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ER–plasma membrane contact sites contribute to

autophagosome biogenesis by regulation of local

PI3P synthesis
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Abstract

The double-membrane-bound autophagosome is formed by the

closure of a structure called the phagophore, origin of which is still

unclear. The endoplasmic reticulum (ER) is clearly implicated in

autophagosome biogenesis due to the presence of the omegasome

subdomain positive for DFCP1, a phosphatidyl-inositol-3-phosphate

(PI3P) binding protein. Contribution of other membrane sources,

like the plasma membrane (PM), is still difficult to integrate in a

global picture. Here we show that ER–plasma membrane contact

sites are mobilized for autophagosome biogenesis, by direct impli-

cation of the tethering extended synaptotagmins (E-Syts) proteins.

Imaging data revealed that early autophagic markers are recruited

to E-Syt-containing domains during autophagy and that inhibition

of E-Syts expression leads to a reduction in autophagosome

biogenesis. Furthermore, we demonstrate that E-Syts are essential

for autophagy-associated PI3P synthesis at the cortical ER

membrane via the recruitment of VMP1, the stabilizing ER partner

of the PI3KC3 complex. These results highlight the contribution of

ER–plasma membrane tethers to autophagosome biogenesis regu-

lation and support the importance of membrane contact sites in

autophagy.
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Introduction

Macro-autophagy (hereafter referred to as autophagy) is a highly

regulated intracellular degradation pathway necessary for cellular

homeostasis (Boya et al, 2013). Autophagy is initiated by the forma-

tion of a specific double-membrane organelle called the autophago-

some. The biogenesis of autophagosome is orchestrated by multiple

signalling pathways and complexes that regulate membrane dynam-

ics that contain autophagy-related (ATG) proteins. Autophagy initi-

ates with biogenesis of a pre-autophagosomal double-membrane

structure, termed the phagophore, which emanates from the omega-

some, a subdomain of the endoplasmic reticulum (ER) membrane

positive for PI3P (phosphatidyl-inositol-3-phosphate) and PI3P-

binding proteins (Axe et al, 2008). The PI3P pool engaged in

autophagosome biogenesis is synthesized by the class 3 PI3kinase

complex (PI3KC3), comprised of VPS34, VPS15, ATG14L, Beclin1,

and regulating adaptors, such as VMP1, NRBF2 and Ambra1, and is

dependent on ULK1 complex signalling (Nascimbeni et al, 2017).

The phagophore then elongates and is close to form a mature

autophagosome that will latter fuse with the lysosome.

Although the ER membrane requirement is well established,

other membrane sources, like the Golgi apparatus, endosomes, the

mitochondria and the plasma membrane (PM), have been proposed

to participate, directly, indirectly or partially, in autophagosome

biogenesis (Molino et al, 2017), from phagophore generation to

growth of the organelle (Ravikumar et al, 2010a,b; Rubinsztein

et al, 2012). The ER is a dynamic and complex membranous

network that extends throughout the cell impacting a multiplicity of

cellular functions (Friedman & Voeltz, 2011). There is growing

evidence that close appositions between the ER and the membranes

of virtually all other organelles play major roles in cell physiology

(Helle et al, 2013). Notably, ER–mitochondria contact sites actively

participate in autophagosome biogenesis via the regulation of

PI3KC3 complex (Hamasaki et al, 2013).
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ER-PM contact sites are important for lipid metabolism and trans-

port, notably of phosphoinositides, and these domains have the

potential to affect membrane trafficking and signalling events that

occur at the PM (Stefan et al, 2013). In higher eukaryotes, three ER-

localized proteins, the extended synaptotagmins (E-Syts 1, 2 and 3),

play crucial roles in tethering the ER to the PM and are thus consid-

ered as key regulators, as well as precise markers, of ER-PM tether-

ing zones (Giordano et al, 2013). Because both ER and PM have

been directly associated with autophagy regulation and because ER

tethering could be important for membrane remodelling, we hypoth-

esized that the ER cooperates with plasma membrane during the

very first steps of the autophagosome biogenesis via the establish-

ment of ER-PM specialized contact sites. Indeed, we show here that

stress situations that induce autophagy lead as well to ER-PM

contact site mobilization, highlighting a connection between ER-PM

tethering and the autophagy machinery. We observed local recruit-

ment of autophagic and pre-autophagic markers at E-Syts domains

of the cortical ER during autophagy initiation. Further, autophagy

was enhanced in E-Syt-overexpressing cells, whereas inhibition of

E-Syts expression reduced autophagosome biogenesis. Finally, we

demonstrated that ER-PM contact sites are required for local PI3P

synthesis by the PIK3C3 complex. We found that the PIK3C3

complex at ER-PM contact sites is mobilized at the ER membrane

via the binding of VMP1 (Molejon et al, 2013a), the ER partner of

Beclin1, the major regulator of autophagy-associated PI3P synthesis.

Results

We first studied the behaviour of ER-PM contact sites in conditions

that promote autophagy using a HRP-myc-KDEL reporter that allows

indirect visualization of ER lumen by electron microscopy (EM;

Giordano et al, 2013). We analysed and quantified ER-PM contact

zones in control and in HeLa cells starved to induce autophagy. We

observed a massive increase in the number of ER-PM contact sites

compared to control situation (Fig 1A and B), and this increase

A B D

C E

Figure 1. Starvation increases ER-PM contact sites density.

A Electron micrographs of HeLa cells grown under complete medium conditions (control, ctrl) or starved for 1 h (1 h STV). HeLa cells were transfected with the ER
luminal marker ssHRP-myc-KDEL (which enables ER identification via an electron-dense (dark) HRP reaction) to allow detection of ER-PM contact sites (black
arrows). Scale bar, 2 lm. Representative images from one of three independent experiments are shown.

B Quantification of ER-PM contact sites visualized in electron micrographs with 20 cells analysed per condition in each of three experiments. Means � s.e.m. are
plotted. ***P < 0.001, unpaired two-tailed t-test.

C–E HeLa cells were grown under control and starvation conditions for 1 and 4 h. Representative Western blots of lysates for (C) p62 and lipidated LC3 and (D) E-Syts,
calnexin (CLNX), STX17, and PTPIP51 are shown. Actin was used as a loading control. (E) Quantification of Western blots from three independent experiments.
Means � s.e.m. are plotted.
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correlated with autophagy induction (Fig 1C). Levels of E-Syt2 and

3 proteins increased after 1 and 4 h of starvation, whereas levels of

calnexin (an ER marker), syntaxin 17 [STX17, previously identified

as a marker of an autophagy-related ER–mitochondria contact sites

(Hamasaki et al, 2013)] or PTPIP51 [an ER–mitochondria tethering

protein recently shown to participate in autophagy regulation

(Gomez-Suaga et al, 2017)] were not affected (Fig 1D and E). The

increase in E-Syt2 was also induced by mechanical stress in KEC

cells (Fig EV1A), a condition that promotes autophagy (Orhon et al,

2016), and by serum starvation or mTOR chemical inhibition

(Fig EV1B).

Since our data suggested that autophagy and formation of ER-PM

contact sites are stimulated in the same time frame, we next investi-

gated whether autophagosomal markers could be detected at the

cortical ER, near the PM. Indeed, in HeLa cells, we detected the

phagophore, autophagosome and autolysosome marker LC3 near

the cell boundary as early as 15 min post-starvation, a time at which

most of LC3 was associated with the ER marker Sec61b (Fig 2A).

The presence of LC3 in the vicinity of the plasma membrane was

further confirmed by total internal reflection fluorescence (TIRF)

microscopy (Fig 2B). The number of LC3 puncta in the TIRF zone

increased with time under starvation conditions (Fig 2B and C),

showing that LC3 autophagic structures appear at the immediate

vicinity of the PM during starvation-induced autophagy. A similar

LC3 pattern was observed in MDCK cells under mechanical stress

(Orhon et al, 2016; Fig 2D). These results indicated that in different

cell types treated with different autophagy inducers, LC3 staining

was detected very close to the PM, suggesting that these autophagic

structures might be associated with ER-PM contact sites.

To analyse further whether ER-PM contact zones are sites of

autophagosome formation, we used tagged E-Syt2 and E-Syt3

proteins as markers of ER-PM contact sites: while E-Syt1 can be

detected on perinuclear as well as cortical ER structures, E-Syt2 and

E-Syt3 localizations are restricted only to cortical ER engaged in ER-

PM contact sites (Appendix Fig S1A and Fernández-Busnadiego et al

(2015); Giordano et al (2013)). In HeLa cells starved for 15 min, we

observed co-distribution of LC3 with the ER markers Sec61bRFP and

E-Syt2GFP by confocal microscopy (Fig EV2A and C) at the basal

level of the cells and by super-resolution two-colour stimulated

emission depletion (STED) microscopy (Fig 3A). 3D reconstructions

showed that LC3 was often directly connected to the ER membrane

via E-Syt2-positive ER domains (Fig 3B) and sometimes appeared

within a membranous niche positive for Sec61bRFP and E-Syt2GFP

(Fig EV2A). Similar results were obtained when we used an anti-

body to ATG16L1 (Fig EV2B and C), a regulator of autophagosome

biogenesis known to participate in the early events of LC3

A

B C

D

Figure 2. Early autophagic structures are detected in the vicinity of the plasma membrane.

A HeLa cells were transfected with RFP-Sec61b (an ER marker) and immunostained for the autophagosome marker LC3. The two markers co-distribute in the vicinity of
the plasma membrane (empty arrowheads) after 15 min of starvation (STV 15 min) as shown by confocal microscopy.

B TIRF analysis after 0 (control), 15 (STV 15 min) and 60 (STV 60 min) min of starvation.
C Quantification of LC3 puncta per TIRF section (n = 3; 20 cells analysed per condition). **P < 0.01, ***P < 0.001, unpaired two-tailed t-test. Means � s.e.m. are plotted.
D Representative confocal microscopy images and 3D reconstructions of MDCK cells immunostained for LC3, Na/K-ATPase and DAPI under mechanical stress conditions.

Arrowheads indicate LC3 puncta at vicinity of plasma membrane.

Data information: Scale bars, 10 and 4 lm (magnified area in A).
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recruitment to omegasome/phagophore structures (Wilson et al,

2014). The LC3-positive structures that were in the vicinity of the

PM were negative for Rubicon (Appendix Fig S2), excluding the

possibility of a non-autophagy-related LC3-associated phagocytosis

(Levine et al, 2015). Using immunogold EM, we clearly observed

E-Syt2myc and LC3GFP co-distribution on ER-PM contact sites in

HeLa cells starved for 60 min (Fig EV2D); these are likely the same

autophagic structures that we observed directly by electron micro-

scopy in the immediate vicinity of cortical ER and PM in the same

conditions (Fig 3C).

We next analysed distribution of the omegasome-marker (Axe

et al, 2008) DCFP1GFP in HeLa cells after a short time of starvation,

to maximize detection of autophagosome biogenesis-related events.

We clearly observed co-distribution of DFCP1 with membranes posi-

tive for E-Syts, LC3 and Sec61bRFP by confocal microscopy (Fig 4A

and B) and by time-lapse microscopy (Fig 4C). These results

strongly suggest that at least some autophagosome biogenesis

occurs at ER-PM contact sites. We then quantified the E-Syt2-posi-

tive omegasome structures and the omegasome structures at ER-

mitochondria contact sites identified by mitochondrial protein

TOM20 (Hamasaki et al, 2013). Our results indicate that, within

15 min of autophagy induction, approximately 30% of DFCP1-

positive structures were associated with E-Syt2-positive domains

(Fig EV3A and C), a ratio very close to the one we observed for

DFCP1-positive ER–mitochondria contact sites (Fig EV3B and C).

These results were further confirmed by electron microscopy analy-

ses (Fig EV3D). Together, these data demonstrate that autophago-

some assembly at ER-PM contact sites domains accounts for

approximately 30% of total autophagosomes observed after a

15-min starvation of HeLa cells.

As previously reported (Giordano et al, 2013), overexpression

of E-Syt2 or E-Syt3 stabilized and increased the density of ER-PM

A C

B

Figure 3. Autophagosomes can form at ER-PM contact sites.

A STED images of the basal plane of a HeLa cell co-transfected with vectors for expression of the ER marker Sec61bGFP and the ER-PM contact marker mCherry-E-Syt3
and immunostained for the autophagosome marker LC3. Scale bars, 5 lm. Arrowheads indicate autophagic structures (LC3) arising from ER niches (Sec61b-positive)
at ER-PM contact sites (E-Syt3-positive).

B Three-dimensional reconstruction from confocal microscope images of HeLa cells co-transfected with vectors for expression of Sec61bRFP and E-Syt2GFP and
immunostained for LC3. Scale bar, 2.5 lm. The arrowheads indicate the LC3-positive structures.

C Electron micrographs of HeLa cells starved 1 h and transfected with a vector for expression of the ER luminal marker ssHRP-myc-KDEL, showing early autophagic
structures in the proximity of the PM. Scale bar, 400 nm.
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contact sites (Appendix Fig S2). In cells overexpressing E-Syts,

the lipidation of LC3 was increased and more LC3-positive struc-

tures were observed both in fed and starved conditions

compared to mock-transfected cells (Fig 5A and B). Interestingly,

LC3 puncta were significantly increased in the vicinity of the PM

in E-Syt3-overexpressing cells (Fig 5C). Electron microscopy anal-

yses showed twice as many autophagic structures in HeLa cells

overexpressing E-Syt2 as in control cells (Fig EV4A). In func-

tional tests monitoring long-lived protein degradation, which

depends on autophagy, we observed a significant increase of

protein degradation in E-Syt2- and E-Syt3-overexpressing cells, as

compared to control cells (Fig EV4B). Thus, the observed

autophagic structures originating from the ER-PM contact zones

appear to be functional.

We then sought to test how impairing ER-PM contact sites forma-

tion would influence autophagy. To do this, we inhibited expression

of the three E-Syt proteins (E-Syt1, E-Syt2 and E-Syt3) simultane-

ously using siRNAs targeting the mRNAs encoding each of these

proteins (Fig 6A and B). Interestingly, in the E-Syt-deficient cells the

total number of LC3GFP structures was decreased compared to

control cells (Fig 6C and D). The difference was even more striking

when we quantified the peripheral to perinuclear ratio of LC3

puncta in cells treated with Bafilomycin A1 (a V-ATPase inhibitor

preventing fusion between autophagosome and lysosome) to

A

B

C

Figure 4. LC3 and DFCP1 are present at ER-PM contact sites under starvation conditions.

A Representative confocal microscopy images taken in the basal plane of a HeLa cell expressing myc-E-Syt2, RFP-Sec61b and GFP-DFCP1 and immunostained for LC3.
Scale bars, 10 and 3 lm (magnified areas).

B 3D reconstructions of representative HeLa cell expressing myc-E-Syt2, RFP-Sec61b and GFP-DFCP1 and immunostained for LC3. Arrowheads denote DFCP1 and LC3
puncta connected with E-Syt2-positive niches of the ER. Scale bar, 5 lm.

C Time-lapse confocal images of HeLa cells expressing mCherry-E-Syt3 and GFP-DFCP1 after cells were starved for 15 min. Two channels were observed simultaneously
using two cameras. Arrowheads denote DFCP1 puncta in E-Syt2-positive niches of the ER. Scale bar, 5 lm.
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maximize the number of autophagic structures (Fig 6C and D). The

decrease observed in siE-Syt-treated cells was primarily due to

decreases in numbers of peripheral puncta rather than to decreases

in perinuclear LC3.

Western blot analyses performed following a time course of star-

vation-induced autophagy revealed a decrease in LC3 lipidation as

well as decreases of the amounts of the autophagosome biogenesis

regulators ATG16L1 and ATG5—ATG12 in E-Syt-deficient cells

(Fig 6E and F). Moreover, using the LC3GFP-RFP tandem dye, which

is widely used to measure autophagic flux (Klionsky et al, 2016),

we observed that the GFP/RFP ratio was not modified in the E-Syt-

deficient cells compared to control cells (Fig EV5). Together, these

data suggest that, although the number of autophagic structures

was diminished when ER-PM contact sites were reduced, the matu-

ration and transport to lysosomes of the remaining autophagosomes

were not altered.

One of the major molecular events responsible for autophago-

some biogenesis is the synthesis of PI3P at the omegasome on the

ER membrane (Axe et al, 2008; Lamb et al, 2013; Roberts &

Ktistakis, 2013). PI3P is synthesized not only at the omegasome

membrane but also on early endosomes as well (Di Paolo & De

Camilli, 2006; Marat & Haucke, 2016). We observed that the omega-

some-marker and PI3P binding protein DFCP1 co-distributed with

E-Syt2 domains on the ER (Fig 4). Therefore, we looked directly for

PI3P lipid in proximity to these ER-PM contact sites during short-

term starvation. Interestingly, we observed PI3P-positive structures

A

C

B

Figure 5. Overexpression of E-Syt2 and E-Syt3 induces autophagosome formation.

A Western blot analysis of the autophagic flux in cell lysates from control (mock) and GFP-E-Syt2 or GFP-E-Syt3-expressing HeLa cells, under complete medium and
starvation (1 h EBSS) conditions, without or with Bafilomycin A1 (+BAF. A1).

B HeLa cells expressing GFP-E-Syt2 or GFP-E-Syt3 were immunostained for LC3. Compared to control (mock), transfected cells showed a dramatic increase in LC3
puncta, in both basal (complete medium) and starved (1 h) conditions, as evidenced by counting of LC3 puncta (n = 3; 20 cells per condition).

C The increase in LC3 puncta observed in cells overexpressing E-Syt3GFP (similar results were obtained with E-Syt2GFP, data not shown) involves mainly peripheral
rather than perinuclear cellular regions (n = 3). Arrowheads indicate peripheral LC3 puncta (n = 3; 20–70 cells per condition).

Data information: Means � s.e.m. are plotted. NS, non-significant, ***P < 0.001, unpaired two-tailed t-test. Scale bars, 10 lm.
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[detected by FYVEGST/fluorescent anti-GST antibody indirect stain-

ing (Khaldoun et al, 2014)] in the immediate vicinity of ER

membrane regions positive for E-Syt3 and LC3 but not in regions

stained by endosomal marker EEA1 after 15 min of starvation

(Appendix Fig S3A and B). We obtained similar results using

2x-FYVEGFP dye to stain for PI3P (Appendix Fig S3C) and when cells

were stained using ATG16L1 and VPS35 (Seaman et al, 1998) to

mark early autophagic structures and early endosomes, respectively

(Appendix Fig S3D).

Our results suggest that E-Syts directly or indirectly participate in

autophagosome biogenesis. Because we observed PI3P at E-Syts

domains after autophagy induction, we speculated that these

proteins are involved in regulation of PI3P synthesis at ER-PM

contact site-associated autophagosome biogenesis. To assess this

hypothesis, we quantified PI3P puncta in control cells and cells

deficient in all three E-Syt proteins under both fed and starved condi-

tions. We used wortmannin, a drug that inhibits VPS34 enzymatic

activity (Powis et al, 1994), as a negative control. After a short

period of starvation E-Syt-deficient cells had fewer PI3P-positive

structures than control cells (Fig 7A and B). By quantification of the

early endosomal pool of PI3P (identified by co-localization with

EEA1) and the non-early endosomal pool of PI3P (EEA1-negative

puncta), which accounts mostly for autophagy-associated struc-

tures, we were able to determine that this decrease affected the

autophagy-related PI3P pool only (Fig 7C). This suggests that E-Syts

proteins, and by extension, the ER-PM contact sites regulated by

E-Syts are associated with the local PI3P synthesis necessary for

ER-PM-associated autophagosome biogenesis.

To further understand this mechanism, we analysed levels of

proteins that are directly implicated in the early steps of

A

E

B C

F

D

Figure 6. Autophagosome biogenesis is reduced in E-Syt-deficient cells.

A, B HeLa cells were treated with control siRNA (siCTRL) or with siRNAs targeting mRNAs encoding each of the E-Syts (siE-Syts). (A) Western blots of cell lysates. Actin is
used as a loading control. (B) E-Syts mRNAs were quantified. Means � s.d. are plotted (n = 3).

C HeLa cells stably transfected with GFP-LC3 and treated with siE-Syts or siCTRL were not treated (�BAF. A1) or were treated with Bafilomycin A1 (+BAF. A1).
Representative images are shown. Empty arrowheads indicate peripheral LC3 puncta. Scale bars, 10 lm.

D Quantification of experiments shown in panel (C) (n = 3; 20 cells per condition). Means � s.e.m. are plotted.
E HeLa cells treated with control siCTRL or with siE-Syts were grown in complete medium or were starved for 1 or 4 h, and cells lysates were subjected to Western

blot for indicated proteins.
F Quantification of Western blot shown in panel (E), with 20 cells analysed per condition (n = 5).

Data information: NS, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed t-test.
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autophagosome biogenesis, namely components of the ULK1/ATG1

complex (composed of ULK1, ATG13, FIP200 and ATG101) and the

PI3K class III complex (PI3KC3, composed of VPS34, VPS15,

Beclin1, ATG14L and other regulators; Alers et al, 2012; Rubinsztein

et al, 2012; Lamb et al, 2013) in E-Syt-deficient cells. Interestingly,

there were no detectable differences in levels of ATG13 protein or

ULK1 dephosphorylated at serine 757, a key signal for activation of

autophagosomal pathway (Alers et al, 2012), in cells lacking the E-

Syts and control cells (Fig EV6A). Further, ULK1 puncta formation

did not differ in E-Syt-deficient and control cells (Fig EV6B and C).

In contrast, levels of Beclin1 and ATG14L [two pivotal regulators of

PI3KC3 (Liang et al, 1999; Sun et al, 2008; Itakura et al, 2008)] and,

A D

E

I J

F

B

G H

C

Figure 7. Autophagy-associated PI3P synthesis is affected in cells lacking E-Syts.

A Representative confocal images of HeLa cells transfected with non-targeting siRNA (siCTRL) or with siRNAs targeted to the three E-Syts (siE-Syts) grown under
basal and starvation conditions with or without wortmannin (WORT, a PI3K inhibitor) and immunostained for PI3P (detected by the GST-2xFYVE peptide), EEA1 (an
endosomal marker) and DAPI (to stain nuclei). Scale bars, 10 lm.

B, C Quantifications of confocal images for (B) PI3P-positive and (C) PI3P- and EEA1-positive structures per area (250 lm2). Plotted are means � s.e.m. of 15–30 images
from three independent experiments; ***P < 0.001, unpaired two-tailed t-test.

D Western blots of protein lysates and immunoprecipitates from siCTRL- or siE-Syt-transfected HeLa cells immunostained for VPS34. Actin was used as a loading
control.

E Quantification of in vitro VPS34 enzymatic activity in siCTRL- and siE-Syt-transfected HeLa cells. NS, non-significant, unpaired two-tailed t-test (n = 3).
Means � s.e.m. are plotted.

F HeLa cells transfected with GFP-E-Syt2 and RFP-Sec61b (an ER marker) were immunostained for WIPI2 (a PI3P-binding protein) and DAPI. Empty arrowheads
indicate co-distribution of Sec61b/WIPI2/E-Syt2. Scale bars, 5 lm.

G, H Representative confocal images of (left) HeLa cells transfected with the ER-PM markers GFP-E-Syt2 and mCherry-E-Syt3 (wt) and siCTRL; (middle) HeLa cells
transfected with siE-Syts and GFP-E-Syt2 and mCherry-E-Syt3 vectors (rescue experiment); (right) HeLa cells transfected with siE-Syts and vectors for expression of
the tethering-defective mutants GFP-∆C2C-E-Syt2 and mCherry-∆C2C-E-Syt3. Cells were immunostained for WIPI2 and with DAPI, and (G) perinuclear and (H)
peripheral planes are shown. Scale bars, 10 lm. WIPI2 staining is shown as glow picture (signal intensity).

I Quantifications of perinuclear and peripheral WIPI2 puncta from experiments described in panels (G and H). Plotted are means � s.e.m. of 15–30 images.
***P < 0.001, NS, non-significant, unpaired two-tailed t-test.

J Western blots from protein lysates of the cells from experiments described in panels (G, H) immunostained as indicated. Actin was used as a loading control.
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to a lesser extent, lipid kinase VPS34 were decreased in cells lacking

E-Syts compared to control cells (Fig EV6A). This might explain

why the autophagosomal pool of PI3P was diminished when ER-PM

tethering was inhibited. We next measured the VPS34 activity

in vitro after immunoprecipitation of VPS34 from control cells and

cells treated with siRNAs targeting E-Syts mRNAs (Fig 7D). We did

not observe a significant difference in the in vitro production of PI3P

(Fig 7E). Since we did observe alterations in Beclin1 and ATG14L

levels (Fig EV6A), we hypothesized that the stability of PI3KC3

regulators alters PI3P synthesis without affecting VPS34 itself.

We then studied the behaviour of WIPI2, an ATG16L1-binding

protein implicated in early steps of phagophore assembly, which

has been reported to directly bind to PI3P (Polson et al, 2010;

Dooley et al, 2014; Wilson et al, 2014). WIPI2 co-distributed with E-

Syt2GFP after 15 min of starvation (Fig 7F), confirming that the PI3P

pool observed at ER-PM contact sites was indeed related to the

autophagosome assembly machinery. We then analysed the distri-

bution of WIPI2 protein after 15 min of starvation in cells treated

with siRNAs designed to inhibit E-Syts expression and co-trans-

fected with vectors for expression of wild-type E-Syt2 and E-Syt3 or

with E-Syts mutants (DC2C E-Syts) unable to promote ER to PM

tethering (Giordano et al, 2013). Interestingly, we noted that

distribution of WIPI2 to the periphery (i.e., the PM vicinity) was lost

in cells lacking E-Syts and rescued by wild-type E-Syts, but not by

DC2C E-Syts. Conversely, perinuclear distribution of WIPI2 was not

affected and resulted similar in all samples (Fig 7G–I). Biochemical

analysis showed significantly less WIPI2, Beclin1, ATG14L, and

VMP1 [a PI3KC3 partner protein (Molejon et al, 2013a)] in cells

transfected with siRNA targeting E-Syts mRNAs and the vectors for

DC2C-E-Syts expression compared to siRNA-treated cells expressing

the wild-type E-Syts (Fig 7J). These experiments suggest that the

tethering functions of E-Syt2 and 3 are required for the stability of

the PI3KC3 complex during autophagosome biogenesis at ER-PM

contact sites.

To further analyse the relationships of E-Syts domains to PI3KC3

regulation during autophagy initiation, we focused on the ER

protein VMP1, which was previously reported to play essential roles

in autophagy by the direct recruitment of Beclin1 and by promoting

PI3P synthesis (Molejon et al, 2013a; Calvo-Garrido et al, 2014). As

expected, VMP1 was co-distributed with ER markers and LC3-posi-

tive vesicles after autophagy induction (Fig 8A). Moreover, VMP1

was observed on membrane structures positive for E-Syts and LC3

(Fig 8B and C). We then focused our analyses on Beclin1, the part-

ner of VMP1 in the PI3KC3 complex during autophagy.

A C

B

Figure 8. VMP1 co-distributes with E-Syt2 and E-Syt3 during autophagosome biogenesis.

A Confocal images of HeLa cells co-transfected with the ER marker RFP-Sec61b and GFP-VMP1 and immunostained for the autophagosome marker LC3, showing the
localization of VMP1, after 15 min of starvation. ER-associated and non-associated LC3-positive autophagic structures are indicated by white and yellow arrowheads,
respectively; autophagosomes are indicated by light blue arrowheads.

B Confocal images of HeLa cells co-transfected with the ER-PM contact marker mCherry-E-Syt3 and GFP-VMP1, starved for 15 min and immunostained for LC3,
showing the localization of VMP1 at ER-PM contact sites associated or not with LC3-positive autophagic structures (white and empty arrowheads, respectively).

C Confocal images of HeLa cells co-transfected with RFP-Sec61b, myc-E-Syt2 and GFP-VMP1, starved for 15 min and immunostained for LC3. DAPI is used to mark
nuclei. Arrowheads indicate local codistribution of GFP-VMP1, myc-E-Syt2 and RFP-Sec61b.

Data information: Scale bars, 10 lm.
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Interestingly, we observed the co-distribution of VMP1 with Beclin1

and E-Syt3 in the vicinity of PM by confocal microscopy (Fig 9A) as

well as by time-lapse microscopy upon autophagy induction

(Fig 9B). Finally, we observed that the amounts of VMP1, Beclin1,

and ATG14L were increased in cells overexpressing E-Syts (Fig 9C),

indicating that stability and/or the turnover of these proteins is

regulated by E-Syts.

The above-described results suggest that E-Syts platforms could

recruit PI3KC3 complex proteins, notably Beclin1 and the ER-asso-

ciated regulator VMP1. Indeed, co-immunoprecipitations experi-

ments revealed that VMP1 and Beclin1 co-immunoprecipitated with

E-Syt2 immediately after autophagy induction (Fig 9D, left panel).

Of note, this triple association was diminished after 30 min of star-

vation (Fig 9D, right panel), suggesting that the complex dissociates

A

B

C D

Figure 9. E-Syt2 and E-Syt3 are interacting partners of VMP1 and Beclin1 at ER-PM contact sites.

A Representative confocal images of HeLa cells expressing GFP-VMP1, FLAG-Beclin1 and mCherry-E-Syt3 and immunostained for DAPI. Empty arrowheads indicate sites
of co-distribution of VMP1, Beclin1 and E-Syt3. Scale bar, 10 lm.

B Time-lapse images of HeLa cells expressing mCherry-E-Syt3, GFP-VMP1 and CFP-Beclin1 under starved conditions (5 min). Three channels were observed
simultaneously using three cameras. Empty arrowheads indicate VMP1 present at ER-PM contact sites positive for the early autophagy marker Beclin1. Scale bar,
5 lm.

C Western blots of protein lysates from HeLa cells transfected with vectors for expression of GFP-E-Syt2 or mCherry-E-Syt3 or both or with empty vector. The analysed
antibodies are listed on the left. Actin was used as a loading control.

D Western blots of protein lysates and immunoprecipitates of HeLa cells transiently co-transfected with vectors for expression of myc-Beclin1 and GFP-E-Syt2 or empty
vector; cells were grown in complete medium or starved for 30 min. Samples were immunoprecipitated using GFP-trap beads and immunostained with indicated
antibodies.
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after autophagosome formation. This was indirectly confirmed by

analysis of the interaction of E-Syt2 protein with a VMP1 mutant

(DatgD VMP1) lacking the domain responsible for the interaction

with Beclin1 (Molejon et al, 2013a). Under these conditions, a

permanent association of E-Syt2 and DatgD VMP1 was observed by

co-immunoprecipitation (Appendix Fig S4A) and by immunofluores-

cence (Appendix Fig S4B). Our data suggest that VMP1 permanently

interacts with E-Syt2 and that stress-induced mobilization of Beclin1

leads to formation of a complex of Beclin1 with VMP1-E-Syt2 at ER-

PM contact sites to ensure temporal and spatial regulation of PI3P

synthesis required for autophagosome biogenesis.

Discussion

Although tremendous efforts have been made to better identify the

sources of autophagosome membranes, many aspects of autophago-

some biogenesis remain to be clarified. Autophagy induction and

regulation depend on and interplay among endo-membranes, intracel-

lular signalling and enzymatic complexes (Molino et al, 2017). ER

membrane dynamics appear to be central in the omegasome to phago-

phore transition sequence, and ER interconnections and dialogs with

other organelles are tantalizing candidates to decipher the membrane

mobilization that occurs during the initiation of autophagy. Various

membranes appear to be involved in autophagosome assembly such

as PM and endosomes (Ravikumar et al, 2010b; Rubinsztein et al,

2012; Tooze, 2013), Golgi (Geng et al, 2010), ER exit sites (Carlos

Martı́n Zoppino et al, 2010; Graef et al, 2013), ERGIC domains and

vesicles (Ge et al, 2013), lipid droplets (Dupont et al, 2014; Shpilka

et al, 2015) and mitochondria (Hailey et al, 2010; Gomez-Suaga et al,

2017). The ability of the ER to establish contacts with other organelles

was elegantly illustrated in a study that established the requirement

for ER–mitochondria contact sites precise targeting and regulation of

ATG protein functions (Hamasaki et al, 2013). ER is also engaged in

contact sites with the PM. These contact sites are associated with

stress sensing and are under the regulation of key proteins, including

the E-Syts, that are physical regulators of the ER to PM tethering

(Elbaz & Schuldiner, 2011; Pérez-Lara & Jahn, 2015).

Here, we report that ER-PM contact sites positively regulate the

formation of a specific pool of autophagosomes. Our findings

demonstrate that a direct dialog exists between the ER and the PM

during autophagosome biogenesis that does not involve vesicular

trafficking from the PM (Ravikumar et al, 2010a; Puri et al, 2013).

Interestingly, we showed that the contribution of ER-PM contact

sites to autophagosome biogenesis is as important as the contribu-

tion of ER–mitochondria contact sites. The ER–mitochondria

contacts seem to be more important for basal autophagy, whereas

the ER-PM tethering appears to be dedicated to autophagy induced

by nutritional and putatively other stresses.

Accordingly, we demonstrated that E-Syts proteins, previously

shown to be stress sensors and membrane trafficking, phosphoinosi-

tide and lipid-transfer regulators (Giordano et al, 2013; Stefan et al,

2013; Schauder et al, 2014; Fernández-Busnadiego et al, 2015),

contribute to autophagy-related PI3P synthesis at the cortical ER

engaged in PM tethering. More precisely, our data indicate that E-

Syts stabilize the PI3KC3 complex at ER membrane through interac-

tion with VMP1, an ER membrane protein shown to recruit the ATG

machinery (Itakura & Mizushima, 2010). VMP1 recruits its PI3KC3

binding partner Beclin1 (Molejon et al, 2013a) to cortical ER for

local and dedicated PI3P pool synthesis. The tethering function of E-

Syt2 and 3 (namely the C2C domain) was required for the proper

autophagosome biogenesis on contact sites. Determining whether

the SMP domain of E-Syts, previously shown to be responsible for

lipid transfer (Schauder et al, 2014; Liou & Chang, 2015), is neces-

sary for this process will deepen our understanding of the molecular

mechanisms of E-Syts-VMP1-Beclin1 dialog on contact sites. Inter-

estingly, VMP1 protein was recently shown to participate in a

certain number of ER-driven contact sites (Tábara & Escalante,

2016). VMP1 was previously demonstrated to interact with Beclin1

(Molejon et al, 2013a,b). These data together suggest that VMP1 is

thus to be considered as a scaffold for membrane tethering and for

ER micro-domains engaged in autophagy regulation.

Our data yielded a comprehensive view of the mechanisms and

subcellular locations of autophagosome biogenesis during the stress

response by highlighting the importance of the PI3KC3 spatial regula-

tion. We propose that, depending on the stress status of the cell, the

autophagic machinery mobilizes different membrane compartments

to ensure a local autophagy-dedicated PI3P pool synthesis, crucial

for autophagosome biogenesis (Lamb et al, 2013; Tooze, 2013). ER–

mitochondria contact sites were shown to participate in autophago-

some biogenesis through the STX17-dependent stabilization of

ATG14L on the ER domains directly connected to mitochondria

(Hamasaki et al, 2013). Here, we report that ER-PM contact sites are

also able to mobilize the PI3KC3 complex via the VMP1-Beclin1-E-

Syt2 local and transient interaction at ER domains facing the PM.

Biogenesis of autophagosomes at ER–mitochondria contact sites

and ER-PM contact sites may differ by spatial localization and the

identities of scaffolding and regulatory proteins. The presence of

PI3KC3 complex, and thus of PI3P, suggests that these ER-driven

membrane contact sites (with PM, mitochondria and maybe others)

act as local platforms for PI3KC3 complex recruitment and

“membrane modelling moulds or niches” to ensure proper assembly

of phagophore components. Then, by interacting with different part-

ner proteins at different sites, VMP1 (and probably other still-

unidentified proteins) adapts the autophagy process to different

requirements. If this is the case, local partner proteins other than E-

Syts and STX17 will likely be identified in the near future. Our study

suggests that the ER must engage tethering domains to initiate pre-

autophagosomal structure assembly. Future studies will interrogate

whether other membrane sources reported to participate in

autophagosome biogenesis act through the formation of specific ER-

driven contact sites, which have not been explored yet.

Materials and Methods

Statistical analyses

No statistical methods were used to predetermine sample size. The

experiments were not randomized. The investigators were not

blinded to allocation during experiments and outcome assessment.

Cell culture

Unless specified, all cell lines were from ATCC. HeLa cells were

grown in minimum essential medium (MEM), supplemented with
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GlutaMAX, 10% FCS and non-essential amino acids mix (Gibco) at

37°C and 5% CO2. Kidney mouse epithelial cells (KECs) and Madin–

Darby canine kidney (MDCK) epithelial cells were cultured in

Dulbecco’s modified Eagle medium (DMEM) supplemented with

10% FCS. HeLa cells stably expressing the mRFP-GFP/LC3 reporter

(Kimura et al, 2007) were a kind gift from T. Yoshimori (Osaka

University, Osaka, Japan). GFP-LC3 HeLa cells were grown in 10%

FCS-RPMI 1640, supplemented with GlutaMAX (Gibco) and the

selection-reagent G418 (500 mg/ml, Sigma). For starvation analy-

ses, cells were washed three times and incubated in Earle’s balanced

salt solution (EBSS) for the indicated times (15 min, 1 or 4 h).

Mechanical stress induction

Kidney mouse epithelial cells (KECs) or MDCK cells were seeded

into closed perfusion chambers (Microslide I0.6 Luer; channel

dimensions 50 × 5 × 0.4 mm with iBiTreat, Ibidi) and cultured for

at least 3 days to allow polarization and maximum ciliogenesis. The

chamber was connected to a computer-controlled set-up containing

an air-pressure pump and a two-way switching valve (Ibidi pump

system 10902). To generate the flux, 20 ml of cell-culture medium

was pumped in unidirectional manner between two reservoirs

through the flow channel at a rate corresponding to a shear stress of

1 dyn/cm2. Cells were collected after 4, 24, 48 and 72 h. KEC

protein lysates were processed as described in the immunoblotting

section, and MDCK cells were fixed and analysed by immunofluo-

rescence, as specified in the cell fluorescence immunostaining

section.

Plasmids and siRNAs

Expression vector for RFP-Sec61b was a kind gift from T. Rapo-

port (Harvard University, Cambridge, MA, USA; Shibata et al,

2008). GFP-Rubicon expression vector was a kind gift from T.

Yoshimori (Osaka University). GFP-DFCP1 and GFP-2xFYVE were

kind gifts from N. Ktistakis (Cambridge University, Cambridge,

UK) and J. Gruenberg (University of Geneva, Geneva, Switzer-

land), respectively. Expression vectors for GFP-, mCherry-, and

myc-E-Syt2 and 3, as well as GFP-∆C2C-E-Syt2, mCherry-∆C2C-E-

Syt3 were gifts from P. De Camilli (Department of Cell Biology,

Yale School of Medicine, New Haven, CT, USA). ssHRP-myc-

KDEL was from T. Schikorski (Universidad Central Del Caribe,

Bayamon, Puerto Rico). FLAG-ULK1 was from James Murray

(Trinity College, Dublin, Ireland). FLAG-Beclin1 was from B.

Levine (UT Southwestern Medical Center, Texas, USA). GFP-

VMP1 and GFP-∆atgD-VMP1 were cloned in pEGFP-N1 (Clon-

tech), containing full-length rat VMP1 cDNA (NM_138839) or

VMP1DAtg subcloned within the HindIII and BamHI restriction

sites. siRNA duplexes targeting E-Syt-1 (SI00110306 and

SI00110299), E-Syt2 (SI04906545 and SI04181058), E-Syt3

(SI04228448 and SI04166785) were purchased from Qiagen.

Control siRNA was from Dharmacon-Thermo Scientific.

Transfection

For electron and light microscopy analyses, cells were transfected

with plasmids for GFP-E-Syt2 and/or GFP-E-Syt3 overexpression

24 h before analysis using Fugene HD (Promega) according to the

manufacturer’s protocol. For other experiments, transfection was at

a reduced ratio of plasmid and transfection reagent (1:3.5). siRNA

transfections were performed using RNAi MAX (Invitrogen), and

cells were cultured for 72 h prior to analysis.

RNA extraction and quantification

RNA was extracted from cells using the NucleoSpin RNA kit accord-

ing to the manufacturer’s guidelines (Macherey-Nagel). cDNA was

made from 1 lg of RNA with MMLV reverse transcriptase using

random hexamer primers (Life Technologies). qRT–PCR was

performed using iTAQ SYBR Green (Bio-Rad) and a Viia7 Real-time

PCR System (Applied Biosystems); transcript levels were normalized

to the internal control, the reference gene S26. The exon–exon

boundary-spanning sequences of the primers used for E-Syt1, E-Syt2,

E-Syt3 and S26 were previously published. Relative quantification

was calculated using the DDCT method.

Antibodies and reagents

The following antibodies were used for immunoblotting. Guinea

pig-anti-p62/SQSTM1 (Progen Biotechnik GmbH, 1:10,000), rabbit-

anti-LC3B (Sigma, 1:10,000), rabbit-anti-E-Syt1 (Sigma, 1:500),

rabbit-anti-E-Syt2 (Sigma, 1:500), rabbit-anti-E-Syt3 (Sigma, 1:500),

rabbit-anti-STX17 (Sigma, 1:500), mouse-anti-calnexin (BD Trans-

duction Laboratories, clone 37, 1:2,000), rabbit-anti-PTPIP51

(Sigma, 1:1,000), rabbit-anti-ATG16L1 (MBL, 1:1,000), mouse-anti-

ATG5 (Nanotools, clone 7C6, 1:2,000), mouse-anti-RFP (Chromotek,

clone 6G6, 1:1,000), mouse-anti-GFP (Roche, clones 7.1 and 13.1,

1:2,000), mouse-anti-WIPI2 (AbD Serotec, clone 2A2, 1:1,000),

rabbit-anti-VMP1 (Cell Signaling, 1:1,000), mouse-anti-ANXA2 (BD

Transduction Laboratories, clone HH7, 1:2,500), mouse-anti-VPS15

(Abnova, clone 1B5, 1:1,000), rabbit-anti-ATG13 (Sigma, 1:1,000),

rabbit-anti-phospho-ULK1 (Ser757; Cell Signaling, 1:1,000), rabbit-

anti-ULK1 (Sigma, 1:1,000), mouse-anti-Beclin1 (BD Transduction

Laboratories, clone 20, 1:1,000), rabbit-anti-ATG14 (Sigma,

1:1,000), rabbit-anti-VPS34 (Cell Signaling, 1:1,500), mouse-anti-

actin (Millipore, clone C4, 1:50,000). For immunoprecipitation of

VPS34, we used the rabbit-anti-VPS34 (Echelon, 1:125).

The following antibodies were used for immunostaining: mouse-

anti-LC3B (MBL, clone 4E12, 1:200), rabbit-anti-LC3B (MBL, 1:200),

mouse-anti-Na/K-ATPase (Millipore, clone C464.6, 1:200), rabbit-

anti-ATG16L1 (MBL, 1:200), mouse-anti-WIPI2 (AbD Serotech,

clone 2A2, 1:200), mouse-anti-EEA1 (BD Transduction Laboratories,

clone 14, 1:200), FITC-conjugated goat-anti-GST (Abcam, 1:200),

mouse-anti-VPS35 (Abcam, 1:200), mouse-anti-myc (Sigma, clone

9E10, 1:200), rabbit-anti-TOM20 (Santa Cruz, 1:200). Secondary

HRP conjugate anti-rabbit IgG (GE Healthcare, 1:10,000), HRP

conjugate anti-mouse IgG (Bio-Rad, 1:20,000) and HRP conjugate

anti-guinea pig (Sigma, 1:10,000) were used for immunoblotting.

Alexa Fluor-conjugated secondary antibodies (donkey anti-mouse

IgG and donkey anti-Rabbit IgG, Life Technologies, 1:200) were

used for fluorescence microscopy. The GST-FYVE-FYVE peptide

(1:1,000) was a gift from J. Gruenberg (University of Geneva,

Geneva, Switzerland). The following reagents were used to treat

cells: Bafilomycin A1 (Sigma, 200 nM), wortmannin (Sigma,

100 nM) and 3-methyladenine (3-MA, Sigma, 10 mM), and Torin1

(Calbiochem, 1.5 lM).
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Western blotting

Immunoblot analyses were performed with precast gradient gels

(4–12% Bis-Tris, Invitrogen) using standard methods. Briefly,

cells were washed twice with ice-cold PBS and lysed on ice in

NP-40 buffer (150 mM NaCl, 20 mM Tris–HCl at pH 8, 1 mM

EDTA and 1% NP-40) for 30 min in the presence of a protease

and phosphatase inhibitors cocktail (ThermoFisher Scientific).

The solubilized fraction was recovered in the supernatant after

centrifugation at 12,000 g for 15 min, and protein concentration

was measured by the BCA protein assay kit (Pierce) using

bovine serum albumin (BSA) as a standard. Protein lysates in

protein sample buffer (Invitrogen) were incubated for 10 min at

70°C, separated by SDS–PAGE, transferred onto PVDF

membranes, then subjected to Western blot analysis and finally

visualized using a chemiluminescent HRP substrate (Millipore)

and a ChemiDoc MP Imaging System (Bio-Rad). Quantification of

band intensities was carried out using the Image Lab software

(Bio-Rad).

Immunoprecipitation analysis

Immunoprecipitation analysis was performed using the GFP beads

(GFP-Trap Chromotek). Ten million HeLa cells previously co-trans-

fected with myc-Beclin1 and GFP-E-Syt2 or GFP empty vector or

with GFP-VMP1, GFP-DatgD-VMP1 or GFP empty vector were

suspended in lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.5%

mM EDTA, 0.5% Nonidet P-40) and protease and phosphatase inhi-

bitor cocktail (Pierce). Cell lysates were centrifuged at 15,000 g for

15min. The resulting supernatant was incubated with anti-GFP

beads for 1 h, while rotating at 4°C. Beads were collected by

centrifugation and washed six times, then bead-bounded samples

were eluted in SDS sample buffer, boiled for 5 min, loaded onto

SDS–PAGE gels and blotted on PVDF membranes as described in

the Western blotting section.

VPS34 immunoprecipitation and activity assay

Immunoprecipitation of VPS34 was performed using the Protein G

Sepharose 4 Fast Flow (GE Healthcare) and the rabbit-anti-VPS34

antibody (Echelon, 1:125), following the manufacturer’s instruc-

tions. Briefly, 1 × 107 HeLa cells previously transfected with

siCTRL or with siE-Syts were suspended in lysis buffer (20 mM

Tris, pH 7.5, 137 mM NaCl, 1 mM MgC12, 1 mM CaC12, 1%

Nonidet P-40, 10% glycerol) and protease and phosphatase inhi-

bitor cocktail (Pierce). Cell lysates were centrifuged at 15,000 g

for 15 min. The resulting supernatant was incubated with anti-

VPS34 overnight at 4°C on a rotating wheel, followed by a 1-h

incubation with the washed Sepharose beads, while rotating at

4°C. Beads were collected by centrifugation and washed six times,

and then bead-bounded samples were immediately added to

VPS34 reaction buffer (10 mM Tris, pH 8, 100 mM NaCl, 1 mM

EDTA, 10 mM MnCl2 and 50 lM ATP) to start the PI3P in vitro

synthesis. PI3P production was detected using an ELISA (Echelon)

following the manufacturer’s instructions. Samples were eluted in

SDS sample buffer, boiled for 5 min, loaded onto SDS–PAGE gels

and blotted on PVDF membranes, as described in the Western

blotting section.

Proteolysis assay

HeLa cells were first transfected with control or E-Syt2 or 3 cDNA

and then proteins were radiolabelled by incubation in complete

medium containing 0.2 lCi/ml of L-[U-14 C] valine. After 20 h, cells

are incubated with fresh complete medium containing 10 mM cold

valine for 1 h to degrade short-lived proteins. After this period, the

medium was removed and replaced with fresh medium supple-

mented with 10 mM cold valine, and incubated for further 4 h. To

stimulate autophagy, EBSS containing 10 mM cold valine and 0.1%

of bovine serum albumin were used. 3-MA (10 mM, Sigma-Aldrich)

was added in EBSS to inhibit autophagy. Trichloroacetic acid (TCA)-

precipitable radioactivity in the cells monolayers and the TCA-

soluble radioactivity released into the media were determined.

Valine release (a measure of proteolysis) was calculated as a ratio of

TCA-soluble supernatant to total cell-associated radioactivity.

Fluorescence microscopy immunostaining

Cells were seeded onto 13-mm glass coverslips and fixed with 4%

paraformaldehyde in PBS for 15 min. Cells were then washed with

PBS, blocked with 10% FCS in PBS for 30 min, followed by incuba-

tion with primary antibody in permeabilization/blocking buffer (PBS

with 10% FCS and 0.05% saponin) for 1 h at room temperature (or

overnight at 4°C). Coverslips were PBS-washed before and after

adding secondary antibody for 1 h in blocking buffer. Coverslips were

mounted on microscope slides using Mowiol with or without DAPI.

Image acquisition, processing and quantifications

Images were obtained using either a Zeiss Apotome.2 fluorescence

microscope or Zeiss LSM 700 confocal microscope using a 63× oil-

immersion objective. Image analysis was performed using Zen light

Zeiss LSM software, in which background was reduced using bright-

ness and contrast adjustments applied to the whole image. 3D recon-

structions were generated in Imaris software using full confocal

z-stacks of each cell. The number and percentage of cellular area

occupied by LC3 puncta were determined on digital images with Icy

software (http://icy.bioimageanalysis.org). For LC3 puncta count-

ing, perinuclear and peripheral cell boundaries were manually

traced.

STED microscopy

Super-resolution two-colour stimulated emission depletion (STED)

microscopy was performed with a Leica TCS SP8 STED microscope

equipped with a 100× oil STED objective and operated with the LAS

AF imaging software (version 2.7.3.9723; Leica). mCherry-labelled

probes were excited with a 580-nm white light laser, and Alexa

Fluor 532-labelled probes were excited with 532-nm light; both were

depleted with the 660-nm laser. GFP-labelled probes were imaged

with confocal resolution. Images were deconvoluted with Huygens

Professional (Scientific Volume Imaging B.V.).

Video microscopy

For confocal imaging of live cells, cells seeded onto 25-mm round

glass coverslips, treated as indicated, were placed on the stage of a
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Leica SP5 inverted microscope at 37°C and under 5% CO2 atmo-

sphere. Autophagy was induced by EBSS starvation directly under

the microscope.

Electron microscopy analysis and quantification

HRP detection

HeLa cells expressing ssHRP-myc-KDEL were fixed on coverslips

with 1.3% glutaraldehyde in 0.1 M cacodylate buffer and washed in

0.1 M ammonium phosphate (pH 7.4) buffer for 1 h. HRP was visu-

alized with 0.5 mg/ml DAB and 0.005% H2O2 in 0.1 M ammonium

phosphate (pH 7.4) buffer. Development of HRP (DAB dark reaction

product) took between 5 and 20 min and was stopped by extensive

washes with cold water. Cells were post-fixed in 2% OsO4, 1%

K3Fe(CN)6 in 0.1 M cacodylate buffer at 4°C for 1 h, washed in cold

water and then contrasted in 0.5% uranyl acetate for 2 h at 4°C,

dehydrated in an ethanol series and embedded in Epon as for

conventional EM (Giordano et al, 2013). Ultrathin sections were

counterstained with 2% uranyl acetate before observation.

Immunogold labelling

HeLa cells were fixed with a mixture of 2% PFA and 0.125%

glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h and

processed for ultracryomicrotomy as described previously (Slot &

Geuze, 2007). Ultrathin cryosections were double-immunogold-

labelled with antibodies and protein A coupled to 10 or 15 nm gold

(CMC, UMC). Sections of resin-embedded cells and immunogold-

labelled cryosections were observed under a FEI Tecnai 12 micro-

scope equipped with a CCD (SiS 1kx1k keenView) camera.

Analysis of GFP-E-Syt2-overexpressing cells

HeLa cells seeded on coverslips were transfected with GFP-E-Syt2,

and GFP-positive cells were selected by FACS (BD FACSAria III) at

the SFR Necker (Paris) cell sorting facility and were treated with or

without EBSS medium and with or without wortmannin (100 nM)

for 1 h. The samples were washed three times in PBS, incubated 1 h

at 4°C in osmic acid (1% in sodium phosphate buffer) and dehy-

drated in graded ethanol solutions (2 × 10 min in 70%, 2 × 10 min

in 90% and 2 × 10 min in 100% ethanol). The samples were then

incubated twice for 1 min in propylene oxide and for 10 min in

50% Epon–50% propylene oxide, then embedded in Epon and incu-

bated for polymerization for 24 h at 60°C. Finally, 90-nm sections

were cut on a Reichert Ultracut S and placed on a grid for staining

for 10 min with uranyl acetate (2%) and 4 min with lead citrate at

room temperature. Samples were analysed with a JEOL 1011 trans-

mission electron microscope, and the images were recorded at

80 kV with a GATAN Erlangshen 1000 camera at the Cochin Imag-

ing Electron Microscopy facility (Institut Cochin, Paris).

Quantification

For the quantification in HRP-stained Epon sections, the total length

of plasma membrane and the length of the closely associated HRP-

positive ER segments (< 30 nm) were measured by iTEM software

(Olympus) on acquired micrographs of HeLa cells for each of 20 cell

profiles. Cells were randomly selected for analysis without prior

knowledge of transfected plasmid or siRNA. For early autophagic

structures and autophagosomes quantification in GFP-E-Syt2-over-

expressing cells, we counted 10 cells for each condition. The

number of autophagic structures localized either adjacent (within

1 lm) to ER-PM contact sites (ER-PM), to ER–mitochondria contact

sites (ER-mito), or to neither organelle (cytoplasm) was measured

by iTEM software (Olympus) on acquired micrographs of HRP-myc-

KDEL-expressing HeLa cells for each of 20 cell profiles. All data are

presented as mean � s.e.m. of three experimental replicates.

TIRF microscopy

TIRF microscopy was performed using a Nikon Eclipse Ti micro-

scope, equipped with an incubation chamber (37°C), a 100× TIRF

objective (oil-immersion, Nikon), a QuantEM 512 camera, a double-

colour TIRF set-up (laser lines: 488 and 568 nm). HeLa cells seeded

on coverslips and transfected with RFP-Sec61b were treated with or

without EBSS for 15 min or 1 h, then fixed and incubated with anti-

LC3 antibody, as described above. TIRF signal quantifications were

made via Icy software (http://icy.bioimageanalysis.org).

Statistical analysis and reproducibility

Statistical analyses were performed by unpaired, two-tailed

Student’s t-test, using GraphPad Prism 6. In panels showing

Western blotting or immunofluorescence analysis, unless stated

otherwise, images are representative of three independent experi-

ments with similar results. The number of independent experiments

or cell numbers is given in the figure’s legend.

Data availability

All data supporting the findings of this study are available from the

authors on request.

Expanded View for this article is available online.
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