronectin 1
(EN1) (Fig. 1D). However, 6-OHDA-induced PARK? secretion
was not affected by BFA treatment. This observation suggests that
6-OHDA-induced PARKY7 secretion utilizes a pathway independ-
ent of the conventional secretory route.

To investigate the possibility of exosome-mediated PARK7
secretion (cargo delivery via multivesicular bodies, MVBs), we
isolated extracellular vesicles, including exosomes, from the con-
ditioned media using ultracentrifugation. WB analysis confirmed
a high enrichment of exosomes in isolated pellets, as evidenced
by the exosome-specific marker TSG101 (87 Appendix, Fig. S1A4).
Notably, PARK7 was exclusively detected in the soluble fraction
(SF) and absent from the TSG101-positive pellets. Additionally,
treatment with GW4869, an exosome release inhibitor, while
suppressing the secretion of an exosomal protein CD63, did not
suppress 6-OHDA-induced PARK7 secretion (S/ Appendix,
Fig. S1B). These results collectively suggest that 6-OHDA-induced
PARKY secretion utilizes an unconventional pathway independent
of the conventional secretory route and exosome release.
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6-OHDA Treatment Induces Autophagy and Promotes
Autophagosome-Lysosome Fusion. Next, we investigated the
effect of 6-OHDA on autophagy in Hela cells to understand its
potential role in PARKY7 secretion. To avoid potential confounding
effects of serum-free media on autophagy flux monitoring, we
analyzed lysates from cells treated with 6-OHDA for 3 h. We
stimulated Hela cells with increasing doses of 6-OHDA and
probed for autophagosomal marker LC3B and autophagic
substrate SQSTMI1. Our results revealed a dose-dependent
increase in LC3B-II and a decrease in SQSTM1 upon 6-OHDA
treatment (Fig. 24), indicating activation of autophagy.

Our observation of autophagosome accumulation (as indicated
by increased LC3B-II) upon 6-OHDA treatment could be due
to upregulated autophagic flux or a blockage in downstream auto-
phagic steps, such as impaired autophagosome-lysosome fusion
or diminished lysosomal degradation capacity. To differentiate
between these scenarios, we monitored autophagic flux using bafi-
lomycin Al (BafA1l) and chloroquine (CQ), inhibitors of lysoso-
mal acidification and autophagosome-lysosome fusion (49, 50).
Combined treatment with 6-OHDA and either inhibitor signifi-
cantly increased LC3B-II levels compared to the respective inhib-
itor alone (Fig. 2B). These data suggest that 6-OHDA is an
inducer of autophagic flux.

To further understand 6-OHDA-induced autophagic flux, we
employed HeLa cells transiently expressing mRFP-GFP tandem
fluorescent-tagged LC3 (tfLC3), a reporter dissecting the auto-
phagosome maturation process (51). This reporter leverages the
distinct pH sensitivities of its red fluorescent protein (mRFP) and
green fluorescent protein (GFP) tags to distinguish between auto-
phagosomes and autolysosomes. Under neutral pH conditions,
mRFP and GFP fluorescence are visible in newly formed auto-
phagosomes, appearing as yellow puncta in merged images.
Conversely, upon autophagosome-lysosome fusion, the acidic
lysosomal environment quenches GFP fluorescence (due to its
higher pKa) while preserving RFP fluorescence as red puncta, thus
indicating autolysosomes (51). As shown in the merged panels of

PNAS 2025 Vol.122 No.19 2414790122

Fig. 2C, 6-OHDA treatment significantly increased the number
of yellow (arrowheads) and red (arrows) puncta compared to the
control group. These findings, consistent with observations in
SH-SY5Y and MEF cells (48), demonstrate that 6-OHDA acti-
vates autophagy in Hela cells, leading to increased autophago-
some formation, enhanced autophagosome-lysosome fusion, and
ultimately increased autophagic flux.

PARK7 Secretion Requires Autophagy Initiation. To investigate
the requirement of autophagy for PARK7 secretion, we utilized
MRT68921, an inhibitor targeting the early stage of autophagy
by blocking ULKI. Treatment with MRT68921 significantly
diminished 6-OHDA-induced LC3B-II formation (Fig. 3A)
and PARKY secretion (Fig. 3B). Further supporting this notion,
we evaluated PARKY secretion in HeLa cells lacking FIP200
(52). As expected, as a component of the ULK1-ATG13-FIP200
autophagosome formation complex, FIP200-deficient HeLa cells
(FIP200”" exhibited minimal changes in LC3B-II conversion
upon 6-OHDA treatment (S/ Appendix, Fig. SZA) Additionally,
PARKY secretion was suppressed in FIP200”" even in response
to 6-OHDA treatment (Fig. 3C). These findings, along with our
previous report demonstrating the requirement of autophagy
membrane biogenesis proteins like ATG5, ATG9, and ATG16L1
in PARKY7 secretion (48), strongly support the notion that
autophagy induction is essential for PARK7 secretion.
Conversely, to explore the impact of increased autophagy on
PARKY7 secretion, we treated Hela cells with rapamycin, an auto-
phagy inducer. As expected, rapamycin treatment increased
LC3B-1I levels (SI Appendix, Fig. S2B) and concurrently enhanced
PARKY7 secretion (Fig. 3D) dose-dependently, indicating that
promoting autophagy can further enhance PARK7 secretion.
We then employed N-acetylcysteine (NAC), an antioxidant
that inhibits oxidative stress by combating reactive oxygen species
generated by 6-OHDA treatment. NAC effectively suppressed
6-OHDA-induced autophagy (decreased LC3B-1II) (Fig. 3E) and
nearly abolished PARKY7 secretion (Fig. 3F) compared to control

https://doi.org/10.1073/pnas.2414790122 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2414790122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2414790122#supplementary-materials

4 0f 12

Vehicle 6-OHDA

A 6-OHDA (uM) B
0 50 75100

20
SQSTM1 | e

Lysate
Lysate

E 4 **:7(* m 8

53 ek Kk (|—-) 5

< <

é 2 " é 4

g 1 g2

0 :
0 50 75 100 DMSO BafAl  CQ
6-OHDA (UM)
15

om

'_

2 10

™ °© ********

g 05

[72]

le]

(7]
0 50 75 100
6-OHDA (uM)

conditions. These findings collectively suggest that autophagy
induction is essential for PARK7 secretion, with stress-induced
autophagy enhancing its release, highlighting the interplay among
cellular stress, autophagy, and PARK7 secretion.

Autophagosome-Lysosome Fusion Is Essential for 6-OHDA-
Induced PARK7? Secretion. Since 6-OHDA treatment induces
autophagy flux, we explored the involvement of lysosomes in
PARKY7 secretion. To evaluate the impact of lysosomal activity
on basal PARK7 secretion, we treated HeLa cells with CQ or
a combination of CQ and NH,CI, inhibiting autophagosome-
lysosome fusion and hindering autolysosomal degradation. These
treatments effectively blocked autolysosomal degradation, as
evidenced by the accumulation of both LC3B-1I and SQSTM1
(Fig. 44), confirming impaired autophagic flux. Notably, lysosomal
inhibition led to a marked increase in intracellular PARK7
accompanied by decreased secretion, suggesting active lysosomal
regulation of PARK7 homeostasis. Furthermore, the inhibition
of autophagosome-lysosome fusion by BafAl or CQ treatment
almost abolished 6-OHDA-induced PARKY7 secretion (Fig. 45).
In support of these findings, subcellular fractionation experiments
revealed a substantial accumulation of PARK7 in LAMP1-positive
lysosomal fractions following 6-OHDA treatment (Fig. 4C).
Complementary immunofluorescence analysis showed enhanced
colocalization of PARK7 with the late endosomal/lysosomal
marker LAMP2 under 6-OHDA treatment (S/ Appendix,
Fig. S3A). These findings highlight lysosomal involvement as a
key regulatory mechanism governing PARK7 secretion during
6-OHDA-induced oxidative stress.

We next investigated the role of STX17 in PARK7 secretion.
STX17 deficiency blocks autophagic flux, evidenced by LC3B-II
accumulation even under normal growth condmons (14). We
employed S7X17 knockout Hela cells (STX1777) and siRNA-
mediated Stx17 knockdown in MEF cells. In both approaches,
we observed LC3B-1I and SQSTM1 accumulation (S7 Appendix,
Fig. S3 B and C), indicating impaired autolysosome formation.
Additionally, PARK7 secretion was substantially suppressed in
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these STX17-deficient cells compared to controls, even under
6-OHDA stimulation (Fig. 4 D and E). These findings suggest
that STX17-mediated autophagosome-lysosome fusion is essential
for efficient PARK7 secretion.

Autophagosome-Lysosome Fusion in 6-OHDA-Induced PARK7
Secretion Is Independent of STX17-SNAP29 or STX17-SNAP47
SNARE Complex. After demonstrating that STX17 is essential for
6-OHDA-induced PARK?7 secretion, we sought to elucidate the
roles of specific SNARE proteins within the complex machinery
responsible for autophagosome-lysosome fusion. We initially
focused on SNAP29, a Qbc-SNARE protein known to interact
with STX17 and mediate autophagosome-lysosome fusion (14).
We employed siRNA knockdown of Snap29 in MEF cells and
evaluated its effect on Park7 secretion under 6-OHDA treatment.
Snap29 knockdown exhibited LC3B-II and Sqstm1 accumulation
(Fig. 5A4), indicating inhibited autophagic flux like STX17
knockdown. However, unlike Stx17, Snap29 knockdown did not
decrease Park? secretion (Fig. 5B). Intriguingly, it even resulted in
aslight increase in 6-OHDA-induced Park7 secretion. We further
investigated Snap47 using a similar knockdown approach in MEF
cells. Consistent with Snap29 knockdown, Snap47 knockdown
triggered LC3B-II accumulation (Fig. 5C), whereas 6-OHDA
treatment elevated Park7 secretion (Fig. 5D). These intriguing
findings suggest that, although PARK7 secretion relies on the
autophagosomal Qa-SNARE STX17 for autolysosome formation,
the Qbc-SNAREs SNAP29 and SNAP47 appear not essential in
the context of 6-OHDA-induced PARK7 secretion.

6-OHDA Does Not Affect Lysosomal Integrity. We next investi-
gated the role of lysosomes in PARK7 secretion beyond their
involvement in autophagic flux. First, we examined whether 6-
OHDA treatment affects lysosomal integrity or triggers lysosomal
membrane permeabilization (LMP)-induced autophagy. Using the
pH-sensitive LysoTracker Red probe, we observed a decrease in
red fluorescence puncta intensity upon BafAl treatment (Fig. 6A4).
However, the overall red fluorescence signal remained unchanged
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upon 6-OHDA treatment compared to the control condition.
These data indicate that 6-OHDA does not cause a significant
lysosomal pH shift or major disruption of lysosomal integrity.
Immunofluorescence analysis with the LMP marker galectin-3
(LGALS3) further supported this result. Treatment with L-leucyl-
L-leucine methyl ester (LLOMe), a known inducer of LMD, resulted
in punctate LGALS3 staining that colocalized with the lysosomal
marker LAMP1 (Fig. 6B). Conversely, 6-OHDA treatment did
not induce LGALS3 puncta formation, indicating an absence of
apparent LMP. These findings indicate that 6-OHDA exposure,
within the parameters of our experiment, does not induce LMP
or compromise lysosomal homeostasis.

We explored the involvement of other cellular protein degrada-
tion pathways in 6-OHDA-induced PARK? secretion. Treatment
with MG132, a proteasome inhibitor accumulating ubiquitinated
proteins, did not significantly affect either intracellular or secreted
PARKY levels (S7 Appendix, Fig. S4). This observation suggests that
the ubiquitin—proteasome system, another primary protein degra-
dation pathway, does not contribute to PARK7 secretion in this
context. Moreover, MG132 treatment did not modify the effect of
6-OHDA on PARKY levels, further confirming that PARK7 is not
a substrate for ubiquitin-proteasomal degradation, even under
6-OHDA stimulation. These findings suggest that PARK7 degra-
dation and secretion are linked explicitly to lysosomal function.

A Unique Set of SNARE Members Mediates PARK7 Release
in the Extracellular Environment. To understand the
mechanism underlying the involvement of autolysosomes in the
unconventional secretion of PARK7, we investigated the role of
specific SNARE proteins in 6-OHDA-induced PARK?7 secretion.
According to the SNARE hypothesis depicted in Fig. 74, a SNARE
complex comprises four membrane proteins (Qa-, Qb-, Qc-, and

PNAS 2025 Vol.122 No.19 2414790122

R-SNAREs) mediating membrane fusion. We investigated Sec22b,
an R-SNARE protein linked to Golgi-ER trafficking. Recent
studies suggest its involvement in autophagosome formation and
unconventional protein secretion via autophagosome-plasma
membrane fusion (21, 53). Interestingly, Sec22b knockdown
using siRNA in MEF cells did not affect autophagosome
formation, as measured by LC3B-II protein levels (ST Appendix,
Fig. S54). However, Sec22b knockdown considerably diminished
Park? secretion (Fig. 7B), underscoring Sec22b’s essential role in
regulating Park? secretion.

Based on the interaction of Sec22b with plasma membrane
syntaxins (54), we sought to identify the specific Qabc-SNARE
partners essential for PARK7 release. We screened previously
reported plasma membrane SNAREs involved in fusion events
(21). Single knockdown of the plasma membrane Qa-SNAREs
syntaxin 3 (Stx3) or syntaxin 4 (Stx4) partially suppressed Park7
secretion in MEF cells, whereas combined knockdown of both
Stx3 and Stx4 abolished 6-OHDA-induced secretion (Fig. 7Cand
SI Appendix, Fig. S5B), indicating their critical roles. We then
investigated Qbc-SNARE candidates. Knockdown of Snap23 did
not affect 6-OHDA-induced PARK7 secretion, while Snap29
knockdown slightly increased it, similar to Fig. 5B (Fig. 7D and
SI Appendix, Fig. S5C). Combined knockdown of Snap23 and
Snap29 also did not affect PARKY7 secretion, suggesting that nei-
ther Snap23 nor Snap29 is essential for this process.

Since functional lysosomes are crucial for PARK7 secretion, we
examined the involvement of endolysosomal SNAREs: Vtila/b
(Qb-SNARE:) and syntaxin 8 (Stx8, Qc-SNARE). Knockdown of
Vitilb, but not Vtila, and Stx8 significantly suppressed 6-OHDA-s
timulated Park7 secretion in MEF cells (Fig.7 £ and F and
SI Appendix, Fig. S5 D and E). To determine whether these SNAREs

form a functional complex, we performed coimmunoprecipitation
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(co-IP) using an anti-Stx8 antibody. The results confirmed that Sxx3,
Stx4, Sec22b, and Vtilb coprecipitated with S8, with increased
precipitation upon 6-OHDA treatment (Fig. 7G). To rule out non-
specific interactions and validate the specificity of our IP assay, we
used Snap47 and Hspa8 as negative controls, neither of which copre-
cipitated with the target SNAREs. These findings suggest the existence
of a Sec22b-containing QabcR-SNARE complex (Sxx3/4, Viilb,
Stx8, and Sec22b) that potentially mediates Park? secretion into the
extracellular environment.

To further validate the SNARE complex formation observed in
co-IP experiments, we employed AlphaFold2 multimer analysis.
'This advanced tool predicts high-quality 3D structures of protein
complexes, including their binding interfaces, by identifying regions
of sequence similarity (55). The AlphaFold2 analysis (S Appendix,
Fig. S5 Fand G) mirrored the co-IP data, revealing structural sup-
port for the proposed Sec22b-Stx3/4-Vtilb-Stx8 complex. These
data identified a Sec22b-mediated SNARE complex involving
endolysosomal and plasma membrane SNARE: as potential vesic-
ular transport machinery for Park7 secretion triggered by 6-OHDA.

KFERQ-Like Motifs Contribute to PARK7 Secretion Via CMA.
To understand the specific route of 6-OHDA-induced PARK7
translocation into autophagic vesicles, we explored the potential
role of Transmembrane P24 Trafficking Protein 10 (TMED10).
A recent study identified TMEDI0 as a transmembrane channel

https://doi.org/10.1073/pnas.2414790122

protein facilitating the translocation of multiple leaderless cargoes,
including mature IL-1 family members, from the ERGIC lumen
to secretory vesicles (56). Given the involvement of the ERGIC-
derived R-SNARE SEC22B in our observed PARK7 pathway, we
hypothesized that TMED10 might facilitate PARK7 transport into
secretory vesicles, potentially including autophagosomes, originating
primarily from the ERGIC (53). Surprisingly, the knocking down
TMEDI10 led to increased PARK7 secretion (Fig. 84) without
affecting autophagosome formation (as measured by LC3B
lipidation, S7 Appendix, Fig. S6A). Additionally, we analyzed the
PARK7-LC3B interaction under PARK7-FLAG overexpression
conditions by co-IP. Hela cells transiently transfected with N-
terminal FLAG-tagged PARK?Y displayed an unchanged secretion
ratio of endogenous PARKY7 to that of transfected PARK7 upon
6-OHDA treatment (S Appendix, Fig. S6B). However, the co-IP
experiment did not detect any interaction between PARK7 and
LC3B under conditions promoting autophagy with 6-OHDA
(81 Appendix, Fig. S6C). In connection with the TMED10 data,
our findings suggest that PARK7 translocation to autophagic
transporters might require other mechanisms, particularly for its
secretion triggered by 6-OHDA.

Unlike macroautophagy, CMA selectively targets individual
cytosolic proteins tagged with a specific amino acid sequence
(KFERQ-like motif) by HSPAS8 chaperone for their direct delivery
to lysosomes via LAMP2A (16). Interestingly, PARK7 possesses
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four potential CMA motifs (one canonical and three putative)
that are evolutionarily conserved across species (S/ Appendix,
Fig. S6D). We generated site-directed mutants of PARK7 fused
with a FLAG tag, altering critical residues within the canonical
motif and two similar motifs (SI Appendix, Fig. S6E), and meas-
ured their secretion levels. WB analysis revealed significantly low-
ered secretion for three of the four PARK7 mutants (91AA92,
94AA95, and 44AA45), while the endogenous PARK7 and
wild-type variant of PARK7-FLAG levels remained unaffected
(Fig. 8 Band C). These findings strongly support the importance
of KFERQ-like motifs in PARK7 secretion.

Further investigation into CMA machinery revealed that
siRNA knockdown of either HSPA8 or LAMP2 (S Appendix,
Fig. S6F), essential components of CMA, significantly downreg-
ulated PARKY secretion upon 6-OHDA treatment (Fig. 8D). The
effectiveness of CMA inhibition was confirmed by the restoration
of a known CMA substrate, GPX4, in lysates under the knock-
down conditions (S Appendix, Fig. S6G). Additionally, IP exper-
iments showed an increased interaction between FLAG-tagged
wild-type PARK7 and HSPAS in response to 6-OHDA stimula-
tion (Fig. 8E).

It is essential to consider that PARK7 functions as a homodimer
(57), while CMA requires the lysosomal translocation of unfolded,
monomeric PARK7. We employed a covalent cross-linker disuc-
cinimidyl suberate (DSS) to preserve the native PARK?7 structures
and assessed its effect on 6-OHDA treatment. Our data revealed
that under 6-OHDA stimulation, intracellular PARK7 remains
primarily dimeric, while secreted PARK7 predominantly con-
tained the monomeric form (Fig. 8F). Interestingly, under com-
promised CMA conditions (HSPA8 and LAMP2 knockdown),
we observed an accumulation of monomeric PARK7 with a
smaller extent of changes in dimer levels in lysates (Fig. 8G). These
findings suggest PARKY7 secretion is favored in the monomeric

PNAS 2025 Vol.122 No.19 2414790122

Nc Snalp47

in serum-free DMEM. Lysates and sup
were analyzed by WB. The bar graph
represents the relative secreted Park7.

siRNA

form, in which a CMA-mediated lysosomal translocation pathway
dependent on HSPA8 and LAMP?2 is potentially involved.

Discussion

This study presents a unique series of molecular events, selective
translocation, and intracellular trafficking processes involved in
the autophagy-based unconventional secretion of PARK?7 induced
by 6-OHDA, as illustrated in Fig. 9. Our investigation into the
regulatory mechanisms of PARK7 secretion has yielded three key
findings: i) 6-OHDA induces the unconventional secretion of
PARKY in an autophagy-dependent manner, ii) 6-OHDA facili-
tates the KFERQ-like motif-based selective translocation of cyto-
solic monomeric PARK7 to the lysosomal lumen, and iii) a
dedicated SNARE complex, consisting of SEC22B-STX3/4-
VTI1B-STX8, mediates the fusion of secretory autolysosomes
containing PARK7 with the plasma membrane.

Our previous study demonstrated that 6-OHDA-derived elec-
trophilic quinone induces oxidative stress by depleting intracellu-
lar glutathione levels, activating the AMPK-ULK1 pathway and
secretory autophagy (48). While 6-OHDA is primarily recognized
as a neurotoxin, it also affects nondopaminergic cells through
similar oxidative stress mechanisms (58). Our findings indicate
that 6-OHDA induces oxidative stress in HeLa cells, as NAC
treatment effectively suppresses 6-OHDA-induced PARK7 secre-
tion. Consistent with our previous report (48), BFA inhibition
confirmed that PARK7, as a leaderless cargo, bypasses the
ER-Golgi route. Multiple knockdown and knockout experiments
targeting key autophagy regulators (ATG5, ATGY9, ATGI16L1,
and FIP200) revealed that autophagic membrane biogenesis is
critical for PARK7 secretion. Additionally, rapamycin-mediated
autophagy activation significantly enhanced PARK7 secretion.
Supporting our findings, previous studies on the unconventional
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secretion of insulin-degrading enzyme (IDE) from astrocytes (59)
and a-Crystallin B from COS-7 cells (24) rely on mTOR signa-
ling. Since mTOR functions as a key regulator of autophagy in
response to nutritional stress, further investigation is warranted
to dissect the intricate interplay between mTOR signaling and
the regulation of both degradative and secretory autophagy path-
ways under 6-OHDA-induced oxidative stress and nutrient dep-
rivation conditions.

Unconventionally secreted cargoes utilize diverse mechanisms
to access vesicular compartments, including specific transporters,
direct incorporation into autophagic structures, or engulfment by
MVBs (3). Our fractionation analysis revealed that extracellular
PARKY7 is not associated with exosomes, unlike mutant huntingtin
protein secretion (60). Prior transmission electron microscopy
analyses demonstrated that 6-OHDA treatment induces phago-
phores, autophagosomes, and autolysosomes in MEF cells (48).
Our recent findings linked LMP-induced PARK?Y secretion to
secretory autophagosome (61), prompting us to investigate
whether 6-OHDA-induced PARK7 secretion follows a similar
route. Inhibition of autophagosome-lysosome fusion or autophagy
flux significantly downregulated PARK7 secretion, suggesting that
secretory autophagosomes are unlikely to mediate this process.
Furthermore, our data do not support TMED10-dependent deliv-
ery of PARK7 to secretory vesicles, even those potentially linked
to autophagosomes (56). These paradoxical results underscore the
context-dependent nature of PARKY secretion and highlight the
necessity to elucidate how distinct cellular stressors, for instance,
oxidative damage and lysosomal dysfunction, regulate the
autophagy-dependent unconventional secretion of leaderless pro-
teins like PARK?Y in a cell-type-specific manner.

Beyond the ubiquitin—proteasome system, which degrades
ubiquitin-tagged proteins, CMA selectively targets individual
cytosolic proteins for lysosomal degradation. In CMA, cytosolic
substrates are directly translocated into the lysosome without ves-
icle intermediates, involving cytosolic and lysosomal HSPAS
chaperones and lysosomal LAMP2A transporter, which requires
protein unfolding (16). Stress conditions like starvation and oxi-
dative stress activate CMA by regulating LAMP2A levels or its
oligomerization. Inspired by the selective secretory translocation
of IL-1P, we investigated the potential of this route for PARK?7,
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as its protein sequence contains several KFERQ-like motifs con-
served across species. Notably, siRNA-based knockdown of chap-
erones HSPAS, HSP90, and LAMP?2 in the IL-1p study suggested
a CMA-mediated PARK7 secretion mechanism distinct from
CMA for mature IL-1p translocation into vesicles (23). In our
experiments, site-directed mutagenesis of KFERQ-like motifs in
PARKY suppressed its secretion, likely due to decreased HSPAS
binding affinity and impaired translocation to the lysosomal
lumen. These results highlight an intriguing intersection between
the CMA-mediated degradation of PARK?7 and its unconventional
secretion under stress conditions.

Previous research suggests that CMA targets extensively oxidized
PARKT for lysosomal degradation, a process critical for maintain-
ing mitochondrial homeostasis (62). Our findings indicate that
6-OHDA-induced oxidative stress triggers the selective secretion
of monomeric PARK7, while CMA impairment via HSPA8 and
LAMP2 knockdown leads to its intracellular accumulation. This
dual role of lysosomes in PARK? regulation suggests a dynamic
balance between protein quality control and unconventional secre-
tion. Oxidative stress likely disrupts the PARK7 homodimer,
exposing KFERQ-like motifs that facilitate HSPAS8 binding (62)
and LAMP2-dependent traflicking. However, alternative mecha-
nisms for stress-induced PARK7 monomerization cannot be
excluded. For example, exposure to 6-OHDA may cleave PARK7
homodimers by revealing protease-sensitive regions or exposing
hydrophobic surfaces, which could attract small heat shock proteins
for temporary stabilization before HSPAS8 recognition (63).

Further investigation is necessary to determine why increased
autophagic flux is critical for PARK7 secretion when CMA facil-
itates translocation into the lysosomal lumen. One possibility is
that 6-OHDA-induced autophagic flux supports the formation
of autophagosomes and autolysosomes, ensuring the availability
of the autophagic machinery required for PARK7 secretion.
Additionally, this flux may promote crosstalk between autophagy
and CMA through 6-OHDA-regulated stress signaling pathways.
To elucidate the role of autophagic flux in PARK7 secretion, future
studies could assess PARK7 lysosomal translocation in
autophagy-deficient models such as STX177”~ or FIP200™" cells
using lysosomal fractionation or Lyso-IP analysis. Since these
models do not directly impair lysosomal function, PARK7
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lysosomal translocation should, in principle, remain unaffected.
However, if PARK7 undergoes CMA-mediated degradation rather
than secretion in these systems, it would further support that
autophagic flux is indispensable for its unconventional secretion.
A crucial unresolved question is whether autophagic flux is
required for both lysosomal PARK?7 translocation and secretion
or is it involved explicitly in SNARE-mediated fusion of
PARK7-containing secretory autolysosomes with the plasma
membrane. Resolving this issue could provide fundamental mech-
anistic insights into PARK?Y secretion. Identifying distinct secre-
tory autolysosomal markers and analyzing PARK7 colocalization
within these compartments through immunogold electron micros-
copy could offer definitive evidence to strengthen our findings.
Moreover, the mechanisms enabling lysosomal PARK?7 to evade
degradation remain unclear. Our observation that approximately
10% of total PARKY is secreted upon 6-OHDA stimulation (48)
suggests that while lysosomes primarily function to degrade trans-
located PARKY7 for cellular homeostasis, they may selectively
secrete excess PARK7 beyond a regulatory threshold. Factors gov-
erning this balance between degradation and secretion remain
unknown. Another intriguing aspect is the observed fusion
between PARK7-containing lysosomes and autophagosomes.
Whether this interaction enhances secretion efficiency or is merely
a byproduct of lysosome-autophagosome crosstalk warrants fur-
ther investigation. Flucidating these regulatory mechanisms could

PNAS 2025 Vol.122 No.19 2414790122

provide valuable insights into the unconventional secretion of
PARKY and its broader physiological relevance.

Secretory autophagy, often triggered by cellular stress, medi-
ates the release of cargoes such as IL-1f via membrane-bound
vesicles that fuse directly with the plasma membrane, bypassing
lysosomal degradation (18). Notably, the secretion of these car-
goes remains unaffected by STX17 knockdown, supporting a
lysosome-independent mechanism. Further evidence includes
the lack of colocalization between a-Crystallin B in LC3-positive
compartments and the lysosomal marker LAMP1 (24) and
enhanced HMGB1 secretion under conditions that inhibit autol-
ysosome formation (25). These findings collectively highlight an
unconventional secretory pathway distinct from lysosomal
involvement. In contrast, the secretion of several cargoes, includ-
ing IDE (59), transforming growth factor beta 1 (64), and
mutant huntingtin (65), requires lysosomal integrity. Lysosomal
disruption via BafA1 downregulates the release of these proteins,
which contain KFERQ-like motifs in their sequences, suggesting
a pathway potentially overlapping with 6-OHDA-induced
PARK?7 secretion. Our observations confirm that 6-OHDA
treatment does not compromise lysosomal integrity like
LMP-induced secretion. Furthermore, inhibiting lysosomal
interactions with autophagosomes through STX17 knockdown/
knockout, interfering with lysosomal degradative functions by
BafA1l or CQ, hindering lysosomal translocation of PARK7 by
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and samples were analyzed by WB.

mutating its KFERQ motifs, or knocking down CMA compo-
nents all consistently suppressed 6-OHDA-induced PARK7
secretion. These results firmly indicate that lysosomal function-
ality and structural integrity are indispensable for PARK?7 secre-
tion under these conditions.

Upon stress, cells can activate lysosomal exocytosis (66), a process
in which secretory lysosomes fuse with the plasma membrane to
release their contents extracellularly. This process involves a SNARE
complex comprising the plasma membrane SNAREs SNAP23 and
STX4 and the lysosomal SNARE VAMP7 (67). However, our
knockdown experiments targeting SNAP23 revealed no impact on
6-OHDA-induced PARK7 secretion, excluding lysosomal exocy-
tosis as a pathway for PARKY7 release. Our findings highlight the
critical roles of autophagosome biogenesis, lysosomal activity, and
autophagosome-lysosome fusion in mediating PARK7 secretion
under 6-OHDA stress. Based on these observations, we propose
the concept of “secretory autolysosome-mediated secretion” as the
mechanism driving 6-OHDA-induced PARKY release. Future stud-
ies should explore whether 6-OHDA regulates molecular switches
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and HSPA8 were treated with 100 pM 6-OHDA. Lysates were cross-linked with DSS,

that divert PARK7-containing lysosomes toward secretion rather
than degradation.

Secretory and degradative autophagy share core ATG proteins
but differ in destination: degradative autophagosomes fuse with
lysosomes, while secretory autophagosomes fuse with the plasma
membrane (68). Despite similarities in cargo machinery biogenesis,
they employ distinct transport mechanisms, tethers, and SNARE
proteins. The SNARE complex, composed of Qa, Qb, Qc, and
R-SNAREs, is crucial for intracellular membrane fusion, playing a
vital role in the final stages of docking and fusion across various
vesicle-mediated transport events (19). Our findings emphasize the
roles of both SEC22B and STX17 in PARKY secretion, suggesting
their interplay in secretory autophagic pathways. Additionally, our
results suggest specific SNAREs mediating autophagosome-lysosome
fusion in 6-OHDA-induced PARK?Y secretion. Interestingly, inter-
fering with neither of the conventional SNARE pairs—STX17-
SNAP29, which mediates starvation-induced bulk autophagy (14),
nor STX17-SNAP47, which operates in selective autophagy under
nonstarvation conditions (69)—-downregulated PARK7 secretion
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in our system. These observations suggest that STX17 may require
adedicated SNARE partner to facilitate the selective fusion of auto-
phagosomes with lysosomes, forming secretory autolysosomes.
Furthermore, the possibility that STX17 contributes to PARK7
secretion through an alternative mechanism, independent of its role
in autolysosome formation, cannot be ruled out. Further investiga-
tion is required to elucidate its precise function in the unconven-
tional secretion of PARK7.

Furthermore, our study identified a SNARE complex composed
of SEC22B, STX3/4, VTI1B, and STXS8 that mediates the fusion
of PARK7-containing secretory autolysosomes with the plasma
membrane, facilitating PARK7 secretion. Unlike the SEC22B-
SNAP23/29-STX3/4 complex in immune cells (21), this SNARE
combination represents a distinct secretory autophagy mechanism.
Co-IP assays confirmed interactions among these SNARE mem-
bers, supported by AlphaFold multimer predictions. Nevertheless,
direct biochemical validation of these interactions remains an open
question and requires further investigation.

In the current study, we identified a CMA-mediated selective
lysosomal translocation pathway that regulates the oxidative
stress-induced secretion of the leaderless cytosolic protein PARK?7.
Notably, this autophagy-based unconventional secretion appears
specific to cargoes containing KFERQ-like motifs, as HSPAS rec-
ognizes these motifs for cargo selection and translocation to lys-
osomes. Further studies are necessary to determine whether this
pathway applies to other KFERQ-like motif-containing proteins
under cellular stress. Investigating the physiological and patho-
logical implications of this mechanism could provide valuable
insights into PARK7-related disorders and facilitate the develop-
ment of targeted therapeutic strategies aimed at modulating
PARKY secretion.
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