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1Université de Paris, Institute of Psychiatry and Neuroscience of Paris, INSERM U1266, Membrane Traf�c in Healthy & Diseased Brain, 75014
Paris, France
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SUMMARY
VAMP7 is involved in autophagy and in exocytosis-mediated neurite growth, two yet unconnected cellular
pathways. Here, we �nd that nutrient restriction and activation of autophagy stimulate axonal growth, while
autophagy inhibition leads to loss of neuronal polarity. VAMP7 knockout (KO) neuronal cells show impaired
neurite growth, whereas this process is increased in autophagy-null ATG5 KO cells. We �nd that endoplasmic
reticulum (ER)-phagy-related LC3-interacting-region-containing proteins Atlastin 3 and Reticulon 3 (RTN3)
are more abundant in autophagy-related protein ATG5 KO and less abundant in VAMP7 KO secretomes.
Treatment of neuronal cells with ATG5 or VAMP7 KO conditioned medium does not recapitulate the effect
of these KOs on neurite growth. A nanobody directed against VAMP7 inhibits axonal overgrowth induced
by nutrient restriction. Furthermore, expression of the inhibitory Longin domain of VAMP7 impairs the sub-
cellular localization of RTN3 in neurons. We propose that VAMP7-dependent secretion of RTN3 regulates
neurite growth.
INTRODUCTION

Macroautophagy (henceforth referred to as autophagy) is an
adaptive mechanism for the elimination of super�uous intra-
cellular components and is upregulated in conditions of
nutrient restriction. Autophagy is under the regulation of
mammalian target of rapamycin complex 1 (mTORC1) and a
signaling cascade of autophagy-related proteins (ATGs)
(Boya et al., 2013; Mizushima et al., 2011). Nutrients and/or
growth factor deprivation inhibits mTORC1 kinase activity on
ULK1 (Ser757), a central kinase regulating the autophagic
response. Non-phosphorylated ULK1 triggers the formation
of the phagophore with membrane contributions from different
donor compartments, effectively isolating cytoplasmic mate-
rial for degradation. Upon autophagy stimulation, LC3 is
cleaved and lipidated to form LC3-II, which binds to the phag-
ophore, marking the biogenesis of the autophagosome, a dou-
ble-membrane-limited organelle (Kim et al., 2011). This essen-
tial step depends on the multiprotein complex ATG5/12/16L1
Ce
This is an open access article under the CC BY-N
(Matsushita et al., 2007). LC3-II recruits LC3-interacting-region
(LIR)-containing proteins into the phagophore (Birgisdottir
et al., 2013). The autophagosome can then fuse with (1) endo-
somes to form a so-called amphisome, (2) lysosomes to form
an autolysosome, or even (3) the plasma membrane to deliver
its content to the extracellular space ( Klionsky et al., 2014;
Ponpuak et al., 2015). These different routes require mem-
brane fusion events; thus, they rely on vesicular (v)- and target
(t)-SNARE proteins (Wang et al., 2016).

Interestingly, the v-SNARE VAMP7 with the t-SNAREs Syn-
taxin17 and SNAP29 or SNAP47 can mediate the fusion of
membranes during the initial formation of the phagophore
and also the fusion of mitochondrial-derived vesicles (MDVs)
with endosomes (Aoyagi et al., 2018; Moreau et al., 2011;
McLelland et al., 2016). VAMP7 mutants in the �y show auto-
phagy defects in neurons (Takáts et al., 2013), and the
VAMP7 knockout (KO) mouse shows mitophagy impairment
in insulin-secreting pancreatic b cells (Aoyagi et al., 2018).
Nevertheless, the role of v-SNAREs in autophagy is complex
ll Reports 33, 108536, December 22, 2020 ª 2020 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/ ).
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as evidenced by the overlapping functions of VAMP7, VAMP8,
and Ykt6 in the fusion of autophagosomes with lysosomes ( Ita-
kura et al., 2012; Takáts et al., 2018). The potential function of
VAMP7 in autophagic secretion has been suggested (Fader
et al., 2012), but it has not yet been directly demonstrated.
VAMP7 mediates lysosomal secretion as shown by the effect
of its inhibitory Longin domain in epithelial cells ( Proux-Gillar-
deaux et al., 2007) and silencing of its expression in astrocytes
(Verderio et al., 2012). We and others have shown that VAMP7
plays an important role in the elongation of neurites during
neuronal development, a cellular process that requires plasma
membrane expansion. VAMP7 drives secretion during axonal
growth by mediating membrane fusion with the t-SNAREs
Syntaxin1 and SNAP25. It also regulates the transport and dis-
tribution of several cargo proteins including L1-CAM and the
netrin receptor Deleted in Colorectal Cancer (DCC) (Alberts
et al., 2003; Cotrufo et al., 2011; Winkle et al., 2014; Wojnacki
and Galli, 2016). However, whether or how the roles of VAMP7
in autophagy and neurite growth are related has not been
investigated.

To investigate whether the roles of VAMP7 in neurite growth
and autophagy might be linked, we searched for the effect of
nutrient restriction on axonal growth and hypothesized that
VAMP7-dependent secretion could be involved. We found that
beyond inducing autophagy, nutrient restriction stimulated
axonal growth. Moreover, autophagy inhibition induced multi-
polar neurons. To precisely dissect the role of VAMP7 in this un-
expected phenomenon, we took advantage of CRISPR-Cas9
genome editing to knock out VAMP7 in neuronal-like PC12 cells.
To have autophagy-null cells to compare with, we also gener-
ated ATG5 KO PC12 cells. Using these cellular models, lipido-
mics, and proteomics of the secretome, we found that VAMP7
mediated the release of autophagy-related molecules LC3-II
and LIR-containing endoplasmic reticulum (ER) proteins Reticu-
lon 3 (RTN3). RTN3 has been shown to be involved in ER-phagy
of tubular ER. This evidence thus supports the hypothesis that,
during the course of neurite growth, VAMP7 mediates the secre-
tion of molecules involved in ER-phagy.
Figure 1. Effects of Nutrient Restriction and Autophagy Drugs on Growing A
(A) Scheme of the experimental design and table showing the concentration of th
(B) Confocal images of hippocampal neurons (3 DIV) either unstarved or starved
(C) Boxplot of the quanti�cation of the length of longest Tau1-positive neurite in c
(D) Western blot of cleaved caspase-3 from neurons starved for 24 h. As a positive
Bar plot showing the mean ± SEM amount of cleaved caspase-3 using glyceralde
corresponds to the statistical ANOVA orthogonal contrast with the control conditi
(E) Western blot of the total and phosphorylated amount of ULK1 of 3 DIV cortical n
amount of pULK1 using total ULK1 as a loading control (Student’s t test).
(F) Proportion of neurons with one (unipolar) or several (multipolar) Tau1-positive
(Rapa; 50 nM) or Spautin-1 (10 mM).
(G) Boxplot of the quanti�cation of the total length of all Tau1-positive neurites in c
(H) LC3 and GAPDH blot of 3 DIV cortical neurons treated with Spautin-1 (10 mM)
mean ± SEM amount of LC3-II using GAPDH as a loading control (ANOVA ortho
(I and J) Blots of total and phosphorylated ULK1 and S6 ribosomal protein, respec
24 h. Bar plots show the mean ± SEM amount of pULK1 and pS6 ribosomal pro
(Student’s t test).
(K) Images of cultured hippocampal neurons treated with or without Rapa (50 nM
(L) Quanti�cation of the total length of the longest Tau1-positive neurite in hippo
orthogonal contrast).
Arrows indicate quanti�ed Tau1-positive axons. Dots in boxplots represent the sta
RESULTS

Autophagy Modulates Axonal Growth
We tested the effect of several starvation conditions on axonal
growth in neuronal cultures. Our aim was to mimic nutrient re-
striction while avoiding the extreme conditions that might result
in rapid neuronal cell death as observed with complete glucose
deprivation (Ram�́rez-Peinado et al., 2013). At 2 days in vitro
(DIV), we diluted the N2 media �ve times with Hank’s balanced
salt solution (Figure 1A) to generate a condition where nutrients
such as amino acids, vitamins, growth factors, and supplements
were diluted, while salts and Glc remained unchanged. We found
that this condition induced longer axons after 24 h, while it did
not induce apoptosis as determined by the amount of cleaved
caspase-3 (Figures 1B–1D). N2 culture media dilution induced
autophagy in neurons as determined by detection of phosphor-
ylated (p)Ser757-ULK1 levels (Figure 1E). A 48-h nutrient depri-
vation also induced longer axons (Figures S1A and S1B) but
had an impact on neuronal viability as less neurons could be
quanti�ed. The effect of nutrient deprivation on axonal maximal
length was attenuated by the speci�c autophagy inhibitor Spau-
tin-1, which prevents the deubiquitinating activity of USP10 and
USP13 (Liu et al., 2011) (Figures 1A and 1B), further demon-
strating that axonal growth was dependent on functional auto-
phagy. Moreover, autophagy inhibition with Spautin-1 affected
neuronal polarity. Indeed, neurons treated with Spautin-1 still ex-
hibited one axon longer than all other processes, but more neu-
rons had multiple Tau1-positive neurites, with the presence of
Tau1 being a mark of axonal speci�cation ( Bradke and Dotti,
2000) (Figures 1B, 1F, and 1K). The sum of the length of all
Tau1-positive neurites was greatly increased upon Spautin-1
treatment (Figure 1G), suggesting that pre-existing minor pro-
cesses turned into supernumerary axons as has been shown
when GSK3b signaling is impaired (Witte et al., 2008; Yoshimura
et al., 2005). The effect of nutrient deprivation on axonal length
could not be reproduced by diluting only insulin ( Figures S1C
and S1D), unlike what was previously shown in the case of
neuronal cell death (Young et al., 2009). To further establish
xons
e principal components of the normal and diluted culture media.
and treated with or without Spautin-1 (10 mM) for 24 h.

ontrol and starved hippocampal neurons (Student’s t test).
control of apoptosis, neurons were treated with staurosporine (100 n M) for 24 h.
hyde 3-phosphate dehydrogenase (GAPDH) as a loading control. Each p value
on.
eurons either unstarved or starved for 24 h. Bar plot showing the mean ± SEM

neurites in control neurons (DMSO treated), following treatment with rapamycin

ontrol and Spautin-1-treated (10 mM) hippocampal neurons (Student’s t test).
, Rapa (50 nM), and a combination of both drugs for 24 h. Bar plot showing the
gonal contrast).
tively, of cortical neurons (3 DIV) treated with Rapa (50 nM) or withou t Rapa for
tein, respectively, using the non-phosphorylated proteins as loading controls

) and Spautin-1 (10 mM). Arrows indicate quanti�ed Tau1-positive axons.
campal neurons treated with Rapa (50 nM) and Spautin-1 (10 mM) (ANOVA

ndardized individual values of all experimental replicates.
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the role of autophagy in axonal growth, we treated hippocampal
neurons with the autophagy inducer rapamycin (50 nM) for 24 h
(Figures 1H–1L and S1E). The detection of LC3-II, pSer757-
ULK1 and pSer235/236-S6 ribosomal protein levels by western
blotting con�rmed autophagy activation in neurons upon rapa-
mycin treatment (Figures 1H–1J), and this was coincident with
enhanced axonal growth (Figures 1K, 1L, and S1E). In addition,
200 nM resveratrol and 75 nM Torin1 showed similar effects (Fig-
ures S1F–S1I). The effects of rapamycin and Torin1 in axonal
extension were reversed by Spautin-1 (Figures 1K, 1L, S1H,
and S1I), further demonstrating that the increased maximal
axonal growth was triggered by an autophagy-dependent
process.

Polarization of Autophagy-Related Proteins and VAMP7
in Developing Neurons
We then hypothesized that neuronal polarization might be asso-
ciated with the recruitment of ATG proteins in the growing axon.
To test this hypothesis, we cultured rat hippocampal neurons
and characterized the distribution of LC3 during stages 2–3
when axonal growth is at its peak (Dotti et al., 1988). We ex-
pressed GFP to obtain a measurement of the cell volume and
stained neurons for endogenous LC3. We quanti�ed the density
of LC3 staining as the ratio of LC3 and GFP signals. We found a
striking concentration of LC3 in the axon when neurons transition
from stage 2 to stage 3 and during late stage 3, indicating the as-
sociation of axon speci�cation with the autophagic machinery
(Figures 2A–2E). In addition, there was a positive correlation be-
tween the length of the axon and the density of LC3 ( Figure 2F). If
LC3 polarizing to the axon corresponds at least in part to
VAMP7-positive secretory vesicles then we would expect that
autophagy should increase the amount of VAMP7, LC3, and
the secretory vesicle tether exocyst in axonal tips ( EauClaire
and Guo, 2003). Indeed, the exocyst subunit Sec6 marks secre-
tory vesicles involved in neurite growth (Vega and Hsu, 2001). We
thus treated neurons with rapamycin for 4 h to effectively induce
autophagy as detected by the appearance of LC3-II by western
blotting (Figures S2A and S2B). This treatment doubled the
amount of VAMP7-, LC3-, and Sec6-positive spots in axonal
growth cones compared with untreated neurons ( Figures 2G,
2H, 2J, 2L, and 2N), while growth cone area remained unaffected
(Figure 2M). Co-localization between LC3 and Sec6 was unaf-
fected by rapamycin (Figures 2I and 2K), suggesting that auto-
phagy induced a general increase in the amount of these vesicles
in growth cones. Interestingly, growth cone concentration of
SNAP29, a t-SNARE that pairs with VAMP7 and inhibits its secre-
tory activity (Kuster et al., 2015) as well as mediates autophago-
some-lysosome fusion (Guo et al., 2014), was not signi�cantly
affected by rapamycin as determined by immunostaining in the
axonal growth cone (Figures S2E and S2F) or the total amount
of protein detected by western blotting ( Figure S2G). Addition-
ally, we also tested O-linked b-N-acetylglucosamine (O-GlcNAc)
modi�cation of SNAP29 as this is associated with fusion be-
tween autophagosomes and lysosomes and with autophagic
�ux ( Guo et al., 2014). No signi�cant O-GlcNAcylation of
SNAP29, VAMP7, or Sec6 was observed under our experimental
conditions (Figures S2H–S2K). These results strongly suggest
that a pool of Sec6/LC3/VAMP7-positive vesicles can concen-
4 Cell Reports 33, 108536, December 22, 2020
trate in growing axons, particularly in growth cones, but these
vesicles appear unrelated to autophagosome-lysosome fusion.

We then studied the in vivo dynamics of VAMP7 in neurons.
We imaged both ATG9a, which is an autophagy-related mem-
brane protein involved in autophagosome biogenesis, and
VAMP7 because previous study found that these proteins co-
localized (Aoyagi et al., 2018). ATG9a is localized in part to late
endosomes in neurons (Tamura et al., 2010). We found the
occurrence of ATG9a-red �uorescent protein (RFP)/GFP-
VAMP7-positive punctae moving both anterogradely and retro-
gradely in the axons of 3 DIV hippocampal neurons (Figure S3A;
Video S1). We also found that mCherry-LC3B and GFP-VAMP7
co-localized in anterogradely and retrogradely moving particles
in growing axons (Figure S3B; Video S2). Co-localization be-
tween LC3 and VAMP7 was high and not modi�ed by rapamycin
(Figures S3B–S3D). However, net vesicular displacement and
particle size were signi�cantly increased upon rapamycin addi-
tion (Figures S3B, S3E, and S3F). The average speed of both
retrogradely and anterogradely moving punctae was equally
increased after rapamycin treatment (Figure S3G). These results
led us to hypothesize a potential involvement of VAMP7 in a
secretory mechanism that would be recruited upon autophagy
induction in neurites.

VAMP7 Mediates NGF- and Autophagy-Induced Neurite
Growth
To decipher the molecular mechanism linking autophagy, secre-
tion, and neurite growth in greater detail, we generated VAMP7
and ATG5 KO PC12 cells by using CRISPR-Cas9 genome edit-
ing (Figures S4A–S4D) and compared the behavior of wild-type
(WT), VAMP7 KO, and ATG5 KO PC12 cells in several assays.
We chose PC12 cells because neurite growth induced by nerve
growth factor (NGF) was previously shown to depend on VAMP7
(Martinez-Arca et al., 2000; Racchetti et al., 2010). First, we
treated WT, VAMP7, and ATG5 KO cells with NGF to trigger neu-
rite growth (Greene and Tischler, 1976). VAMP7 KO cells showed
a strong decrease in neurite growth (as measured by the longest
process), while it was increased in ATG5 KO cells compared with
WT (Figures 3A and 3B). We then treated the cells with rapamy-
cin and observed that the length of the single longest neurite was
increased in WT and ATG5 KO, but not in VAMP7 KO, cells (Fig-
ures 3A and 3B). When we included the longest process and its
branches, neurite growth in ATG5 KO cells was increased and
showed more rami�cations compared with WT ( Figures 3A and
3C). Rapamycin had no additional effect on total neurite length
(primary neurites plus branches) in any of the three cell types
(Figures 3A and 3C). These results suggest that ATG5 KO cells
resulted in longer and more branched neurites, a result in agree-
ment with the effect on Spautin-1 inducing multipolar neurons
described above (Figure 1). VAMP7 KO cells were strongly
impaired for neurite growth and insensitive to rapamycin ( Figures
3A–3C). Re-expression of GFP-VAMP7 fully rescued both NGF-
dependent and rapamycin-induced neurite growth ( Figures 3D
and 3E).

Lipidomics and Secretomics of VAMP7 and ATG5 KO
To gain insight into how ATG5 and VAMP7 might regulate neu-
rite growth, we carried out lipidomics and proteomics in our
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Figure 2. LC3 Is Polarized to the Fast-
Growing Axon in Developing Neurons and
Co-localizes with the Exocyst in Growth
Cones
(A–D) Images showing the distribution of endoge-
nous LC3 in GFP-expressing developing hippo-
campal neurons. Non-polarized neuron (A), stage
2–3 transition (B), early stage 3 (C), and late stage 3
(D). For (A)–(C), images share the same scale bar as
in (C).
(E) Boxplot showing the amount of LC3 in minor
processes and axons. GFP was used as a control
for the differential volume of the neuronal pro-
cesses (paired Student’s t test).
(F) Plot showing the correlation between axonal
length and LC3 density compared with the minor
processes. Green dots are the individual obser-
vations.
(G) Images showing endogenous Sec6 and LC3 in
the axonal growth cones of polarized (3 DIV) hip-
pocampal neurons treated with or without Rapa
(50 nM) for 4 h. High-magni�cation images of
selected areas of the axonal growth cones (white
boxes) are displayed in right panels.
(H and J) Boxplots showing the quanti�cation of
the number of Sec6- and LC3-positive spots in the
axonal growth cone (the growth cone is delimited
by the white dashed lines in G) (Student’s t test).
(I and K) Boxplots showing the quanti�cation of the
proportion of LC3 spots that co-localize with Sec6
and the proportion of Sec6 spots that co-localize
with LC3, respectively, and treated with Rapa
(50 nM) or without Rapa for 4 h (Student’s t test).
(L) Images of polarized hippocampal neurons (3
DIV) stained for endogenous VAMP7 and treated
with Rapa (50 nM) or without Rapa for 4 h. The
F-actin staining was used to de�ne the growth
cone, and the dashed line marks the beginning
point for what we considered the growth cone
during quanti�cation.
(M and N) Boxplots showing the quanti�cation of
the growth cone area and the number of VAMP7
spots, respectively (Student’s t test).
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