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Late endosomal secretion is an unconventional secretion mechanism that
depends on the SNARE protein VAMP7. We previously showed that VAMP7
mediates the secretion of the ER protein Reticulon3. However, the functional
relevance and molecular mechanism of this secretory pathway remain unclear.
Here, we show that VAMP7 knockout cells exhibit impaired secretion of ER-
and mitochondrial-derived proteins and signs of ER and mitochondrial stress.
In addition, pharmacological induction of organellar stress enhances the
VAMP7-dependent secretion. We assess the pathophysiological significance of
this mechanism using a preclinical glioblastoma model. VAMP7 knockout
glioblastoma cells implanted in male rat brain develop into more necrotic
tumors with reduced macrophage infiltration compared to controls, sug-
gesting that VAMP7-dependent late endosomal secretion contributes to the
tumor microenvironment and affects macrophage infiltration. Together, our
results support a model in which late endosomal secretion functions as an
organelle quality-control and stress-communication mechanism, with parti-
cular relevance to cancer.

Two main classes of protein secretion have been identified in eukar-
yotic cells. The most characterized one relies on protein insertion into
the endoplasmic reticulum, transport through the Golgi apparatus,
and secretion via vesicles generated in the trans-Golgi network.
Alternatively, unconventional protein secretion (UPS) involves several
mechanisms, with secretory vesicles originating from autophago-
somes or endolysosomes. Secreted soluble proteins account for about
9-15% of the total human proteome and serve significant roles in cel-
lular physiology, pathology, and intercellular communication. Most of

the proteins secreted by UPS are leaderless proteins, i.e., they lack
targeting signal sequences; however, they may include transmem-
brane proteins with or without signal sequences that pass the ER and
reach the plasma membrane for secretion without going through the
Golgi apparatus'™.

UPS can be triggered by cellular stressors, including nutrient, ER,
mechanical, or inflammatory stress. We previously showed that the
endosomal R-SNARE VAMP7 mediates the secretion of late endo-
somes, also called multivesicular bodies (MVBs), a major UPS pathway.
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VAMP7? colocalizes with CD63, a marker of late endosomes and lyso-
somes, and mediates the secretion of CD63°. Structurally, along with
the classical SNARE sequence with a SNARE motif and a C-terminal
transmembrane domain, VAMP7 also possesses an N-terminal exten-
sion called the Longin domain'®, which plays an auto-inhibitory role by
interacting intramolecularly with the SNARE motif". This interaction
inhibits the fusogenic activity of VAMP7"*">, VAMP7 mediates mem-
brane fusion by interacting with target-SNAREs (t-SNAREs) located at
the plasma membrane: Syntaxinl, Syntaxin3, SNAP23, and SNAP25, at
the autophagosome: Syntaxinl7 and SNAP29 and at the ER/ERGIC
Syntaxin5 and SNAP47"*'°, VAMP7 is involved in mediating endolyso-
somal secretion in fibroblasts'”"? and in the lysosomal secretion of
ATP in astrocytes® and epithelial cells’. VAMP7 is a key regulator of
neuronal morphogenesis, as the VAMP7-mediated vesicular transport
aids in the neurite outgrowth, which the overexpression of the auto-
inhibitory Longin domain'>? can impede. The fusogenic activity of
VAMP? has also been implicated in degradative autophagy. It is
involved in the fusion of ATG9-containing vesicles originating from the
recycling endosomes, which help in the phagophore expansion®** and
in the autophagosome-lysosome fusion, particularly in Drosophila,
where no homolog of the v-SNARE regulating autophagosome-
lysosome fusion VAMP8 exists”. Importantly, VAMP7 and the
t-SNAREs Syntaxin17 and SNAP29 mediate the fusion of mitochondrial-
derived vesicles (MDVs) with endosomes and lysosomes®, a process
that is thought to mitigate small-scale mitochondrial damage. VAMP7
knockout (VAMP7KO) mice also showed mitochondrial impairment in
insulin-secreting pancreatic B cells**. Accordingly, the Syntaxinl7-
SNAP29-VAMP7 complex was found to regulate mitophagy under
severe hypoxia, thereby ensuring mitochondrial quality*®. Our most
recent work showed that late endosomal secretion is enhanced in the
absence of degradative autophagy, i.e., in autophagy-null cells such as
ATGS knockout (ATG5KO) cells® in good agreement with observations
made in neutrophils®®. We analyzed the secretome of NGF-
differentiated PC12 cells that had acquired a neuron-like phenotype.
We found that the secretion of tubular ER-phagy-related LC3-
interacting-region-containing protein Reticulon 3 (RTN3) was
increased in ATG5SKO and decreased in VAMP7KO cells. This led to the
notion that autophagy-dependent late endosomal secretion, mediated
by VAMP?7, contributed to ER quality control during neurite growth?.
Still, the whole mechanism could not be explored in neuronal cells.

Here, we generated fibroblastic and glioma cells devoid of VAMP7
to characterize the role of late endosomal secretion in non-neuronal
cells. Both ER- and mitochondria-associated components were less
secreted in VAMP7KO cells and more in ATG5KO cells, and this was
affected by ER and mitochondrial stress, respectively. Given the
unknown signaling nature of UPS, we reasoned that it might play a role
in pathogenesis. Orthotopic syngeneic grafts of VAMP7KO rat glioma
cells led to tumors with reduced macrophage infiltration compared to
those formed by WT cells. We conclude that VAMP7-dependent late
endosomal secretion operates the release of elements originating from
the ER and mitochondria, depending on autophagy and stress (both
often found activated in tumor cells). The released material thus pro-
vides signals associated with tumor growth attenuation, likely by
reshaping the tumor microenvironment.

Results

VAMP7KO impairs the secretion of tubular ER and mitochon-
drial proteins by late endosomes

Following up on previous studies on autophagy-dependent late
endosomal secretion in neuronal cells’”, we sought to characterize
the roles of VAMP7 and autophagy in unconventional secretion in non-
neuronal cells. To this end, we created Crispr-Cas mediated knockouts
(KO) of VAMP7 or ATGS5 in Normal Rat Kidney (NRK) cells (Fig. 1A). We
found that secretion of tubular ER RTN3 and mitochondrial Voltage-
Dependent Anion-selective Channel (VDAC, a marker of the

mitochondrial outer membrane) was strongly diminished in VAMP7KO
and increased in ATG5KO NRK cells independently of Bafilomycin Al
(BafAl) treatment (Fig. 1B-E, Supplementary Fig. 1A). This extends a
principle initially established in neuronal cells to a cell type not spe-
cialized in protein secretion. To further assess the properties of the
cellular components released via VAMP7-dependent mechanisms, we
isolated extracellular vesicles from wild-type (WT), VAMP7KO, and
ATGSKO cells. We analyzed them by immunoblotting for the presence
of the standard exosomal marker, CD63. Moreover, we performed
Dynamic Light Scattering-based Nanoparticle Tracking Analysis (NTA)
to measure the size and concentration of the released small (SEVs,
<200 nm diameter) and large (LEVs, >200 nm) EVs. VAMP7KO cells
were deficient in the secretion of CD63 and sEVs without any sig-
nificant effect on LEVs as compared to WT and ATG5KO cells (Fig. 1F, G,
Supplementary Fig. 1B). This result unequivocally positions VAMP7 as a
main endosomal R-SNARE mediating the secretion of sEVs/exosomes
in good agreement with recent work®".

We then assessed whether VAMP7KO could affect the subcellular
localization of CD63 in NRK cells. VAMP7KO cells exhibited an accu-
mulation in peripheral CD63+ vesicles. Re-expression of GFP-VAMP7
rescued the subcellular localization of CD63 to the perinuclear region
as found in WT cells (Fig. 1H, I). The link between VAMP7 and CD63 was
further established by the detection of CD63 in GFP-VAMP7 immuno-
precipitates using proteomics (Supplementary Data 3). Perinuclear
CD63+ vesicles are thought to correspond to degradative compart-
ments, whereas peripheral ones are believed to correspond to secre-
tory late endosomes”. Accumulation of peripheral CD63+ vesicles
suggested an inhibition of their secretion in VAMP7KO cells.

We next analyzed the effects of VAMP7KO on ER structure. In
contrast to other conditions, the subcellular localization of RTN3 in
VAMP7KO cells was similar to that previously described for CD63.
RTN3 staining—i.e., increased at the cell periphery and decreased in the
perinuclear region in VAMP7KO cells (Supplementary Fig. 1D, E)—
suggests that VAMP7KO affects the subcellular distribution of RTN3
and CD63 in a similar manner.

To analyze the effect of VAMP7 on endolysosomes, we assessed
lysosomal function by measuring lysosomal pH, which serves as a
proxy for their degradative capacity’>”. As expected, peripheral
lysosomes closer to the plasma membrane showed higher pH, indi-
cating reduced degradative potential, independent of cell genotype
(Fig. 1J, K). Mounting evidence supports different roles for lysosomes
depending on their intracellular position: perinuclear lysosomes are
widely regarded as more degradative and more acidic, while peripheral
lysosomes may be more closely linked to other functions, including
secretion’”*>*, These concordant experimental and literature-based
observations may therefore suggest that the redistribution of CD63+
vesicles from the perinuclear region to the periphery in VAMP7KO NRK
cells is consistent with the observed inhibition of sEVs and
CD63 secretion observed in these cells. Collectively, these experiments
show that VAMP?7 is required for the secretion of sEVs (containing
CD63), and for the release of RTN3 and mitochondrial proteins, sug-
gesting that VAMP7-dependent late endosomal secretion is indeed
involved in the release of ER and mitochondrial material.

The loss of VAMP7 does not suppress degradative autophagy in
NRK cells

The role of VAMP? in autophagosome formation and maturation® %,
and the role of autophagy in degrading ER and mitochondria have
been previously described. To assess the effect of VAMP7KO on
autophagy, we measured basal and induced autophagy in NRK cells.
VAMP7KO cells showed an increase of LC3-I to LC3-Il conversion;
however, this was not due to a block of autophagosome-lysosome
fusion because the levels of p62 did not change significantly in these
cells (Supplementary Fig. 2A-D). We observed an initial change (0 h) in
the LC3-1 to LC3-Il conversion with BafAl treatment in these cells;
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however, a time-course treatment did not show any significant
alteration in autophagy between WT and VAMP7KO cells (Supple-
mentary Fig. 2E, F).

To better analyze autophagic flux, we transfected cells with the
tandem RFP-GFP-LC3 plasmid and either treated them with Torinl to
induce autophagy or left them untreated. We observed a slight change
in the number of autophagosomes in Torin-treated WT vs. VAMP7KO

NRK cells; however, the number of autolysosomes remained unchan-
ged. Torinl treatment induced autophagy in a similar manner in both
WT and VAMP7KO NRK cells, as visualized by the increase in both the
number of autophagosomes and autolysosomes (Supplementary
Fig. 2G-1). Hence, autophagy in NRK cells appeared slightly affected,
rather than blocked, in autophagosome formation or fusion with
lysosomes due to the lack of VAMP7, suggesting a limited role for late
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Fig. 1| VAMP7KO impairs the secretion of tubular ER and mitochondrial pro-
teins. A WT, VAMP7KO and ATGSKO NRK cell lysates were blotted for VAMP7,
ATGS5 and GAPDH to confirm the KOs of VAMP7 and ATGS in these cells. B-E WT,
VAMP7KO and ATG5KO NRK cells were simultaneously treated with BafA1 (100 nM)
to inhibit degradative autophagy and serum starved overnight. The next day, the
secreted media was processed, and total secreted protein was precipitated using
acetone. The total secreted fraction and cell lysates were collected and analyzed
and the ratio of secreted RTN3A over total RTN3A or secreted VDAC over total
VDAC was plotted. Two-tailed Welch’s t-test was used to determine the statistical
significance between three independent experiments. *p-val < 0.05, **p-val < 0.01.
Data is the average of three independent experiments presented as the mean +
SEM. F, G WT, VAMP7KO and ATG5KO NRK cells were treated with BafAl (100 nM)
and serum starved overnight. The next day, the secreted media was processed
using a commercial kit and exosomes were isolated. The properties and numbers of
the secreted extracellular vesicles from WT, VAMP7KO and ATG5KO cells were
analyzed using western blotting of the exosomal marker CD63 (F) and by using DLS
Zetasizer (G) to measure the exosome size and number. Welch’s t-test was used to
determine the statistical significance. Data is derived from four independent
experiments and is presented as the mean + SEM *p-val <0.05, **p-val < 0.01. H, IWT

and VAMP7KO cells were either left untransfected or were transfected with GFP-
VAMP7 and immunostained with CD63. A home generated ImageJ plugin was used
to measure the normalized intensity of the CD63 signal. Statistics was performed
using two-way repeated-measures ANOVA for three independent experiments for a
total of 30 cells. Statistically significant (p-val < 0.0001) interaction and row factor
values between untransfected WT and VAMP?7 signifies a change in the distribution
pattern of the CD63 signal with respect to the distance from the nucleus. Error bars
represent the standard deviation (SD). J Peripheral lysosomes are less acidic, and
therefore less degradative, in NRK cells of all genotypes. Representative images of
live NRK WT, VAMP7KO and ATGSKO cells stained with Hoechst and previously
incubated with dextran-FITC (pH sensitive) and dextran-647 (pH insensitive) for
16 h, followed by a washout of 6 h, to ensure that endocytosed dextrans were fully
delivered to lysosomes. K Quantification of the mean dextran-FITC/dextran-647
ratio (higher level indicate higher pH and therefore reduced degradative capacity)
for lysosomes, categorized by their relative proximity to the nucleus into four
quartiles. One-way ANOVA with Bonferroni’s post hoc test was used to determine
the statistical significance between three independent experiments.

****p-val < 0.0001.

endosomes in these processes. We also did not observe any alteration
in the mTOR signaling pathway, the upstream regulator of autophagy
(Supplementary Fig. 2J-M). These results showed that VAMP7KO does
not significantly alter autophagy, thereby ruling out a role for degra-
dative autophagy in the tubular ER and mitochondrial secretion
defects observed in VAMP7KO cells.

VAMP7KO alters mitochondria and ER-associated gene
expression

To evaluate the global cellular changes induced by VAMP7KO and
ATG5KO, we compared the transcriptomes of those cells with that of
WT NRK cells (Fig. 2A). We identified differentially expressed genes
(DEGs) between the VAMP7KO and WT sample group and the ATGSKO
and WT sample group. DEGs (Supplementary Data 1 and Supplemen-
tary Data 2, Supplementary Fig. 3A) were then analyzed for functional
enrichment using Gene Set Enrichment Analysis (GSEA)*. The GSEA
gene ontology dataset for cellular components showed enrichment of
several mitochondrial components in the VAMP7KO, including the
outer and inner mitochondrial membranes, mitochondrial matrix, and
the ATP synthase complex. In contrast, functional enrichment in
ATGS5KO cells was more related to the ER lumen (Fig. 2B, Supple-
mentary Fig. 3E). When the Hallmark Gene Set was used as a reference,
the VAMP7KO dataset showed a positive enrichment for oxidative
phosphorylation, the unfolded protein response (UPR),
mTORCI signaling, and cholesterol homeostasis. In contrast, the
ATG5KO dataset showed enrichment for pathways related to inflam-
mation, including the interferon alpha and gamma response pathway
(Supplementary Fig. 3B). We also compared the VAMP7KO and the
ATG5KO datasets using the same approach. We observed a positive
enrichment of the UPR term in the VAMP7KO compared to ATG5KO
(Supplementary Fig. 3C). The UPR is a stress-signaling pathway
induced by cells to cope with modifications in ER homeostasis®. A
positive enrichment of the UPR hallmark with an enrichment score of
1.82 was observed in VAMP7KO vs ATG5KO (Supplementary Fig. 3C, D).
Interestingly, when analyzing the UPR-annotated genes, 11 of them
were identified as potential ATF4 targets (as based on ChipAtlas data),
and 5 of them as ATF6 targets (ChipAtlas and literature); only 3 were
associated with XBPls. Accordingly, we observed an increased
expression of BiP (an ATF6 target* and an increased phosphorylation
of elF2a (the main target of the Integrated Stress Response (ISR)* in
VAMP7KO cells compared to both WT and ATG5KO cells (Fig. 2C-E).
Furthermore, confocal live-cell imaging of ER architecture using ER-
Tracker revealed an increased occurrence of ER whorls in VAMP7KO
cells, structures typically associated with ER stress®® (Fig. 2F, G). Con-
sistently, conventional transmission electron microscopy (TEM)

analysis confirmed the accumulation of ER whorls in VAMP7KO cells
(Fig. 2H, I). Together with transcriptomic and protein expression data,
these findings indicate that VAMP7 deficiency is associated with an
alteration in global ER and mitochondria homeostasis.

Previous studies reported that mitochondrial function is impaired
in VAMP7KO insulin-secreting cells and that autophagy regulates
mitochondrial quality through mitophagy®. To further explore this,
we analyzed WT and VAMP7KO NRK cells by TEM and observed a
significant increase in both mitochondrial number and length in
VAMP7KO cells compared to WT cells (Fig. 2J-L). Thus, we tested
whether VAMP7KO and ATGSKO cells exhibit alterations in mito-
chondrial mass by staining cells with the mitochondrial reporter dye
Mitotracker green, which accumulates in mitochondria independently
of the inner membrane potential. We observed a robust increase in
Mitotracker green intensity in both VAMP7KO and ATGSKO cells
compared to the WT control (Supplementary Fig. 4A-C). We also
observed an increase in mitochondrial mass by performing immuno-
blotting of the mitochondrial outer membrane protein VDAC (Sup-
plementary Fig. 4D, E), one of the most abundant mitochondrial
proteins. This is consistent with previously published data showing an
increase in mitochondrial mass in ATG5KO T lymphocytes*’. Next, to
determine whether the increase in mitochondrial mass translates into
changes in mitochondrial respiration, we measured oxygen con-
sumption rate (OCR) using a widely accepted real-time respirometry
approach*. Both VAMP7KO and ATGS5KO cells showed a significant
decrease in basal respiration, maximal respiration, and spare respira-
tory capacity as compared to the WT cells (Supplementary Fig. 4F). In
addition, VAMP7KO cells appeared less affected than ATG5KO cells,
which are deprived of mitophagy. These results show that, despite
increased mitochondrial mass, mitochondrial respiration is decreased
in VAMP7KO and ATG5KO cells. This suggests that the loss of either
VAMP7KO or ATGS5KO results in a defect in mitochondrial aerobic
metabolism, possibly related to increased mitochondrial stress, con-
sistent with the activation of the ISR and the phosphorylation of
elF2a™.

Next, we performed a detailed analysis of mitochondrial structure
in WT, VAMP7KO, and ATG5KO cells. We stained the cells with Mito-
tracker Deep Red and quantified the 3D-mitochondrial structure using
the freely available Mitochondria Analyzer plugin in ImageJ (Supple-
mentary Fig. 5A)*”. VAMP7KO and ATGSKO cells showed changes in
both morphological parameters (i.e., mitochondrial volume, surface
area, and sphericity) and connectivity parameters (i.e., number of
branches, total branch length, and junctions). Both VAMP7KO and the
ATGS5KO showed a significant increase in mean volume, mean surface
area, and a decrease in sphericity, compared to the WT control
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(Supplementary Fig. 5B-D). As per the connectivity parameters, the processes tightly regulated by the physiological and pathological state
VAMP7KO and ATGSKO cells showed a significant increase in the of the cell. Mitochondrial hyperfusion has now been studied as an
number of branches, total branch length, and junctions compared to  essential survival strategy for cells undergoing nutrient deprivation or
the WT control cells (Supplementary Fig. SE-G). All quantitative ana- ~ stress such as ER stress. It can be due to increased fusion or decreased
lyses described above indicate a hyperfused mitochondrial network in  fission. Fission depends on recruiting Dynamin-like DRP1, the protein
both VAMP7KO and ATGS5KO cells. Mitochondria constitutively that catalyzes mitochondrial fission, to mitochondria by receptors
undergo cycles of ‘fission’ and ‘fusion’, and MDV generation, in such as the mitochondria-fission factor (MFF). Furthermore, DRP1 is
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Fig. 2 | VAMP7KO alters mitochondria and ER-associated gene expression.

A Schematic representation of the RNAseq analysis workflow in which the differ-
ential gene expression between WT, VAMP7KO and ATG5KO NRK cells was exam-
ined, and pathway analysis was performed. The transcriptomics of each gene was
analysed by four independent experiments. Scheme created in BioRender. Galli, T.
(2026) https://BioRender.com/s8m3xp3. B Gene Set Enrichment Analysis (GSEA)
performed for Gene Ontology (GO) pathways relative to Cellular Components (CC)
shows a significant enrichment of mitochondria-associated proteins in the
VAMP7KO dataset vs WT. p-values were determined according to analysis in the
database for annotation, visualization, and enrichment analysis (Fisher exact
p-value). C-E WT, VAMP7KO and ATG5KO NRK cell lysates were blotted for GRP78/
BiP, p-EIF2q, EIF2ac and GAPDH expression. The ratio of GRP78 over GAPDH or the
ratio of p-EIF2a over total EIF2a was quantified and plotted. Two-tailed Unpaired
t-test was used to determine the statistical significance for three independent
experiments. *p-val < 0.05, **p-val < 0.01, ns: non-significant, error bars represent
the standard error of mean (SEM). F, G Live microscopy of WT, VAMP7KO and
ATG5KO NRK cells stained with ER Tracker. The graph depicts the percentage of

cells with ER whorls in each acquired image. Two-tailed Mann-Whitney test was
used to determine the statistical significance. **p-val < 0.01, ns non-significant,
n=30images acquired per condition from three independent experiments. H, IWT
and VAMP7KO NRK cells were imaged using a Transmission Electron Microscope.
Red arrowhead indicates an ER whorl. Electron micrographs of ER whorls in WT and
VAMP7KO NRK cells illustrate the upregulation of ER stress in VAMP7KO NRK cells.
Data represents the mean number of ER whorls per section. Data is the average of
three independent experiments presented as the mean + SEM (WT, n=11 cells;
VAMP7KO, n=13 cells, ATG5KO, n=9 cells). Two-tailed Welch’s t-test was used to
determine the statistical significance between samples. J-L WT and VAMP7KO NRK
cells were imaged using a Transmission Electron Microscope. Red arrows indicate
mitochondria. Electron micrographs and quantification of mean mitochondrial
length and number of mitochondria per section in WT and VAMP7KO NRK cells
illustrate changes in mitochondrial length and numbers in VAMP7KO NRK cells.
Two-tailed Welch's t-test was used to determine the statistical significance between
samples. Data is the average of three independent experiments presented as the
mean = SEM (WT, n =11 cells; VAMP7KO, n=13 cells).

regulated by phosphorylation; some of these (e.g., Ser637) keep it
away from mitochondria, while others (e.g., Ser616) target it towards
the organelle. To probe the dynamics of the mitochondrial network in
WT, VAMP7KO, and ATG5KO cells, cells were subjected to 2 h starva-
tion in Earle’s Balanced Salt Solution (EBSS), a stimulus known to
trigger hyperfusion®** followed by a 30-minute refeeding period. We
observed a reduction in the levels of the activated (pro-fission) DRP1
phosphorylated at Ser616 and, to a lesser extent, of the total DRP1 in
both VAMP7KO and ATG5KO cells (Supplementary Fig. SH-J). Addi-
tionally, these cells showed reduced MFF levels (Supplementary
Fig. 5K, L). These results suggest that multiple stimuli (less fission,
increased mass) modulate mitochondrial structure, dynamics, and
function in VAMP7KO and ATG5KO NRK cells but not in WT cells,
possibly due to impaired quality-control mechanisms. Defects
observed in VAMP7KO cells may correspond to a block of MDV bio-
genesis, while those in ATG5KO cells may most likely be linked to
mitophagy defects. Given that ER and mitochondria are often func-
tionally and physically associated and that coincident defects in tub-
ular ER and mitochondria were observed in our study, we reasoned
that VAMP7 might similarly regulate both intracellular compartments,
converging towards the activation of common adaptive signaling
pathways.

VAMP7 mediates transport between the ER and CD63-- late
endosomes

Our parallel observations of tubular ER and mitochondrial defects in
VAMP7KO cells led us to investigate the molecular mechanism of
tubular ER transport to late endosomes, based on the mechanism of
fusing, by which MDV fuses with late endosomes in a VAMP7-
dependent manner®. We designed two assays to measure the pre-
sence of mitochondrial and ER components in CD63+ late endosomes
by colocalization and proximity to CD63. Firstly, we used confocal
microscopy to visualize the association of ER and mitochondrial
components with CD63, a marker of late endosomal/MVB compart-
ments, as proxies for their transport to late endosomes. These com-
partments are the veritable carriers of unconventional secretory
cargoes destined for the plasma membrane. We used RTN3 to stain the
reticular ER and Mitotracker to visualize mitochondria. We observed
increased co-occurrence of RTN3 and Mitotracker with CD63, as
measured by Pearson’s correlation coefficient, in ATG5KO cells, and
this was further enhanced by BafAl treatment in WT and ATG5KO cells
Fig. 3A-D). To corroborate the increase in the association of ER and
mitochondrial components with CD63+ compartments upon stimula-
tion of VAMP7-dependent secretion, we performed proximity ligation
assays (PLA) to quantify the proximity of endogenous proteins to
VDAC and CD63, as well as RTN3 and CD63. WT, VAMP7KO, and

ATG5KO cells were either left untreated or treated with BafAl. The
number of PLA-positive dots representing VDAC-CD63 and RTN3-
CD63 proximity increased in ATGSKO cells and decreased in VAMP7KO
cells (Fig. 3E-H). We further utilized RTN3 as a bona fide secreted
protein via VAMP7-mediated mechanisms and employed super-
resolution STED microscopy to image the vesicular compartments
driving this secretion. Donut-shaped membrane compartments
marked with CD63 were observed with close apposition of reticular
RTN3 (Fig. 3I). Altogether, these data suggest a parallel, VAMP7-
dependent mechanism that allows tubular ER and mitochondrial pro-
teins to reach late endosomes.

The short form of RTN3 is transported to CD63-- late endosomes
and interacts with CD63 in a VAMP7-dependent manner

RTN3 is an ER protein that maintains the structural integrity of the
tubular ER*. There are several RTN3 isoforms, amongst which the
135kDa protein, herein identified as the long isoform, is the most
studied. Work from the Dikic laboratory characterized the specific role
of the long form of RTN3 in ER-phagy, the autophagic degradation of
ER proteins*. The long isoform of RTN3 has several LC3-interacting
regions, allowing it to bind to the autophagy protein LC3 and assist in
packaging misfolded proteins from the ER into autophagosomes for
degradative autophagy***. To characterize the RTN3 isoform being
secreted through VAMP7-dependent secretion, we used the simulta-
neous expression of a Myc-tagged short form RTN3 (Myc-RTN3A) and
a Flag-tagged long form RTN3 (Flag-RTN3L). We observed the specific
secretion of the short form of RTN3 (RTN3A) but not of the long form
(RTN3L) (Fig. 4A, B). We next investigated whether the secreted short
form of RTN3 and CD63 were present in the same complex. We
expressed Myc-RTN3A in WT, VAMP7KO, and ATG5KO NRK cells,
treated the cells with BafAl to prevent lysosomal degradation, lysed
the cells, and immunoprecipitated the complexes using Myc-Trap
Agarose beads, and immunoblotted the immunoprecipitates for CD63.
We confirmed that RTN3A and CD63 are in the same complex in WT
cells. The presence of RTN3A in complex with CD63 was lower in
VAMP7KO cells and higher in ATG5KO cells than in WT cells (Fig. 4C,
D). The most likely hypothesis explaining the presence of such a
complex is that RTN3 is present in ER vesicles that exit the ER and fuse
with late endosomes/MVBs in a SNARE-dependent manner. A very
peculiar aspect of this result was the difference in the CD63 pattern
observed by immunoblotting. CD63 is a heavily glycosylated protein
that typically appears as a smear (Fig. 4C). We observed smears in the
lysates, but the CD63 immunoprecipitated with Myc-RTN3A appeared
as a thinner, ~50 kDa band. This band corresponds to a glycosylated
form because AD1, the monoclonal antibody*® that we use to detect rat
CD63, only recognizes the native (i.e., not boiled/denatured)
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glycosylated protein (Supplementary Fig. 6B). Interestingly, the exo-
somal form of CD63 was also shown to have a molecular weight of
~50 kDa"'. Therefore, the most likely hypothesis is that RTN3 interacts
with glycosylated species of CD63, which concentrate in sEVs/exo-
somes. RTN3 and CD63 could encounter each other in late endosomes
via two different routes: RTN3 via the ER to late endosomes, and CD63
via the ER to the Golgi, then to the cell surface, and finally to

endosomes. Alternatively, RTN3A could interact with an ER form of
CD63 bearing the specific glycosylation pattern found here, and this
complex could serve as a marker of a Golgi-bypass ER-to-late endo-
some route*®, To study the state of glycosylation of CD63 when it co-
immunoprecipitated with Myc-RTN3A, we co-expressed GFP-CD63,
and we treated the immunoprecipitated material with Endoglycosi-
dase H (Endo H) or PNGase F. PNGase F is expected to fully
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Fig. 3 | VAMP7 mediates transport between ER and CD63+ late endosomes.

A, B WT, VAMP7KO and ATG5KO NRK cells were either left untreated or treated
with BafAl (100 nM) for 60 minutes and stained with Mitotracker and CD63. Scale
bar =10 um. Pearson’s Correlation Coefficient (PCC) was measured using Image] for
the co-occurrence of Mitotracker and CD63. One-way ANOVA with Bonferroni’s
post hoc test was used to determine the statistical significance. Data is derived from
40 cells from three independent experiments and is presented as the mean +
SEM.***p-val < 0.001, ns non-significant. C, D WT, VAMP7KO and ATG5KO NRK
cells were either left untreated or treated with BafAl (100 nM) for 60 minutes and
stained with RTN3 and CD63. Scale bar =10 um. PCC was measured using Image] for
the co-occurrence of RTN3 and CD63. One-way ANOVA with Bonferroni’s post hoc
test was used to determine the statistical significance. Data is derived from 40 cells
from three independent experiments and is presented as the mean + SEM.

****p-val < 0.001, ns non-significant. E-H WT, VAMP7KO and ATG5KO NRK cells
were either left untreated or treated with BafAl (100 nM) for 60 min and PLA was
performed to quantify the RTN3/CD63 or the VDAC/CD63 interaction. One-way
ANOVA with Bonferroni’s post hoc test was used to determine the statistical sig-
nificance. Data is derived from 50 cells from three independent experiments and is
presented as the mean + SEM. ns non-significant, *p-val <0.05, * p-val < 0.01,
**p-val < 0.001. Scale bar = 10 um. I WT NRK cells were either left untreated or
treated with BafAl (100 nM) for 60 minutes and immunostained for RTN3 and
CD63. They were imaged using the Leica SP8 Confocal Microscope in the stimu-
lated emission depletion (STED) module to achieve a resolution of about 50 nm.
The inset shows ‘annular’ structures of CD63 with RTN3 spots indicated by white
arrowheads in close apposition of the CD63 membrane. Scale bar =5 um, 1um.
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Fig. 4 | The short form of RTN3 interacts with CD63 in a VAMP7-dependent
manner. A, B Secretion of the short isoform of RTN3 protein (RTN3A) is dependent
on VAMP7. WT, VAMP7KO and ATG5KO NRK cells were transfected with the long
Flag-RTN3L isoform and the short Myc-RTN3A isoform and either treated or not
with BafAl (100 nM) overnight in serum-free media. The total secreted fraction and
cell lysates were collected and analyzed and the ratio of secreted RTN3A over total
RTN3A was plotted. Unpaired Student t-test was used to determine the statistical
significance. Data is derived from three independent experiments and is presented
as the mean + SEM. *p-val < 0.05, **p-val < 0.01. C, D WT, VAMP7KO and ATG5KO
NRK cells were either untransfected or transfected with Myc-RTN3A, the short form
of RTN3. Immunoprecipitation was performed using Myc-Trap Agarose beads and
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the levels of Myc-RTN3A and CD63 were checked by immunoblotting. The relative
amount of CD63 immunoprecipitated was plotted. Unpaired Student t-test was
used to determine the statistical significance. Data is derived from three indepen-
dent experiments and is presented as the mean + SEM. *p < 0.05, *p <0.01. EWT
NRK cells were co-transfected with Myc-RTN3A and GFP-CD63 and treated with
Brefeldin A (20 pg/ml) for 1h30. Immunoprecipitation was performed using Myc-
Trap Agarose beads then beads were either left untreated or treated with Endo H or
Rapid PNGase. GFP-CD63 is still present in IP even if ER-to-Golgi traffic is blocked.
Cleaved GFP alone is not observed in IP demonstrating specificity of the immu-
noprecipitation. The experiment was replicated thrice with similar results.
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deglycosylate CD63 by removing all types of N-linked glycosylation. At
the same time, sensitivity to Endo H is particular for ER glycosylation
pattern***°. We found that both unglycosylated and glycosylated GFP-
CD63 were co-immunoprecipitated with Myc-RTN3A after or not
treatment with Brefeldin A, which inhibits ER-to-Golgi transport, sug-
gesting that complex formation does not require glycosylation and
passage through the Golgi apparatus (Fig. 4E). The topologies of CD63
and RTN3A are such that the glycan moiety of the luminal region of
CD63 cannot interact with RTN3 which has no fully transmembrane or
luminal domains. Altogether, these results provide strong evidence
that ER RTN3A can be secreted following transport to late endosomes,
where it forms a complex with CD63, both steps depending on VAMP7.

Work from our laboratory and others has characterized several
interacting partners of VAMP7. The SNARE partners of VAMP? include
Syntaxinl, Syntaxin3, Syntaxin5, Syntaxin17, SNAP23, SNAP25, SNAP29,
and SNAP47%5162651 VAMP7 along with t-SNAREs Syntaxinl and SNAP25
or Syntaxin3 and SNAP23 mediate the fusion of vesicles of late endo-
somal origin with the plasma membrane®>. VAMP7 interacts with Syn-
taxinl7 and SNAP29 to support autophagosome-lysosome fusion,
particularly in the absence of VAMPS8, and to mediate fusion of
mitochondrial-derived vesicles (MDVs) with late endosomes and
lysosomes*”. We have previously described the autoinhibitory role of
the VAMP7 N-terminal Longin domain'®. To further establish the role of
VAMP7? in the transport and secretion of ER components, we trans-
fected NRK cells with the short form of RTN3 (Myc-RTN3A) as descri-
bed above with or without RFP-Longin, to inhibit VAMP7 function. We
observed increased co-occurrence of Myc-RTN3A and CD63 in
ATG5KO cells, which was inhibited by expressing RFP-Longin, sug-
gesting a role for VAMP7 in facilitating the transport of an ER protein to
the late endosome (Fig. 5A, B).

To characterize and confirm VAMP7 partners in NRK cells, we
expressed empty GFP or GFP-VAMP7 in WT NRK cells. After immuno-
precipitation of GFP-VAMP7 and GFP alone and analysis of the eluates
by mass spectrometry, we identified the SNARE partners of VAMP7:
Rab21%, and CD63 (Supplementary Data 3, Supplementary Fig. 6C). We
considered only proteins detected in four independent experiments
and excluded those present in the GFP control in each experiment. We
identified proteins from different families, many of which correlate
with hits found in our previously published yeast two-hybrid (Y2H)
screens”. The pathways regulated by the interacting partners of
VAMP? unsurprisingly include membrane fusion, vesicular transport,
and SNARE activity, and members possessing chloride channel inhi-
bitor properties (Supplementary Fig. 6C, D). Of particular interest
here, we found that VAMP7 coprecipitated Syntaxin17, an MDV SNARE,
and Syntaxin5 and SNAP47, ER SNAREs (Fig. 5C). We have described
above the VAMP7-dependent secretion of RTN3 and VDAC, which is
particularly upregulated in ATGSKO cells. To decipher the mechanism
of delivery of ER/mitochondrial proteins to the late endosome/MVB,
we hypothesized that this occurs via vesicles originating from these
organelles. Our hypothesis was supported by previous data, which
suggest that VAMP7 can interact with ER (Syntaxin5 and SNAP47,
Fig. 5C-E) and MDV (Syntaxinl7, Fig. 5C, F) SNAREs and assist in traf-
ficking to the late endosomal compartment™'***, We expressed GFP or
GFP-VAMP7 in WT and ATGS5KO cells. To inhibit VAMP7 SNARE activity,
we attempted to KO VAMP7 in ATG5KO cells. We did not recover any
double KO cells. We then tried to KO ATGS5 in VAMP7KO, but again did
not obtain any double-KO cells. Thus, we expressed the autoinhibitory
Longin domain, RFP-Longin, in ATG5KO cells to acutely inhibit VAMP7.
We identified the interaction of VAMP7 with ER Q-SNAREs Syntaxin5
and SNAP47 and mitochondria/autophagosomal SNARE Syntaxinl7
(Fig. 5C). Interestingly, this interaction was increased in ATG5KO cells,
suggesting an increase in SNARE pairing to support increased trans-
port to late endosomes. The specificity of these interactions toward
VAMP7-dependent secretion is evident from the decrease in Syntaxins,
SNAP47, and Syntaxinl7 in ATG5KO cells using RFP-Longin to inhibit

VAMP? function (Fig. 5SD-F). Our results suggest that ER proteins reach
late endosomes via ER-derived vesicles, which fuse with late endo-
somes in a VAMP7-dependent manner, depending on the ER Q-SNAREs
and their t-SNARE partners, as previously shown for mitochondrial
proteins and MDVs*.

VAMP7-mediated secretion is upregulated upon mitochondrial
and ER stress

Our results so far have allowed to characterize a route of unconven-
tional secretion which requires VAMP7 and is involved in the secretion
of ER and mitochondrial proteins, with a particular reinforcement in
the absence of ATGS expression (i.e., degradative autophagy). We now
aimed to understand the importance of this secretion mechanism in
maintaining cellular health and survival when they are challenged with
inducers of ER or mitochondrial stress. The cellular milieu inherently
regulates unconventional secretion, and an uptick in cellular stress,
including ER stress, can increase this secretion to help cells adapt and
recover’. Pharmacological triggering of ER stress was shown to
enhance unconventional secretion facilitated by the Golgi protein
GRASP55*. We induced ER stress in NRK cells by treating them with
Thapsigargin, a high-affinity, non-competitive SERCA inhibitor, and
mitochondrial stress with Antimycin A, an inhibitor of mitochondrial
respiration. We analyzed the total secreted fraction from WT,
VAMP7KO, and ATGSKO cells, either untreated or treated with Thap-
sigargin, and observed increased secretion of RTN3 under ER stress.
We also observed a similar increase in mitochondrial VDAC secretion
when mitochondria were depolarized and stressed with Antimycin A
(Fig. 6A-D). We found that Antimycin A only stimulated secretion of
VDAC. In contrast, Thapsigargin only stimulated that of RTN3A, sug-
gesting that specific compartmental stress induced specific transport
to late endosomes and subsequent secretion (Fig. 6E-H). As described
previously, we visualized the association of ER and mitochondrial
components with a CD63-positive late endosomal/multivesicular body
(MVB) compartment. We observed an increased association of RTN3
and Mitotracker with CD63 in the ATGSKO cells, and this co-
occurrence of the two signals, as measured by Pearson’s correlation
coefficient, could be further enhanced by inducing ER and mitochon-
drial stress, respectively (Fig. 61-L). Therefore, ER and mitochondrial
stress can increase the transport of their respective organelle to late
endosomes and subsequent VAMP7-dependent secretion. We con-
clude that ER and mitochondrial proteins can be packaged into
autophagosomes, which then fuse with lysosomes, resulting in
degradation and recycling, as previously demonstrated (Supplemen-
tary Fig. 6E, top). As a parallel route (Supplementary Fig. 6E bottom),
the ER and mitochondrial proteins such as RTN3 and VDAC could exist
most likely in ER/mitochondria-derived vesicles, which could fuse with
the late endosomes/MVBs and further fuse with the plasma membrane
to release the content extracellularly, all in a VAMP7-dependent man-
ner (Supplementary Fig. 6E). This unconventional secretory mechan-
ism would be further activated when ER and/or mitochondria are
stressed, likely to prompt stress relief.

VAMP7KO glioblastoma cells generate more necrotic tumors

Based on previous results, we reasoned that autophagy-dependent late
endosomal secretion might play a crucial role in pathological stress
conditions, often met in diseases such as cancer. Indeed, exosome
release contributes to invasion, immune modulation, and tumor
growth®. In addition, it has been reported that glioblastoma (GB) cells
exhibit pronounced ER and mitochondrial stress, which enhances the
secretion of stress-associated vesicles that modulate the tumor
microenvironment>®*’. We also realized that lower VAMP7 expression
is associated with higher GB aggressiveness in various cohorts of
human GB (Fig. 7A-C) and of other primary brain tumors (Supple-
mentary Fig. 7B-F), including GB from the GBM-Mark cohort (in-
house®, Fig. 7A), or from the TCGA database (extraction of patients
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Fig. 5 | The short form of RTN3 is transported to CD63+ late endosomes in a
VAMP7-dependent manner. A WT, VAMP7KO and ATGS5KO NRK cells were
transfected with either only Myc-RTN3A or a combination of Myc-RTN3A and RFP-
Longin and immunostained with CD63. Scale bar =15 um. B Pearson’s Correlation
Coefficient (PCC) was measured for the co-occurrence of Myc-RTN3A and CDé63.
One-way ANOVA with Bonferroni’s post hoc test was used to determine the sta-
tistical significance. Data is derived from 40 cells from three independent experi-
ments and is presented as the mean + SEM. ***p-val < 0.0001, ns non-significant.
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C WT and ATG5KO NRK cells were transfected with either empty GFP, GFP-VAMP7
or a combination of GFP-VAMP7 and RFP-Longin. Inmunoprecipitation was per-
formed using GFP-Trap Magnetic Agarose beads and the levels of GFP-VAMP7 and
partner SNAREs were checked by immunoblotting. D-F Relative binding of ratio of
SNAP47, STX5 and STX17 to GFP-VAMP7 was analyzed and plotted. Data is derived
from three independent experiments and is presented as the mean + SEM. Welch’s
t-test was used to determine statistical significance across three independent
experiments. *p-val < 0.05, *p-val < 0.01.

with Stupp treatment Fig. 7B, extraction of mesenchymal (MES)
tumors, Fig. 7C). Beyond GB, low expression of VAMP7 was thus sig-
nificantly associated with poorer prognosis in a large panel of primary
tumors from the central nervous system, likely indicating its involve-
ment in a general mechanism in those tumors. Interestingly, as with
VAMP7, RTN3 expression negatively correlated with aggressiveness

(Supplementary Fig. 7G, H), suggesting a possible relationship
between the two players in regulating GB pathogenesis. This led us to
develop a model using rat RG2 cells grafted into the brain of immu-
nocompetent F344 rats*’. We searched for IDH1 and IDH2 mutations in
RG2 cells by RT-PCR and found them to be WT (Supplementary
Data 4). Therefore, the RG2 cell line could be considered a relevant
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model for mimicking the most aggressive and frequent forms of adult
glioblastoma, characterized by high proliferative capacity, extensive
necrosis, profound metabolic rewiring, and a highly immunosuppres-
sive microenvironment, compared with IDH-mutant glioma cells®®. We
generated VAMP7 and ATG5KO RG2 cells (Supplementary Fig. 6A) and
verified that they exhibited phenotypic traits similar to those of NRK
cells. Expectedly, VAMP7KO RG2 cells were impaired for the release of
RTN3A and VDAC, while ATG5KO RG2 cells released more of the ER

and mitochondrial components (Fig. 7D). As for NRK cells, both KO in
RG2 cells led to impaired mitochondrial basal respiration, maximal
respiration, ATP production, and spare capacity respiration (Fig. 7E).
We then grafted parental WT, VAMP7KO, and ATG5KO RG2 cells into
the brain of F344 rats in a syngeneic model. Two weeks after injection,
we either extracted the fresh tumors for direct analysis or fixed them
for histological analyses. Direct analysis of fresh and fixed tumors
showed that VAMP7KO cells generated considerably larger tumors
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Fig. 6 | VAMP7-mediated secretion and transport to late endosomes are
upregulated due to mitochondrial and ER stress. A-H WT, VAMP7KO, and
ATG5KO NRK cells were either untreated (UT) or treated with Antimycin A (AA,

2 uM) or Thapsigargin (Thap, 100 nM) and serum starved overnight. The next day,
the secreted media was processed, and total protein was precipitated using acet-
one. The total secreted fraction and cell lysates were collected and analyzed and the
ratio of secreted RTN3A over total RTN3A (A, B, G, H) or secreted VDAC over total
VDAC (C, D, E, F) was plotted. Two-tailed Welch’s t-test was used to determine the
statistical significance. Data is derived from three independent experiments and is
presented as the mean + SEM. *p-val < 0.05, **p-val < 0.01, ns non-significant. L, JWT,
VAMP7KO and ATG5KO NRK cells were either left untreated or treated with
Thapsigargin (Thap, 1 uM) for 60 minutes, fixed and stained with RTN3 and CD63.

Scale bar =10 um. Pearson’s Correlation Coefficient (PCC) was measured using
ImageJ for the co-occurrence of RTN3 and CD63. One-way ANOVA with Bonferroni’s
post test was used to determine the statistical significance. Data is derived from 40
cells from three independent experiments and is presented as the mean + SEM.
****p-val < 0.0001, ns non-significant. K, L WT, VAMP7KO and ATG5KO NRK cells
were either left untreated or treated with Antimycin (AA, 25 uM) for 45 min and
stained with Mitotracker and CD63. Scale bar =10 um. PCC was measured using
ImageJ for the co-occurrence of Mitotracker and CD63. One-way ANOVA with
Bonferroni’s post hoc test was used to determine the statistical significance. Data is
derived from 40 cells from three independent experiments and is presented as the
mean = SEM. ***p-val < 0.0001, ns non-significant.

than ATGSKO cells (Fig. 7F-1). This is consistent with previous studies
showing reduced growth of autophagy-deficient tumors® %
VAMP7KO-derived tumors showed twice as much necrosis as WT-
derived tumors and four times more than ATG5KO-derived tumors
(Fig. 7), K). Macrophages invaded much less VAMP7KO tumors than
WT tumors but were equally present in the periphery of VAMP7KO
compared to WT. ATG5KO tumors were less invaded by macrophages
overall, including the periphery, but this might be related to their
much smaller volume. In contrast, neutrophil infiltration remained
throughout the tumor region in all cases (Fig. 7L-N, Supplementary
Fig. 71-J). The decreased macrophage infiltration of VAMP7KO tumors
could be related to the increased necrosis, since when macrophage
recruitment is impaired or delayed, necrotic areas tend to expand and
persist. Altogether, our findings support the notion that late endoso-
mal secretion is likely a determinant of macrophage recruitment to
tumors. Further experiments should test the effect of RG2 secretome
without grafting the cells in vivo. One might conclude from those
experiments that late endosomal secretion plays an important, crucial
stress-related signaling role in tumor progression by inhibiting tumor
growth, most likely by releasing stress-related molecules that are
detected by macrophages and enhance a tumor-suppressive
microenvironment.

Discussion

Here, we show that autophagy-dependent late endosomal secretion
mediated by VAMP7 plays a crucial role in the clearance of both
mitochondrial and ER components. We demonstrate that blunting this
mechanism leads to pathophysiological consequences in tumors in
vivo. Loss or inhibition of VAMP? leads to alterations in mitochondrial
structure and function, accompanied by clear signs of ER homeostasis
disruption. In VAMP7KO cells, mitochondrial and ER-derived compo-
nents fail to be delivered to late endosomes and are consequently
unable to be released by the cells. In vivo, this pathway is particularly
relevant under pathological stress conditions, as illustrated by
VAMP7KO GB, which exhibits reduced macrophage infiltration despite
increased necrosis.

On the other hand, ATGS5KO cells consistently exhibit endosomal
secretion-phenotypic traits opposite those of VAMP7KO cells. As we
previously demonstrated in neuronal cells, we now find that ATG5KO
fibroblasts and GB cells secrete greater amounts of ER and mito-
chondrial components, a process we consistently found to depend on
VAMP7. The increased endo-lysosomal secretion observed in ATG5KO
aligns well with recent findings reporting a similar phenomenon in
neutrophils due to heightened lysosomal sensitivity to damage®. At
the molecular level, we observed increased formation of SNARE
complexes involving Syntaxinl7, Syntaxin5, and SNAP47 in ATG5KO
cells, suggesting increased fusion events engaging VAMP7 with these
Q-SNAREs, thus enhancing transport from the mitochondria or the ER
to late endosomes. In the ER, this membrane trafficking pathway is
likely mediated by ER-derived vesicles, as we observed increased
punctate RTN3 at late endosomes in ATG5KO cells and upon BafAl
treatment. These ER-derived vesicles are probably similar to the

Atlastin-1 vesicles originating from ER tubules®. The trafficking of such
ER-derived vesicles and their fusion with late endosomes has not been
previously proposed. It would differ from piecemeal micro-ER-phagy
leading to degradation of ER components**®® Interestingly, it mirrors
the mechanism described by the Fon Ilaboratory, in which
mitochondria-derived vesicles (MDVs) fuse with late endosomes via
the Q-SNAREs Syntaxinl7 and SNAP29 on MDVs and the R-SNARE
VAMP?7 on late endosomes®. Accordingly, expressing the Longin
domain of VAMP? inhibited the VAMP7 complex with both Syntaxin5
and 17 as well as the transport of RTN3A and mitochondrial compo-
nents to late endosomes. Therefore, we propose that the Syntaxin5/
SNAP47/VAMP7 SNARE complex mediates the fusion of ER-derived
vesicles while Syntaxin17/SNAP29/VAMP7 mediates the fusion of
MDVs with late endosomes. Interestingly, a key study®* used co-
immunoprecipitation to show that the association between Synapto-
tagmin VII (Syt VII) and the tetraspanin CD63 is palmitoylation-
dependent. This work demonstrated that Syt VIl and CD63 form
complexes that are directed to lysosomes. Earlier work from the same
group had also identified VAMP7 as the R-SNARE cooperating with Syt
VIl in lysosomal exocytosis”, further supporting a coordinated func-
tional relationship among these proteins. Our observation that RTN3A
and CD63 interact (Fig. 4E), together with the detection of CD63 in
VAMP?7 immunoprecipitates, further supports the idea that these three
proteins converge within late endosomes/MVBs. Future studies should
investigate how the assembly and disassembly of potentially larger
VAMP7-containing complexes are regulated under different physiolo-
gical conditions and disease-related states, as previously suggested®.

VAMP7KO cells did not exhibit any autophagy block. This may be
due to the involvement of other SNARE proteins, such as Yktép,
VAMPS, and Sec22b, in various membrane fusion steps of the autop-
hagic process in mammalian cells. Therefore, autophagy-dependent
late endosomal secretion mediated by VAMP7 appears to function in
parallel to degradative autophagy. Since we showed that the short
form of RTN3, RTN3A, is secreted by epithelial and GB cells, and since it
was reported that the long form RTN3L is not secreted but plays a role
in degradative autophagy*’, we propose that the mechanism of
VAMP7-dependent late endosomal secretion differs from secretory
autophagy (i.e., secretion of autophagosomes), which is mediated by
Sec22b®. RTN3A has 2 LIR motifs, whereas RTN3L has 6 LIRs. Increased
secretion of RTN3A, mediated by VAMP7 (Fig. 1B-E, Fig. 4) is likely to
represent a compensatory mechanism for the lack of degradative
reticulophagy in ATG5KO. Therefore, the two isoforms of RTN3 could
illustrate these parallel mechanisms of secretion (RTN3A) and degra-
dation (RTN3L). The potential role of the long amino-terminal tail of
RTN3L in distinguishing secretion from degradation will certainly
merit further attention.

The interaction between VAMP7 and CD63 (Supplementary
Data 3), which mediates cholesterol sorting into intraluminal vesicles
of late endosomes®’, may play an essential role in maintaining cho-
lesterol homeostasis. In VAMP7 knockout cells, alterations in ER
homeostasis are indicated by transcriptomic signatures and the
appearance of ER whorls (Supplementary Fig. 3B), features consistent

Nature Communications | (2026)17:3012

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69900-4

A GBMmark B TCGA_Stupp C TCGA_MES
100 — HIGH 100 —— HIGH 100+ —— HIGH
T — Low g — Low T — Low
; 75 S 754 S 754
2 3 a
£ 504 £ 504 £ 50
2 2 g
& 25 T 254 & 254
0 T T T T T 1 0 T T T T 1 0 T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 0 20 40 60 80 100
Months Months Months
)
RS o
X X O
D ~ é\ ,é’ia él\ (L:? F G
a = X < kba & ¥ &
25-
W == W RTN3| Cell Lysate 35- wm W= # VDAC [Cell Lysate
25- —_ RTN3‘ Secreted RTN3 35~ *¥ VDAC | secreted VDAC
8007 .
.l_\ "’E ns . *ox
E T E600
8 2
s 3400 .
g 2
= o
X © -
5 g . §200 e
o5 : 2
] .
E 3' 0- H
E
5 © ©
g E & &
s SIS
NS
& & B S \015“‘ ATG5KO =
5§ « & & D
& ey (] O P
N N ) < ¢
2 o 3° K
F 3 3 v
Ny S
Q.
@
o
R K
H 1 J
*
400+
ns
% . A 50+ *
L/ "’E *k
3004 40 =
£ . 5
o . £ ¢
1S 2 304
2 200 fqf k=
o ] %)
. > ° K3 20+
2 S 100+ o 3 .
_ § s 2 104
VAMP7KO 2 . z o
! 0 =0
SR 1 1 1
) | {(\ o © A é\ ~EO ~\9
| & o p e N &
/o V Q’\ & = . T e $2 Py
; > @@ ® ATG5KO: 1.06% necrosis Rl
L ATGS5KO IBA1 M N
30X centre 30X periphery
* > *
g 597 = 5
Ssd 3 g
£ . 9]
) 3 304 . 5
_(C%) L] E
[o% - 172
g2 g
VA s 10 %.
VAMP7KO = S
o &) s 3
i | 0- =
$ e ®
§¢
— <
ATG5KO A

with disruptions in cholesterol metabolic pathways. These changes
coincide with the coordinated activation of an ATF6-dependent cho-
lesterogenic program®*®® and ATF4-dependent regulation of choles-
terol metabolism’.

At the same time, VAMP7KO cells exhibit impaired mitochondrial
structure and function, suggesting a convergent role in both ER and
mitochondrial quality control. Our findings align with the hypothesis

that VAMP?7 mediates ER-derived vesicle and MDV fusion with late
endosomes, followed by exocytosis of the newly formed compart-
ment. We also observed that further induction of ER and mitochondrial
stress enhances VAMP7-dependent secretion of their respective com-
ponents, suggesting that cellular stressors are essential regulators of
this pathway. The observation that late endosomes secrete ER and
mitochondrial membrane proteins supports the idea that these
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Fig. 7| VAMP7KO glioblastoma cells generate more necrotic tumors.
A-CKaplan-Meier survival curve of patients bearing VAMP7 low (blue) or high (red)
expression in the GBM-mark cohort*®, TCGA Stupp and TCGA MES (mesenchymal
GB). p-val = 0.036; 0.044; 0.0005, respectively. D WT, VAMP7KO and ATG5KO RG2
cells were treated with BafAl (100 nM) to inhibit degradative autophagy and serum-
starved overnight. The next day, the secreted media was processed, and total
secreted protein was precipitated using acetone. The total secreted fraction and
cell lysates were collected and analyzed. The experiment was replicated thrice with
similar results (E) Oxygen consumption rate (OCR) rate of basal respiration, max-
imal respiration, spare capacity and ATP production is significantly lower in
VAMP7KO and ATG5KO RG2 cells compared with WT, indicating respiratory chain
inefficiency in VAMP7KO and ATG5KO RG2 cells. Statistical significance was
determined by ANOVA following by a Post Hoc group comparison with Bonferroni
correction (ns: non-significant, *p-val < 0.05, **p-val < 0.01, **p-val < 0.001, n =18/
group). F, G Measurement of freshly extracted tumors showed a tendency towards
larger tumors in the grafting of VAMP7KO RG2 cells and significantly smaller in the
grafted ATG5KO RG2 cells. Scale bar = 2 mm. Two-tailed Welch'’s t-test was used to
determine statistical significance. Data is derived from 4 animals/genotype from
three independent cohorts presented as the mean + SEM. *p-val < 0.05; ns: non-
significant. H, I IHC for Vimentin in the fixed tumors showed significant decrease in

the tumor volume of ATG5KO RG2 tumor. Scale bar = 2.5 mm. Data is derived from
6 animals/genotype from three independent cohorts presented as the mean + SEM.
**p-val < 0.01, *p-val < 0.05; ns: non-significant. Two-tailed Mann-Whitney test was
used to determine statistical significance. J, K Haematoxylin-Eosin staining of the
WT, VAMP7KO, and the ATG5KO RG2 tumors showed increased necrosis in the
VAMP7KO RG2 tumors and a decrease in the same for the ATG5KO RG2 tumors.
Scale bar =2.5mm. Data is derived from 6 animals/genotype from three indepen-
dent cohorts presented as the mean + SEM. **p-val < 0.01, *p-val < 0.05. Two-tailed
Mann-Whitney test was used to determine statistical significance. L Tumor sections
were double stained with HES and anti-Ibal antibodies (macrophage and microglial
cells) and revealed with secondary antibodies coupled to HRP and DAB. Maghnifi-
cation of the tumor center or periphery are shown for tumors derived from WT,
VAMPKO or ATGSKO cells. Scale bar =2.5 mm. M Quantitation of macrophage/
microglia staining in the tumor center. Data is derived from 6 animals/genotype
from three independent cohorts presented as the mean + SEM.*p-val < 0.05. Two-
tailed Mann-Whitney test was used to determine statistical significance.

N Quantitation of macrophage/microglia staining at the tumor periphery. Data is
derived from 6 animals/genotype from three independent cohorts presented as the
mean + SEM. *p-val < 0.05; ns non-significant. Two-tailed Mann-Whitney test was
used to determine statistical significance.

membrane proteins are loaded into intraluminal vesicles within late
endosomes and subsequently released as exosome-like vesicles. This
concept is further reinforced by the identification of ‘mitovesicles,
which are secreted in the brain” Furthermore, these results raise the
possibility of an alternate mitochondrial quality control pathway.
While the increase in mitochondrial mass in ATG5KO cells is explained
by decreased autophagy, concomitant with decreased mitochondrial
respiratory activity due to impaired quality control, VAMP7KO cells are
not deficient in autophagy yet still exhibit mitochondrial defects. This
suggests that perturbation of MDV trafficking might affect mitochon-
drial quality control in a manner that autophagy cannot resolve.
Blocking conventional secretion was previously shown to increase
unconventional secretion, at least in the case of CFTR, following a
mechanism involving RTN3L and ER stress’. This might suggest cross-
talks between conventional and unconventional secretions yet to be
further explored. Similarly, ER stress and the loss of the Golgi-bypass
ER-to-late endosome trafficking route in VAMP7KO might impact
conventional secretion, as suggested by a very recent work”, war-
ranting further investigation. The role of exosomes in cell commu-
nication remains controversial. Our finding that VAMP7 plays an
essential role in the secretion of CD63’, is pivotal to understanding the
biogenesis and function of these extracellular vesicles. Since its dis-
covery as the product of Sybll, an X-inactivated gene in humans™
VAMP7 has shown original features among SNAREs. Most importantly,
increased copy number was found to disrupt the human male uro-
genital tract via estrogen’. The loss of VAMP?7 affects the cell sphin-
golipidome, with increased ceramides and GM3s, increased glycerol,
and altered phosphatidyl ethanolamines””°. These metabolic changes
can be directly linked to ER and mitochondrial defects, and possibly to
defects in exosomal secretion. The mildness of the complete KO
phenotype is thus likely explained by the capacity of autophagy to at
least partially compensate for the in vivo inactivation of VAMP7, except
under certain conditions, such as heavy stress, which may be related to
cancer. Here, we found that glioblastoma is a pathological condition
that allowed us to uncover the function of autophagy-dependent late
endosomal secretion mediated by VAMP?7. The role of late endosomal
secretion in glioblastoma, unraveled here, is most likely related to ER
stress and the unfolded protein response, which are generally seen in
cancer cells”. Interestingly, VAMP7KO tumors, although larger,
exhibited increased necrosis, which may result from reduced
macrophage-mediated debris removal, defective stress-adaptive
secretion, and impaired lipid clearance’®. Consistent with this, mac-
rophages invaded less VAMP7KO tumors, whereas neutrophil

infiltration was unaffected (Fig. 7L-N, Supplementary Fig.ure 71,]). Our
findings support the notion that late endosomal secretion is a critical
determinant of macrophage recruitment to tumors. The attenuation of
ER- and mitochondria-derived protein secretion in VAMP7KO tumors
likely reduces the release of stress-associated signals that may con-
tribute to macrophage attraction to aggressive tumor regions. We
propose a mechanism through which macrophages could detect cel-
lular stress, a mechanism of high relevance in maintaining tissue
homeostasis’). Since GB-associated macrophages predominantly
exhibit immunosuppressive functions, it is reasonable to propose that
altering VAMP7-dependent secretion could reshape the immune
landscape of inherently “cold” tumors such as GB. Such reprogram-
ming may, in turn, create a therapeutic window that enhances the
efficacy of immune checkpoint inhibitors. It will be particularly rele-
vant to test if VAMP7 mediates the presentation of mitochondria and
ER peptides by MHC class I. We did not observe an opposite phenotype
in ATG5KO tumors associated with macrophage invasion (Fig. 7L-N),
but this might be due to decreased tumor size (Fig. 7F-I) or to differ-
ences in macrophage subtypes. Indeed, VAMP7KO tumors may limit
infiltration by tumor-suppressive macrophages while retaining tumor-
supportive macrophages at the periphery. Further studies will be
required to clarify these differential effects and the underlying
mechanisms.

In conclusion, our study demonstrates that the loss of
VAMP7? significantly impairs organelle quality control, specifically
affecting the ER and mitochondria and, in turn, influencing uncon-
ventional secretion processes. We have uncovered a membrane traf-
ficking pathway that enables tubular ER components, such as RTN3A,
to reach late endosomes via SNARE-dependent membrane fusion.
These findings pave the way for further research into various patho-
logical conditions where late endosomal secretion may play a crucial
role”. Based on our results, we propose that VAMP7-dependent late
endosomal secretion is an essential mechanism for organelle quality
control and intercellular communication, which may be relevant to
macrophage recognition of stressed cells, such as in cancer.

Methods

Animals

All the procedures were performed according to the European Com-
munities Council (Directive 2010/63/EU) guidelines and were duly
approved by the Ethical Committee Comité d'Fthique en matiére
d’Expérimentation Animale Paris Descartes (CEEA 34), and the French
Ministry of Higher Education and Research (under the reference

Nature Communications | (2026)17:3012

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69900-4

APAFIS#43935-2023050217203669 v6). All efforts were made to
minimize the number of animals and their suffering and the animals
were euthanized if two limit points as established by the ethics com-
mittee were reached. Rats were housed in a conventional facility under
controlled standard environmental conditions: 2-3 rats per cage with
enrichment, 21 °C, under a 12 h/12 h light/dark cycle, with water and
food available ad libitum.

Stereotaxic injection of rat glioblastoma cells

All surgeries were performed in a stereotaxic frame (Kopf Instru-
ments). 7-8-week-old male adult Fisher F344 rats were analgesized with
Buprenorphine (0.1 mg/kg, Ecuphar NV - Belgique) 20 min before
surgery. They were anesthetized with inhalant isoflurane (Vetflurane,
Virbac, France), 3% isoflurane in an induction chamber for induction,
and with 1.5-2% isoflurane in a mask into the stereotaxic apparatus for
maintenance. After the onset of the anesthesia, a protective eye gel
(Ocry-gel, Domes Pharma, France) was applied to the eyes to prevent
drying-up during the surgery. The skin of the skull was shaved, disin-
fected with Vetedine solution, locally anesthetized with a Lidocaine/
Prilocaine (Intervet - France) ointment and then incised to gain access
to the skull. 1x10° of WT, VAMP7KO or ATG5KO cells suspended in
20 uL of Hank’s medium were injected using a 25 uL Hamilton micro
syringe (702, Hamilton) with a beveled 22S Gauge needle. A micro
syringe pump with its controller (kd Scientific Legato 130) and its
digital coordinate reader (Stoelting) were used to control the speed of
the injection at 3 uL/min. The needle was slowly lowered to the target
site and was slowly removed 5-10 min after injection was complete.
Injections were targeted to the striatum (+1.0 mm AP, +3.0 mm ML,
—4.0 mm DV). Surgical glue (Vetbond, SMI AG, Belgique) was applied in
a thin layer to the skull around the craniotomy to prevent any defor-
mation associated with tumor formation. The skin was then sutured
with non-absorbable braided silk thread. Sterile NaCl (10 ml/kg) was
injected subcutaneously to prevent dehydration after surgery.

Post procedure monitoring

The animals were allowed to recover from the procedure before
returning to their home cages, after which they were given water and
food ad libitum. They were assessed clinically on a daily basis for the
apparition of signs of raised intracranial pressure (lethargy, vomiting,
cachexia) or focal neurological signs (hemiparesis). The subjects
were weighted weekly and at the time of death. Sacrifice was carried by
CO2 inhalation or an intraperitoneal injection of Pentobarbital
(140 mg/kg, Euthasol 40%, Le Vet B.V, Netherlands) 14 days from the
implantation procedure. Brains were retrieved immediately after
sacrifice, the tumors were either excised and imaged on millimetric
graph paper, or the entire brains were fixed using a 4% PFA (prepared
from PFA powder, Sigma-Aldrich, 441244) and processed for
immunohistochemistry.

Immunohistochemistry (IHC) and quantification

For IHC, samples were fixed in 4% PFA for at least 72 h, embedded in
paraffin at least 12 hours and sliced (4 pm) using a Leica microtome on
Superfrost Plus slides (VWR, 631-0108) prior to drying at 60 °C for 1 h.
The immunochemistry experiments were performed using the Dis-
covery XT machine (Roche) and the Chromo-Map DAB kit (Roche). The
following primary antibodies: Vimentin, Abcam ab92547 (EPR3776),
diluted 1/250; Ibal 1/800 WAKO, 019-19741; were incubated for 1 hour
at 37 °C. To perform the analysis, glass slides were digitized with the
scanner Nanozoomer 2.0-RS Hamamatsu. Quantification of vimentin
expression and Ibal staining was performed using the QPATH. For
quantifying tumor area and the ratio of tumor surface to specific
staining for macrophages or neutrophils, we used the QPATH software.
Tumors were easily delineated in the brains upon HES staining. Based
on the delineation of the tumor area, the percentage of staining was
quantified in all tumor sections.

Patients’ cohort and analyses

The experiments conformed to the principles set out in the WMA
Declaration of Helsinki and the Department of Health and Human
Services Belmont Report. All tumors were frozen after surgical resec-
tion. These tumors were either clinically or genetically characterized in
the department of neurosurgery of the Pontchaillou University hos-
pital and obtained from the processing of biological samples through
the Centre de Ressources Biologiques (CRB) Santé de Rennes BB-0033-
00056 (GBM-Mark cohort). The research protocol was conducted
under French legal guidelines and fulfilled the requirements of the
local institutional ethics committee. GBM were classified according to
(i) the presence of IDH1, OLIGO2 and TP53 expression and (ii) tumor
phenotype (size and form of tumor cells, hyperplasia, necrosis, pro-
liferation index). The cohort is composed of about 100 tumors from
patients with balanced age, gender, and homogeneous treatment'*°
and fully documented clinical data®®'°"'°2, Microarray data for these 76
tumors were analyzed™ and expression of VAMP7 mRNA used to
supervise these tumors in two groups expressing VAMP7 mRNA at low
or high levels. Patient survival associated with these two groups was
determined and visualized using Kaplan-Meier representation. To
confirm the results obtained with the GBM-MARK cohort, we used an
independent cohort from the GB TCGA dataset. These data were
curated to extract exclusively patients exposed to the STUPP protocol
and for which the corresponding survival data were available. We
identified 226 patients with these criteria'’. This subset of data com-
prises 226 patients with homogenous age range, and clinical data. The
following analysis of VAMP7 mRNA expression in normalized data
revealed tumors with high or low VAMP7 mRNA expression. We then
evaluated the survival of patients with tumors expressing the highest
(top quartile) and the lowest (bottom quartile) levels of VAMP7. In
addition, public datasets for different types of primary brain tumors
were analyzed for the expression of VAMP7 and RTN3 regarding sur-
vival outputs using Gliovis (https://gliovis.bioinfo.cnio.es/ - GlioVis
data portal for visualization and analysis of brain tumor expression
datasets'™).

Cell culture

Normal Rat Kidney (NRK) and Rat differentiated malignant glioma
(RG2) cell lines purchased from ATCC were grown at 37 °C and 5% CO,
in high-glucose DMEM (ThermoFisher, 41966029) supplemented with
10% Fetal Bovine Serum (Biosera, FB-1051H), 2mM L-Glutamine
(ThermoFisher, 25030024) and Penicillin-Streptomycin (Thermo-
Fisher, 15070063). The media was changed every 2 days, and the cells
were sub-cultured 1:5-1:10 once in 4-5 days. Starvation was induced by
replacing cell medium with EBSS (ThermoFisher, 24010043) supple-
mented with 0.2% BSA for 2 hours at 37 °C and 5% CO,, followed, in the
refeeding condition, by refeeding the cells with full cell medium
for 30 min.

Plasmids

Plasmids used in the study were as follows: pEGFP-C3 (Clonetech
Technologies), GFP-VAMP7, RFP-Longin (described in ref. 80),
pcDNA3.1-Myc-His RTN3A1 was a gift from Jimtong Horng
(Addgene plasmid # 31087; http://n2t.net/addgene:31087; RRI-
D:Addgene_31087), GFP-CD63 was a gift from John Paul Luzio (Cam-
bridge), Flag-RTN3L was a gift from Ivan Dikic**, ptfLC3 was a gift from
Tamotsu Yoshimori (Addgene plasmid # 21074; http://n2t.net/
addgene:21074; RRID:Addgene_21074).

Antibodies and reagents

Primary and secondary antibodies used in the study were as follows:
Anti RTN3 (Abcam, abl87764, Western blotting [WB] 1/1000,

Immunoflouorescence [IF] 1/250), Anti CD63 (BD Pharmingen, 551458,

WB 1/1000, IF 1/250), Anti VDAC1/2 (Proteintech, 55259-1-AP, Abcam,

abl4734, WB 1/2000), Anti Myc (Cell Signaling, 2272S, WB 1/1000) Anti
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Tubulin (Proteintech, 10094-1-AP, WB 1/5000), Anti GFP (Proteintech,
50430-2-AP, WB 1/4000), Anti SNAP47 (SYSY, 111403, WB 1/1000), Anti
Syntaxin5 (Gift from Richard Scheller, WB 1/1000), Anti Syntaxinl7
(Sigma-Aldrich, HPA001204, WB 1/1000), Anti GRP78/Bip (Pro-
teintech, 11587-1-AP, WB 1/2000), Anti Phospho-elF2a (Ser51) (Cell
Signaling, D9G8, WB 1/1000), Total elF2a (Cell Signaling, D7D3, WB 1/
1000), GAPDH (Sigma-Aldrich, G9545, WB 1/10000), Anti p-S616 DRP1
(Cell Signaling, 4494S, WB 1/1000), Anti p-S637 DRP1 (Cell Signaling,
6319, WB 1/1000), Anti DRP1 (Cell Signaling, 8570S, WB 1/1000), Anti
MFF (Cell Signaling, 84580 WB 1/1000), Anti OPA1 (BD Biosciences,
612606, WB 1/1000), Anti MFN2 (Abcam, ab124773, WB 1/1000), Anti
Beta-Actin (Sigma-Aldrich, A5441, WB 1/20000), Anti pS2448-mTOR
(Cell Signaling, 5536 P, WB 1/1000), Anti mTOR (Cell Signaling, 2983 P,
WB 1/1000), Anti LC3B (Abcam, ab48394, WB 1/1000), Anti p62/
SQSTMI1 (Abcam, ab56416, WB 1/5000), Anti pS757-ULK1 (Cell Signal-
ing, 14202 T, WB 1/1000), Anti ULKI (Cell Signaling, 8054, WB 1/1000),
Anti pT389-P70S6K (Cell Signaling, 9208S, WB 1/1000), P70S6K (Cell
Signaling, 9234, WB 1/1000), Anti-rabbit IgG, HRP-linked Antibody
(Cell Signaling, 7074, WB 1/10000), Anti-Mouse IgG, HRP- linked
Antibody (Cell Signaling, 7076, WB 1/10000), Alexa Fluor 568 Goat
Anti-Mouse (ThermoScientific, A11031, IF 1/250), Alexa Fluor 568
Donkey Anti-Mouse (ThermoScientific, A10037, IF 1/250), Alexa Fluor
488 Donkey Anti-Rabbit (ThermoScientific, A21206, IF 1/250), Vimen-
tin (Abcam ab92547, EPR3776, IHC 1/250), Ibal (WAKO, 019-19741, IHC
1/800).

The chemicals and reagents used in the study were: MitoTracker™
Red CMXRos (ThermoFisher, M7512), Mitotracker Deep Red™ (Ther-
moFisher, M22426), Mitotracker Green™ (ThermoFisher, M7514), ER
Tracker Red (ThermoFisher, E34250), Phalloidin Alexa647 (Thermo-
Fisher, A22287), Bafilomycin Al (Cell Signaling, 54645), Antimycin A
(Cell Signaling, 33357), Thapsigargin (Cell Signaling, 12758), Torinl
(Invivogen, Inh-torl), Fluorescein isothiocyanate-dextran (dextran-
FITC) (Sigma-Aldrich, FD10S-100MG), Dextran Alexa Fluor™ 647
(ThermoFisher, D22914).

KO cell lines generation by CRISPR/Cas9 genetic engineering
To generate the KO NRK and RG2 cell lines, we used the RNA-guided
Cas9 endonuclease system derived from the microbial clustered reg-
ularly interspaced short palindromic repeats (CRISPR) adaptive
immune system®.. The guide RNAs sequences were chosen with the
web-based selection tool CRISPR which implements scoring algo-
rithms based on their potential off-target and on-target DNA cleavage
activity®’. After selecting the 2-3 highest-scored guide RNAs sequen-
ces, they were cloned into a pSpCas9(BB)-2A-GFP backbone plasmid.
pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang (Addgene
plasmid # 48138; http://n2t.net/addgene:48138; RRID: Addgene
48138). The guide RNAs have already been described in our previous
publication”. After confirmation of the correct insertion, plasmids
were purified and transfected to NRK or RG2 cells. The following day,
cells were trypsinized using Trypsin-EDTA (ThermoFisher, 25300054)
and detached from the culture dish, pelleted and re-suspended in PBS
Ca++/Mg++ free, 1mM EDTA, 25 mM HEPES, 1% fetal bovine serum,
penicillin and streptomycin. Cells were then sorted by a Fluorescence
Activated Cell Sorter by placing one GFP-expressing cell per wheel in a
96-multi wheel dish containing complete media supplemented with
Penicillin, Streptomycin and Kanamycin (Euromedex, BI-KB0286-25G).
Finally, cells were amplified until final confirmation of gene knockout
by protein electrophoresis and western blot.

Protein extraction, SDS-PAGE and western blotting

Cells were extracted with a TSE lysis buffer composed of 50 mM Tris
pH 7.4; 150 mM NaCl; 1% Triton X-100 (Sigma-Aldrich); 0.5 mM EDTA
and 1X complete protease inhibitor cocktail (Sigma Aldrich,
05056489001). After extraction, samples were centrifuged at 16,000 g
at 4°C for 20 minutes and the supernatant was recovered. Protein

content was estimated using Bradford assay. For the blots involving
mitochondrial proteins, the cells were lysed in RIPA buffer (50 mM Tris
pH 7.4; 150 mM NaCl; 5mM EGTA; 1% Triton X-100; 0.1% SDS; 0.5%
Deoxycholate), centrifuged 10,000 g at 4 °C for 10 min. Protein esti-
mation was performed on the cleared lysates using BCA assay.
20-30 g of total protein was loaded into 12% Laemmli-SDS-PAGE gels
and run at 80V for 30 minutes and then 110 V for another 90 minutes
approximately. Proteins were then transferred to a 0.45um nitro-
cellulose membrane at 100 V for 90 minutes at 4 °C. Membranes were
blocked with a phosphate-buffer saline solution (PBS) supplemented
with 5% non-fat dry milk. Primary and secondary antibodies were
incubated in PBS supplemented with 5% non-fat dry milk solution.
Secondary antibodies were conjugated with Horse Radish Peroxidase
and the membranes were developed with SuperSignal™ West Femto
Maximum Sensitivity Substrate (ThermoFisher, 34095). Images were
acquired in a Chemidoc imagerTM (BioRad) using an Auto setting
followed by a manual exposure for low and high exposure images as
needed. Non-saturated images were analyzed with Fiji/lmage)
(National Institute of Health, NIH) to determine signal density.

Immunoprecipitation

WT, VAMP7KO and ATG5KO NRK cells were plated on 10 cm dishes at
about 60% confluency (-6 x10° cells) and were allowed to attach
overnight. The next day, the cells were either left untransfected or
transfected with the appropriate plasmid using JetPrime transfection
reagent (PolyPlus, 10100004 6). We transfected the cells following the
manufacturer’s protocol and changed the media six hours after the
transfection. Thirty six hours after transfection, the cells were trypsi-
nized using Trypsin-EDTA and processed for immunoprecipitation. We
used either the GFP-Trap Magnetic Agarose beads (Chromotek, GTMA-
20) or the Myc-Trap Agarose beads (Chromotek, YTA-20) for
immunoprecipitation.

GFP-Trap Magnetic Agarose Immunoprecipitation

WT and ATGS5KO NRK cells were transfected with empty GFP vector,
GFP-VAMP7 or a combination of GFP-VAMP7 and RFP-Longin were
washed with D-PBS (ThermoFisher, 14190169), trypsinized using
Trypsin-EDTA and centrifuged at 100 g for 4 minutes. The pellets were
washed again with D-PBS, the supernatant was removed, and the pel-
lets were lysed on ice for 30 min using an ice-cold lysis buffer com-
posing of 10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5 mM EDTA (Sigma-
Aldrich), 0.5% NP-40 and 1X complete protease inhibitor cocktail. The
lysates were centrifuged at 16,000 g for 20 min at 4 °C for clearing. The
supernatants after clearing were collected and transferred to a new
tube and protein estimation was performed using Bradford assay. The
GFP-Trap beads were equilibrated by carefully washing three times
with ice-cold Dilution buffer (10 mM Tris-HCI pH 7.5, 150 mM Nacl,
0.5 mM EDTA) and were incubated with 1 mg cell lysate at 4 °C for 2h
with end-to-end rotation. The unbound fraction was removed, and the
beads were washed five times with ice-cold washing buffer (10 mM
Tris-HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.1% NP-40) to remove
non-specifically bound proteins. The bound fraction was eluted in 2X
Laemmli sample buffer by boiling at 95 °C and analyzed by SDS-PAGE.

Myc-Trap Agarose Immunoprecipitation
WT, VAMP7KO and ATGS5KO NRK cells were either left untransfected or
transfected with the Myc-RTN3A plasmid. The lysis and immunopre-
cipitation protocol were identical as for the GFP-Trap Magnetic Agar-
ose beads. Before lysis, NRK cells were treated with BafAl (100 nM) to
inhibit lysosomal degradation. To immunoblot for CD63, the bound
fraction was eluted in 2X Laemmli buffer without DTT and heated at
37°C for 10 min before analysis by SDS-PAGE.

WT NRK cells co-transfected with the Myc-RTN3A and GFP-CD63
plasmids were also used for Myc-Trap Agarose Immunoprecipitation.
The protocol was identical to that cited above.
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Deglycosylation and ER-to-Golgi transport inhibition of CD63
with Endo H/PNGase and with Brefeldin A

After Myc-Trap Agarose Immunoprecipitation of lysates from WT NRK
cells co-transfected with the Myc-RTN3A and GFP-CD63 plasmids,
beads were treated with Endo H (New England Biolabs, PO702L) or
Rapid PNGase F (New England Biolabs, PO710S) following the proto-
cols of the manufacturer. For Endo H treatment protocol, Endo H
treatment (+Endo H) or no Endo H treatment condition (-Endo H) were
preceded by denaturation step of 10-minute boiling at 100 °C with
buffer containing SDS and DTT. Then, beads were incubated with Endo
H at 37 °C for 1 hour 30 minutes. For Rapid PNGase F treatment pro-
tocol, beads were incubated with Rapid PNGase F at 50 °C for 10 min.
Final elution of bound fraction in 2X Laemmli buffer with or without
DTT, at 95 °C for 5 min or at 37 °C for 10 min respectively, was realized
before being analyzed by SDS-PAGE.

To inhibit ER-to-Golgi transport of CD63, Brefeldin A (BFA, Sigma-
Aldrich, B7651) was used to treat WT NRK cells co-transfected with the
Myc-RTN3A and GFP-CD63 plasmids at a concentration of 20 pg/ml for
1h 30 min before lysis. BafAl (100 nM) was added in the cell culture
media for the last 45min of BFA treatment to inhibit lysosomal
degradation.

Exosome extraction and analysis

WT, VAMP7KO and ATG5KO NRK cells were plated on 15 cm dishes at
about 80% confluency and were allowed to attach overnight. The day
following cell seeding, the complete culture media was changed to
serum-free DMEM with BafAl (100 nM) and left overnight. The exo-
some preparation was done using the Invitrogen Total Exosome Iso-
lation Reagent (from cell culture media) (#4478359). The cell culture
media were recovered and centrifuged at 2,000 g for 30 minutes to
remove cell debris. The supernatant was carefully transferred to a fresh
Falcon tube and 0.5X volume of the exosome reagent was added and
mixed. The tubes were incubated overnight at 4 °C, followed by a
10,000 g centrifugation for 60 minutes. In order to remove the media,
the supernatant was carefully removed and 5 ml cold PBS was added,
followed by a repeat centrifugation at 10,000g for 30 min. The
supernatant was removed, and the pellet was carefully mixed in 75 pl
cold PBS and stored at 4 °C before analysis either by SDS-PAGE and
western blotting or by Differential Light Scattering (DLS) Zeta-Sizer
(Malvern Instruments).

Secreted fraction preparation

WT, VAMP7KO and ATG5KO NRK cells were plated on 15 cm dishes at
about 80% confluency and were allowed to attach overnight. The day
following cell seeding, the complete culture media was changed to
serum-free DMEM with or without treatment and left overnight. Cells
were processed for western blot as described. The cell culture media
was recovered and centrifuged at 2,000 g for 10 minutes to remove
cell debris. The supernatant was then treated with 3X volume of
acetone and centrifuged at 15,000 g for 30 min to recover all secreted
proteins. The pellet was then re-suspended in TSE lysis buffer with
Triton X-100 at a final concentration of 1% followed by SDS-PAGE and
western blotting.

Proteomics for the immunoprecipitated samples to character-
ize VAMP7 partners

Protein digestion. S-TrapTM micro spin column (Protifi, Hutington,
USA) digestion was performed on IP eluates in 2X Laemmli buffer
according to manufacturer’s instructions. Briefly, samples were
reduced with 20 mM TCEP and alkylated with 50 mM chloracetamide
(CAA) for 5 minutes at 95 °C. Aqueous phosphoric acid was then added
to a final concentration of 2.5% following by the addition of S-Trap
binding buffer (90% aqueous methanol, 100 mM TEAB, pH 7.1). Mix-
tures were then loaded on S-Trap columns. Four additional washing
steps were performed to ensure thorough SDS removal. Samples were

digested with 1.5 pg of trypsin (Promega) at 47 °C for 2 h. After elution,
peptides were vacuum dried and resuspended in 15 ul of 2% ACN, 0.1%
formic acid in HPLC-grade water prior to MS analysis.

NanoLC-MS/MS protein identification and quantification

The tryptic peptides (1/4 of digest) were injected on a nanoelute
(Bruker Daltonics, Germany) HPLC (high-performance liquid chroma-
tography) system coupled to a timsTOF Pro (Bruker Daltonics, Ger-
many) mass spectrometer. HPLC separation (Solvent A: 0.1% formic
acid in water; Solvent B: 0.1% formic acid in acetonitrile) was carried
out at 400nL/min using a packed emitter column (C18, 25cm x 75
pm x 1.6 pm) (lon Optics, Australia) using a 15min gradient elution
(2-17% solvent B during 8 min; 17-25% during 2 min; 25% to 37% during
2 min; 37% to 95% for 1 min and finally 95% for 2 min to wash the col-
umn). Mass-spectrometric data were acquired using the parallel
accumulation serial fragmentation (PASEF) acquisition method in DIA
mode. The measurements were carried out over the m/z range from
475 to 1000 Th. The range of mobility values was from 0.8 to 1.27 V's/
cm?(1/k0). The total cycle time was set to 0.95s, and the number of
PASEF MS/MS scans was set to 10.

Data Processing Following LC-MS/MS acquisition

Data analysis was performed using DIA-NN software (version 1.8.1)%. A
search against the UniProtKB/Swiss-Prot Rattus norvegicus database
mixed with its trEMBL entries (updated February 2021, 36188 entries)
was performed using library free workflow. For this purpose, “FASTA
digest for library free search/library generation” and “Deep learning
spectra, RTs and IMs prediction” options were checked for precursor
ion generation. A maximum of 1 trypsin missed cleavage was allowed,
and the maximum variable modification was set to 2. Carbamido-
methylation (Cys) was set as the fixed modification, whereas protein
N-terminal methionine excision, methionine oxidation and N-terminal
acetylation were set as variable modifications. The peptide length
range was set to 7-30 amino acids, precursor charge range 2-4, pre-
cursor m/z range 300-1300, and fragment ion m/z range 300-1300.
To search the parent mass and fragment ions, accuracy was set to 10
ppm. The false discovery rates (FDRs) at the protein and peptide level
were set to 1%. Match between runs was allowed. For the quantification
strategy, Robust LC (high precision) was used as advised in the soft-
ware documentation, whereas default settings were kept for the other
algorithm parameters.

Statistical and bioinformatic analysis were performed with Per-
seus software (version 1.6.15)%* freely available at www.perseus-
framework.org. All protein intensities were log2 transformed to per-
form statistics. For statistical comparison, we set 2 groups, each con-
taining up to 4 biological replicates: GFP (negative control) and VAMP7
immunoprecipitates. For the VAMP7 group, we normalized all the
measured values on the VAMP? intensity median. We then filtered the
data to keep only proteins with at least 3 out of 4 valid values in at least
one group. Next, the data were imputed to fill missing data points by
creating a Gaussian distribution of random numbers with a standard
deviation of 33% relative to the standard deviation of the measured
values and 1.8 standard deviation downshift of the mean to simulate
the distribution of low signal values. We performed a two-sample t-test
with FDR < 0.05 and SO =1. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD057152%.

Cellular oxygen consumption (respirometry)

Mitochondrial respiration was measured, as described previously®.
Briefly, cells were plated in Seahorse XF96 plates and allowed to
adhere overnight. The following day, cell culture medium was replaced
with fresh DMEM (D5030, Sigma-Aldrich) supplemented with 5mM
HEPES (pH 7.4) without FBS, and cells were allowed to stabilize for 1h
in a non-CO, incubator at 37 °C. Oxygen consumption rate (OCR) was
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then quantified using the MitoStress Test and Seahorse XF96 Extra-
cellular Flux Analyzer (Agilent) according to the manufacturer’s
instructions. During the test, Oligomycin (2 uM), BAM-15 (2 uM), and a
mix of Rotenone/Antimycin A (2uM) were injected sequentially to
assess the different mitochondrial respiration parameters.

OCR (respiration) of RG2 lines (WT, VAMP7KO and ATG5KO) was
measured by a Seahorse XF analyzer (XFp, Proteigene/Agilent). Key
parameters of mitochondria functions which are basal respiration,
maximal respiration, ATP production, spare capacity and proton leak,
were obtained by sequential injection of Oligomycin (1uM), FCCP
(2uM) and Rotenone/antimycin A (0.5uM), following the standard
protocol of the XFp Cell Mito Stress Test Kit (3 measures par phase).
For each of the 3 independent experiments, cells were plated in 3
utility plates (2 replicated par cell lines and plate, N=18).

Measurement of pH and lysosomal positioning

Cells were incubated concomitantly with 250 pg/ml dextran-FITC (pH
sensitive - less fluorescent in acidic pH) and 50 pg/ml dextran-
AlexaFluor 647 (pH insensitive) for 16 hours in full medium, followed
by a washout of 6 h and then incubation with 5pg/ml Hoechst for
10 min (adapted from refs. 30,87,88). After, cells were live-imaged in a
confocal Zeiss LSM 980 with Airyscan 2 (63X, 1.4 NA, oil immersion
objective) at 37 °C. As an indication of relative pH levels, and therefore
of degradative capacity, the ratio between the mean fluorescent
intensities of dextran-FITC and dextran-AlexaFluor 647 were obtained
for each individual lysosomal particle. For the definition of the lyso-
somal particles as Regions of Interest (ROIs), the channel corre-
sponding to the signal for dextran-AlexaFluor 647 was optimized and
thresholded using the adaptive thresholding tool available in the plu-
gin ‘Mitochondria Analyzer’, followed by the analyze particle macro
from ImageJ/Fiji. The mean fluorescent intensities for each channel
were then measured with the obtained ROIs. The centroids for each
ROI were also obtained and their distance relative to both the plasma
membrane and the nuclear membranes (in the shortest straight line)
was measured in the Python Integrated Development Environment
(IDE) Spyder software. The distance of each ROI to the nucleus versus
total distance (nuclear membrane-lysosome + lysosome-plasma
membrane) was then determined as a ratio and each lysosomal parti-
cle was attributed to a quartile representing distance from the nucleus
(0.25, 0.50, 0.75, 1). The dextran-FITC/AlexaFluor 647 ratio was then
averaged across all lysosomes in each quartile for each cell.

Flow cytometry

Plated cells were incubated with 200 nM MitoTracker GreenTM (or
vehicle) dissolved in full cell medium for 30 minutes, followed by three
washings with PBS. Cells were then collected by trypsinization and
centrifugation and resuspended in PBS +0.2% BSA, followed by flow
cytometry-driven detection of fluorescence using a BD FACSCali-
burTM (BD Biosciences).

Immunofluorescence

WT, VAMP7KO and ATGS5KO cells were plated on glass coverslips and
allowed to attach overnight. Depending on the experiment, the cells
were transfected or were processed directly for endogenous staining.
Cells were fixed with a 4% formaldehyde solution (PFA, prepared from
32% PFA, Electron Microscopy Sciences, 15714S) for 20 min, followed
by three PBS washes and permeabilization with 0.1% PBS-Triton for
5 min. After three washes with PBS, the blocking step was performed
with 0.25% PBS-gelatin at room temperature for one hour. The primary
and secondary antibody were prepared in 0.125% PBS-gelatin. The
incubation with the primary antibodies was performed overnight at
4 °C, followed by three washes and an incubation in secondary anti-
body at room temperature for 1 h. The coverslips were mounted on the
slides using the Vectashield mounting medium (Vector Labs, H-1000)
and were immobilized using clear nail polish.

Proximity ligation assays (PLA)

WT, VAMP7KO and ATGS5KO cells were plated on glass coverslips and
allowed to attach overnight. PLA was performed using the DUOLINK
Kit (Sigma-Aldrich, DUO92002/04) following the manufacturer’s
protocol.

Confocal microscopy

For high-magnification analysis, Z-stacks of confocal images were
acquired in Zeiss LSM 880 Confocal Laser Scanning Microscope (63X,
1.4 NA, oil immersion objective), the Leica True Confocal Scanner
(TCS) SP5 (63X, 1.4 NA, oil immersion objective) or the Zeiss LSM 710
Confocal Laser Scanning Microscope. In all cases, lasers and spectral
bands were chosen to maximize signal recovery while avoiding signal
bleed through. Live imaging was performed at 37 °C using Zeiss LSM
880 Confocal Laser Scanning Microscope (63X, 1.4 NA, oil immersion
objective).

STED microscopy

STED images were acquired within Neurlmag facility using confocal
laser scanning microscope LEICA SP8 STED 3DX equipped with a 93x/
1.3 NA glycerol immersion objective and 3 hybrid detectors (HyDs).
The specimens were excited with a pulsed white-light laser (598 nm or
640 nm) and depleted with a pulsed 775 nm depletion laser to acquire
nanoscale imaging using SMD HyD detector. Typically, STED Images
(1200 x 1200 px) were averaged 16 times in line and acquired with a
magnification zoom >2 leading to a pixel size in the range of 30-35 nm.
Excitation laser was adjusted to avoid any saturating pixels, and the
same laser intensity and HyD sensitivity were used for both control and
treated cells.

Image Analysis

All quantifications were done using the Fiji/Image]J or Icy software
The ‘Analyze-Measure’ plugin in Fiji/lmage] was used for intensity
measurement after background subtraction and for length measure-
ment after setting an appropriate scale. The ‘Cell Counter’ plugin was
used for counting the mitochondria number. The Fiji/Image)
plugin ‘Mitochondria Analyzer’ was used to count mitochondrial
number and determine mitochondrial morphological and connectivity
parameters in deconvolved high-resolution Z-stack images (deconvo-
lution performed with the ‘PSF Generator’ and ‘DeconvolutionLab2’
plugins)*

For co-localization analysis, Z-stacks and unprocessed images
were used for quantifications using green (Ex. 488 nm) and red (Ex.
594 nm) or far-red (Ex. 647 nm) channels. The colocalization analysis
was performed using the Just Another Colocalization Plugin (JACoP) in
the Fiji/Image] software’’. The extent of colocalization was assessed
using Pearson’s correlation coefficient (PCC).

We used a custom ImageJ/Fiji script to batch-process multi-
channel CZI stacks and generate radial profiles around nuclei. A
z-projection of the RTN3 channel was used as a proxy for the cell
envelope to create a cell mask. CLAHE contrast enhancement and
automatic thresholding were applied. An assisted-manual correction
procedure was performed when required. Nuclei were segmented
from the nuclear (DAPI) channel by projection, thresholding, size fil-
tering and optional watershed. A Euclidean distance map of the cell
mask was then computed to obtain per-pixel distances to the cell
border. This map was used to determine the nucleus-to-periphery
distance for each cell and to guide annulus construction. Concentric
annuli were built by iterative ROI enlargement around each nucleus
and Boolean-intersected with the mask, with annulus thickness set in
pixels (or as a fraction of the nucleus-periphery distance) and radial
positions normalized to the cell periphery so profiles are comparable
between cells. For each annulus we measured area, normalized
intensity and intensity density on the signal channel. Distances were
normalized to the cell periphery. Per-cell per-annulus measurements,

89,90
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the ROI archive and representative TIFFs (EDM pattern and summed
signal) were exported as tables and images.

Conventional Electron Microscopy

WT and VAMP7KO NRK cells were grown on glass coverslips and
processed as described previously®. Briefly, cells were fixed with 2.5%
Glutaraldehyde in 0.1 M Cacodylate buffer overnight at 4 °C, post-fixed
with 1% 0s04/ 1.5% Potassium ferricyanide 45 min at 4 °C, dehydrated
in ethanol and embedded in Epon resin. The samples were processed
for ultramicrotomy and ultrathin sections (60-70 nm), post-stained
with uranyl acetate and lead citrate and analyzed with a Transmission
Electron Microscope (Tecnai Spirit G2; ThermoFischer, Eindhoven,
The Netherlands) equipped with a 4k CCD camera (Quemesa, EMSIS,
Miinster, Germany).

RNA-seq, data visualization and enrichment analysis

RNA was isolated from one 10 cm dish each of WT, VAMP7KO and
ATG5KO NRK using the RNA-easy Midi Kit (Qiagen, 75144). Four
independent replicates were used for this analysis. RNA-Seq libraries
were generated from 600 ng of total RNA using Illumina Stranded
mRNA Prep, Ligation kit and IDT for Illumina RNA UD Indexes Ligation
(Ilumina) according to manufacturer’s instructions (Reference Guide -
PN 1000000124518: v3). Libraries were checked for quality and
quantified using Bioanalyzer 2100 (Agilent). Libraries were sequenced
on an Illumina NextSeq 2000 sequencer as 50 bases reads. Image
analysis and base calling were performed using RTA version 2.7.7 and
BCL Convert version 3.8.4 (Illumina). Reads were preprocessed using
cutadapt® version 4.2 to remove adapter, polyA and low-quality
sequences (Phred quality score below 20), reads shorter than 40 bases
were discarded for further analysis. Reads mapping to rRNA were also
discarded (this mapping was performed using bowtie®* version 2.2.8).
Reads were then mapped onto the mRatBN7.2 assembly of Rattus
norvegicus genome using STAR™ version 2.7.10b. Gene expression was
quantified using htseq-count’ version 0.13.5 and gene annotations
from Ensembl release 110. Differential gene expression analysis was
performed using R 4.1.1 and DESeq2’” 1.34.0 Bioconductor library,
adjusting for batch effect. Gene sets were tested for enrichment using
the Gene Set Enrichment Analysis (GSEA)** either with the Gene
Ontology gene set or the Hallmark gene sets. Normalized Enrichment
Score (NES) and p-values were computed with GSEA. Volcano plots and
bubble plots were generated using freely available visualization and
analysis tools, iDEP’® and SRplot”.

Statistics and Reproducibility

All experiments were performed in the laboratory with a minimum of
three independent biological replicates. Data are expressed as
mean + SEM until otherwise stated. Statistical significance between
groups was determined using one-way ANOVA, Kruskal-Wallis test,
mixed-model two-way ANOVA, Mann-Whitney test or Unpaired/
Welch'’s t-test. Statistical analysis was performed using GraphPad Prism
v10.6.1. No statistical method was used to predetermine sample size.
We did not exclude any data from the analyses. The experiments were
not randomized and required intermediate intervention, hence the
investigators could not be blinded to allocation during experiments
and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data associated with this study can be found in the paper, the
Supplementary materials, and the Source data file. Research materials
are available upon request. The mass spectrometry proteomics data

have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD057152. The
RNA sequencing data have been deposited to the GEO repository with
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