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ABSTRACT
Mitochondria-associated membranes (MAMs) are subdomains of the endoplasmic reticulum (ER) that
interact with mitochondria. This membrane scrambling between ER and mitochondria appears to play a
critical role in the earliest steps of autophagy. Recently, lipid microdomains, i.e. lipid rafts, have been
identified as further actors of the autophagic process. In the present work, a series of biochemical and
molecular analyses has been carried out in human fibroblasts with the specific aim of characterizing lipid
rafts in MAMs and to decipher their possible implication in the autophagosome formation. In fact, the
presence of lipid microdomains in MAMs has been detected and, in these structures, a molecular
interaction of the ganglioside GD3, a paradigmatic “brick” of lipid rafts, with core-initiator proteins of
autophagy, such as AMBRA1 and WIPI1, was revealed. This association seems thus to take place in the
early phases of autophagic process in which MAMs have been hypothesized to play a key role. The
functional activity of GD3 was suggested by the experiments carried out by knocking down ST8SIA1 gene
expression, i.e., the synthase that leads to the ganglioside formation. This experimental condition results in
fact in the impairment of the ER-mitochondria crosstalk and the subsequent hindering of autophagosome
nucleation. We thus hypothesize that MAM raft-like microdomains could be pivotal in the initial organelle
scrambling activity that finally leads to the formation of autophagosome.
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Introduction

The interaction of the endoplasmic reticulum (ER) with mito-
chondria occurs via certain subdomains of the ER, named
mitochondria-associated membranes (MAMs), which allow
membrane “scrambling” between these organelles and contrib-
utes to the complex series of ER functions.1-3 Indeed, several
regions of close apposition between the ER and mitochondria
were detected by studies carried out several years ago.4,5 How-
ever, since these studies provided only ultrastructural observa-
tions, these reports remained neglected for a long time. In
particular, while morphological evidence of the physical juxta-
position between ER and mitochondria was described since
1959,6 it was experimentally proven only 30 y later. In fact, ana-
lyzing ER fractions copurified with mitochondria in velocity
sedimentation assays, mainly from rat liver cells, it was
observed that mitochondria can tightly be associated with ele-
ments of the ER and that the communication and intermixing
between ER and mitochondria can be mediated by MAMs.7-12

These works also showed that these cosedimenting fractions
were enriched in enzymes responsible for the synthesis of
lipids. These findings suggested that MAMs could act as sites

of nonvesicular lipid transfer between the ER and the mito-
chondria.13 It was thus hypothesized that there was a combined
role of proteins and lipids, specifically cholesterol and glyco-
sphingolipids (GSLs), in enabling the formation of MAMs and
their physiological function(s).14

Cholesterol, a central constituent of biological membranes,
plays a role in regulating a plethora of cellular processes,
including gene transcription and signal transduction, and is
particularly abundant in MAMs.15 Together with glycosphin-
golipids, it tends to cluster and form microdomains, named
lipid rafts, which are dynamic assemblages of sphingolipids,
cholesterol and proteins that dissociate and associate rapidly
and form functional clusters16 detectable at cell membranes,
including membranes of internal organelles, such as mitochon-
dria and ER.17,18 These clusters provide highly efficient lipid-
protein complexes, which operate in membrane trafficking and
cell signaling. For instance, it has recently been reported that
GM1, a “prototypic” ganglioside, which contains one sialic acid
residue, can accumulate at the ER membranes and can promote
the juxtaposition of ER and mitochondria at the MAMs.19

These findings underscored the possibility that “cooperation”
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could take place between lipids and proteins in regulating phys-
iological scrambling pathways at membrane contact sites. In
fact, microdomains have been hypothesized to contribute either
to cell death, including apoptosis, or, of relevance here, to
autophagy.20,21

As concerns this latter (macroautophagy), this process rep-
resents a basic catabolic mechanism for intracellular degrada-
tion and recycling of unnecessary or dysfunctional cellular
components and organelles that, through the action of lyso-
somes, can finally provide significant energy resources to the
cell. During this process, cytoplasmic constituents are included
within a double-membrane vesicle known as an autophago-
some that fuses with a lysosome and forms the autolyso-
some.22-27 The autophagosome can originate from the plasma
membrane, early endosomes, ER, and Golgi but, more recently,
it has also been suggested that, at least in mammalian cells,
autophagosomes could form at the ER–mitochondria contact
sites, i.e. at MAMs.28 In fact, after autophagic stimulation, the
phagophore/omegasome (autophagosome precursor) marker
ATG14 (autophagy-related 14) relocalizes at the ER–mitochon-
dria contact sites. Moreover, key molecules involved in auto-
phagosome formation, such as BECN1 and PIK3C3/Vps34
(phosphatidylinositol 3-kinase catalytic subunit type 3; the
mammalian ortholog of yeast Vps34), have been hypothesized
to be recruited at MAMs in cells under autophagic stimula-
tion.28 The first, BECN1 is a well known regulator of autophagy
forming a complex with the class III phosphatidylinositol 3-
kinase (PtdIns3K)29 to generate phosphatidylinositol 3-phos-
phate (PtdIns3P), whereas PIK3C3 is a kinase whose activity is
enhanced when AMBRA1 (autophagy/Beclin 1 regulator 1), a
recently discovered autophagy-associated interactor, binds
BECN1.30,31 In addition, PtdIns3P recruits effectors, such as
WIPI1 (WD repeat protein, phosphoinositide interacting 1), to
mediate the vesicle nucleation and autophagosome formation.
Further actors appear however pivotal in the morphogenetic
vesicle remodeling and reshaping associated with the autopha-
gic cascade. In fact, we have recently analyzed the possible
functional role for these molecules, mainly gangliosides, in the
initiation phase of autophagosome biogenesis, demonstrating a
strict molecular interaction between GD3, an acidic glycosphin-
golipid, and PtdIns3P.21 In particular, GD3 ganglioside, inter-
acting with cytoskeletal network,32,33 can rapidly redistribute
from the plasma membrane to the cell cytoplasm,34,35 including
endosomal compartments, MAMs36 and mitochondria;37 and it
can molecularly associate with MAP1LC3/LC3 (microtubule
associated protein 1 light chain 3; a mammalian ortholog sub-
family of yeast Atg8, whose nonsoluble form stably associates
with phagophore membranes) early after autophagic initiation.
Moreover, the inhibition of ceramide synthase as well as of
GD3 synthase significantly hindered autophagosome forma-
tion, suggesting that gangliosides could contribute to autopha-
gosome assembly.

In the present work, in light of the elegant work recently
published by Hamasaki et al,28 we analyzed the possible impli-
cation of MAM lipid “rafts” in autophagosome formation. We
found a molecular association of CANX (calnexin), a chaper-
one lectin involved in protein folding and quality control at the
ER and a key molecular marker of MAMs,38 with WIPI1 and
AMBRA1, 2 important actors of autophagic flux.31,39,40

Importantly, this association seems to occur in MAM lipid
microdomains during the early phases of the autophagic
process.

Results

Autophagy induction in primary human fibroblasts

We first characterized the autophagic process in our cell model.
As shown in Fig. 1A, autophagy induced by amino acid starva-
tion (Hank’s balanced salt solution, HBSS) was checked by: (i)
flow cytometry by using a Cyto-ID Autophagy Detection kit,
(ii) immunofluorescence by using an anti-LC3 antibody, and
(iii) western blot analysis, using an anti-LC3 and an anti-phos-
phorylated (P-) ULK1 (unc-51 like autophagy activating kinase
1) antibody. We found a significant (P<0.01) increase of green
fluorescence after staining with a Cyto-ID Autophagy Detec-
tion kit in fibroblasts treated with HBSS for 1 h (upper left
panel), and an evident increase of LC3 puncta, indicative of
autophagic vesicles positivity, was also observed by fluorescence
microscopy analysis in starved fibroblasts (micrographs). This
increase of LC3 puncta was also quantified by morphometric
analysis (upper right panel). Accordingly, western blot analysis
revealed a band corresponding to LC3-II after cell starvation
together with a significant decrease of P-ULK1 (bottom left
panel). These results were also confirmed by densitometric
analyses (bottom right panels, bar graphs).

Autophagy induction bolsters the presence of lipid rafts in
MAMs

In order to figure out whether autophagy could involve a
remodeling of MAMs and whether a participation of lipid rafts
in this process could be revealed, we first characterized MAM-
associated rafts during autophagy induced by HBSS.

Because MAMs have a higher concentration of cholesterol
and a different phospholipid fatty acid composition as com-
pared to the surrounding ER membrane,15 we investigated
whether CANX, a prototypical Ca2C-binding ER palmitoylated
chaperone protein enriched in the MAMs, could be enriched in
the detergent TX-100 insoluble fractions corresponding to lipid
rafts. As shown in Fig. 1B, the analysis of the distribution of
CANX was carried out in fractions obtained by a 5–30% linear
sucrose gradient. These analyses revealed that this protein was
mostly enriched in fraction 6 (specifically corresponding to
raft-like microdomains) and fraction 7. These are possibly TX-
100-resistant microdomains of a different composition. Under
metabolic impairment conditions, i.e., after autophagic stimula-
tion by amino acid starvation (HBSS), CANX was highly con-
centrated in fractions 4 to 6 (raft fraction), as also shown by
densitometric analyses (right panel). As a control, we also ana-
lyzed the distribution of VDAC1 (voltage dependent anion
channel 1), which is constitutively included in lipid rafts. In
fact, VDAC1 was highly enriched in fractions 4 to 6 in both
control and HBSS-treated cells (Fig. 1B, bottom). These results
were also quantified by densitometric analyses (Fig. 1B, bottom
right panel).

Based on our previous observations suggesting that the gan-
glioside GD3 can actively contribute to the biogenesis and
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maturation of autophagic vacuoles,21 we evaluated by transmis-
sion electron microscopy the presence of MAMs in our autoph-
agy (HBSS)-stimulated fibroblasts. Several adjacent structures
corresponding to typical close contacts between the cisternae of
rough endoplasmic reticulum and mitochondria were detected
in stimulated cells only (compare Fig. 2A with Fig. 2B). In these

cells, several small vesicles in close proximity of mitochondria
were also detected (Fig. 2C). A morphometric analysis carried
out as stated in Materials and methods clearly indicated that in
HBSS-treated cells these features were significantly more fre-
quent than in fed cells (Table 1). Immunoelectron microscopy
analysis was then carried out aimed at evaluating the possible

Figure 1. Autophagy induction bolsters the presence of lipid rafts in MAMs. (A) Upper left panel. Semiquantitative flow cytometry analysis of autophagy performed in pri-
mary human fibroblasts untreated (full gray curves) or starved 1 h with HBSS medium (empty curves) performed with a Cyto-ID Autophagy Detection kit. Numbers repre-
sent the median fluorescence intensity. A representative experiment among 3 is shown. Upper middle pictures. IVM analysis after LC3-Hoechst double staining of control
cells (left picture) and of cells treated with HBSS for 1 h (right picture). Upper right panel. Bar graph shows the percentage of LC3 puncta-positive cells. Bottom left panel.
Primary fibroblasts, untreated or treated with HBSS for 1 h at 37�C, were lysed in lysis buffer, subjected to 15% SDS-PAGE and analyzed by western blot using anti-LC3
PAb or anti-P-ULK1 (Ser757) PAb. Loading control was evaluated using anti-ACTB mAb. A representative experiment among 3 is shown. Bottom, right panels. Bar graphs
show densitometric analysis. Results represent the mean §SD from 3 independent experiments. �, P < 0.01 HBSS vs control cells. (B) Left panel. Representative immuno-
blots of sucrose gradient fractions. Human fibroblast cells, either untreated or treated with HBSS for 1 h at 37�C, were lysed and the supernatant fraction was subject to
sucrose density gradient. After centrifugation, the gradient was fractioned and each gradient fraction was recovered and analyzed by western blot analysis using an anti-
CANX PAb. As control, fractions obtained after sucrose density gradient from untreated or treated cells were analyzed using an anti-VDAC1 PAb. Right panel. Densitomet-
ric analysis of sucrose gradient fractions. The columns indicate the percent distribution across the gel of raft fractions 4 to 6 (Triton X-100-insoluble fractions) and 9 to 11
(Triton X-100-soluble fractions), as detected by densitometric scanning analysis. Results represent the mean §SD from 3 independent experiments. �, TX-100-insoluble
fractions from HBSS-treated cells vs TX-100-insoluble from control cells: P < 0.01; �, TX-100-soluble fractions from HBSS-treated cells vs TX-100-soluble from control cells:
P < 0.01.
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presence of GD3 in small vesicles. The results obtained strongly
suggested that ganglioside GD3, considered as a paradigmatic
ganglioside component of raft-like microdomains,41 was detect-
able in MAMs of cells under autophagic stimulation (Fig. 2D,
see enlarged area, and Table 1), being GD3 immunogold label-
ing negligible in normally fed cells (Fig. 2E, see enlarged area,
and Table 1).34

Ganglioside GD3 participates in the early events of the
autophagic process

Under autophagic stimulation CANX associates with the gangli-
oside GD3. We investigated, by coimmunoprecipitation experi-
ments, the possible interaction of CANX with the ganglioside
GD3, considered as a paradigmatic constituent of microdo-
mains, as suggested above. Dot-blot analysis, using a highly

Figure 2. Autophagy induction and the presence of lipid rafts in MAMs. Transmission electron microscopy analysis of control and autophagy-stimulated cells. (A) Normal
ER and mitochondria are observed in control cells while (B) ER cisternae (ER) and mitochondria (M) are detectable very close to each other in autophagy-induced cells.
Moreover, (C) several small vesicles morphologically characterized by an electron-translucent core, probably MAMs next to mitochondria and to ER cisternae, can also be
detected in autophagy-induced cells (arrows). Asterisk indicates a double-membrane autophagic vacuole. (D) Labeling of GD3 in these cells appears to be localized in
these small vesicles in close proximity to mitochondria and at mitochondrial membrane as well (see enlarged area), whereas (E) in control cells GD3 gold labeling is often
visible as a cluster of particles in the cell cytoplasm (see enlarged area).

Table 1. Morphometric analysis by transmission electron microscopy in fed and
HBSS-treated cells.

Fed HBSS

Localization total GD3 labeled total GD3 labeled
ER adjacent to

mitochondria
18 (9%) 3 (17%) 86 (43%) 42 (49%)

Vesicles adjacent
to mitochondria

6 (3%) 2 (33%) 68 (34%) 38 (56%)

Note. Number of cells displaying cisternae of the endoplasmic reticulum adjacent
to mitochondria and vesicles adjacent to mitochondria, together with corre-
sponding percentages, are indicated. GD3 gold labeling was also evaluated by
analyzing either fed or HBSS-treated cells. The number of cells displaying gold
particles (and the relative percentage) was very low in fed cells whereas, under
starvation (HBSS), a significant percentage of cells showed gold particles on ER
membranes close to the mitochondria as well as on vesicles close to the mito-
chondria. This seems to indicate a recruitment of ganglioside GD3 in MAMs
under autophagic stimulation.
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Figure 3. Under autophagic stimulation CANX associates with ganglioside GD3. (A) Primary human fibroblasts untreated or treated with HBSS for 1 h, were lysed in lysis
buffer, followed by immunoprecipitation with rabbit anti-CANX PAb. A rabbit IgG isotypic control was employed. The immunoprecipitates were spotted onto nitrocellu-
lose strips and incubated with R24 anti-GD3 MAb, as described in Materials and methods. A representative experiment among 3 is shown. Bar graph in the right panel
shows densitometric analysis. Results represent the mean § SD from 3 independent experiments. �, P<0.01 HBSS vs Control cells. (B) Flow cytometry analysis of GD3-
CANX association by FRET technique in: control cells (left panel) and in cells treated with HBSS 1 h (middle panel). Numbers indicate the percentage of FL3-positive events
obtained in one experiment representative of 3. Inserts represent GD3 intracellular amount in the corresponding sample and was quantitatively expressed by the median
fluorescence intensity. Bar graph (right panel) shows evaluation of FE, according to the Riemann algorithm, of GD3-CANX association. Results represent the mean §SD
from 3 independent experiments. �, P<0.01 HBSS vs Control cells. (C) Primary human fibroblasts untreated or treated with HBSS for 1 h, were lysed in lysis buffer, fol-
lowed by immunoprecipitation with rabbit anti-SEL1L PAb. A rabbit IgG isotypic control was employed. The immunoprecipitates were spotted onto nitrocellulose strips
and incubated with R24 anti-GD3 MAb, as described in Materials and methods. A representative experiment among 3 is shown. Bar graph in the right panel shows densi-
tometric analysis. Results represent the mean § SD from 3 independent experiments. (D) Quantitative FRET analysis of GD3-SEL1L association in control cells (left panel)
and in HBSS-treated fibroblasts (middle panel). Numbers indicate the percentage of FL3-positive events obtained in one experiment representative of 3. Inserts represent
SEL1L intracellular amount in the corresponding sample and was quantitatively expressed by the median fluorescence intensity. Bar graph shows evaluation of FE, accord-
ing to the Riemann algorithm. Results represent the mean §SD from 3 independent experiments. No statistically significant differences were found between Control and
HBSS-treated samples.
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specific anti-GD3 monoclonal antibody (MAb), and densito-
metric analysis of CANX immunoprecipitates revealed that in
unstimulated control cells GD3 was weakly associated with
CANX, but, after autophagic triggering by HBSS, the associa-
tion of GD3 with CANX was significantly increased (Fig. 3A,
densitometric analysis in the right panel).

These results, obtained by using biochemical methods, were
also confirmed by using the FRET technique (Fig. 3B). This last
approach, whose sensitivity allows performing a quantitative
analysis by using significantly smaller amounts of biological
material than immunoprecipitation techniques, revealed a
weak interaction between CANX and GD3 in unstimulated
cells that significantly increased after HBSS treatment. This was
further demonstrated by FRET efficiency (FE) calculation per-
formed by pooling together the results obtained from 3 inde-
pendent experiments (Fig. 3B, bar graph).

To verify if this interaction was specific to CANX and it was
not due to changes in the ER membrane composition under
starvation conditions, we performed parallel coimmunoprecipi-
tation experiments in order to analyze the association of GD3
with SEL1L (SEL1L ERAD E3 ligase adaptor subunit) molecule,
an ER-associated adaptor protein with the same overall topol-
ogy of CANX.42 Dot blot and densitometric analysis of SEL1L
immunoprecipitates showed that GD3 was weakly associated
with SEL1L either in untreated or in HBSS-treated cells
(Fig. 3C). These results, were also confirmed by using FRET
technique (Fig. 3D). In fact, calculation of FE by the Riemann
algorithm clearly showed a moderate, although statistically sig-
nificant (P < 0.01 vs negative control), molecular association
between SEL1L and GD3 but, importantly, this association was
not influenced by autophagy induction. That is, no statistically
significant differences were observed between control and
HBSS-treated cells (Fig. 3D, bar graph).

Under autophagic stimulation CANX associates with
AMBRA1 and WIPI1. Coimmunoprecipitation experiments
were then carried out in order to assess the possible interaction
of CANX with crucial upstream regulators of autophagy
enabling autophagosome nucleation, i.e. with the entire
AMBRA1-PtdIns 3 kinase complex, including WIPI1, PIK3C3,
BECN1 (Beclin 1, autophagy related) ATG14 and UVRAG
(UV radiation resistance associated). AMBRA1 is a BECN1-
interacting protein that positively regulates the BECN1-depen-
dent program of autophagy.30,31 WIPI1 is an essential PtdIns3P
effector protein involved in autophagosome formation at the
omegasome.39,40

Cell lysates were immunoprecipitated with anti-CANX
polyclonal antibody (PAb), followed by protein G-acrylic
beads. Results of western blot and densitometric analyses,
shown in Fig. 4A, revealed a positive band of coimmunopreci-
pitation corresponding to AMBRA1, which was more evident
in cells stimulated with HBSS. Similar findings were found
analyzing the association of CANX with WIPI1 in the same
immunoprecipitates. In fact, western blot analysis showed
that, in control cells, WIPI1 was weakly associated with
CANX whereas, after treatment with HBSS, a proportion of
WIPI1 was associated with CANX (Fig. 4A). In addition,
PIK3C3, BECN1, ATG14 and UVRAG were detectable in
CANX immunoprecipitates after HBSS treatment only. Virtu-
ally, no bands were detected in control immunoprecipitation

experiments carried out with an IgG having irrelevant specific-
ity (Fig. 4A).

Recent data suggest a direct binding between ATG16L1
(autophagy-related 16 like 1) and WIPI2,43 2 important
autophagy-related proteins acting downstream of the
AMBRA1-BECN1 complex. Hence, we investigated whether
these proteins could be recruited to the CANX-GD3 complex
after autophagy induction. Western blot analysis showed that
ATG16L1 and WIPI2 were not detectable in CANX immuno-
precipitates (Fig. 4A), either in untreated or HBSS-treated cell
extracts, suggesting that these molecules do not interact with
CANX. As a purity control, i.e., in order to exclude microsomes
derived from the ER in our preparations, the samples were ana-
lyzed for the presence of POR (P450 [cytochrome] oxidoreduc-
tase), a specific microsomal marker.44 However, this marker
was virtually absent in our preparations (Fig. 4A). Again, FRET
analysis confirmed the results obtained by biochemical meth-
ods (Fig. 4B). As a further control, in parallel experiments, cell
lysates from HBSS-treated and untreated cells were immuno-
precipitated with anti-SEL1L PAb, followed by protein G-
acrylic beads. The immunoprecipitates were then subjected to
western blot analysis. No bands corresponding to AMBRA1,
WIPI1, ATG16L1, or WIPI2 were detected (Fig. S1).

Under autophagic stimulation GD3 associates with AMBRA1
and WIPI1. On the basis of the above reported results we inves-
tigated the possible interaction of GD3 with AMBRA1. There-
fore, AMBRA1 immunoprecipitates were subjected to dot blot
analysis using an anti-GD3 mAb. The analysis revealed that,
while in control unstimulated cells GD3 was only weakly asso-
ciated with AMBRA1, after triggering with HBSS, the associa-
tion of GD3 with AMBRA1 was significantly increased
(Fig. 5A, densitometric analysis in the right panel). These data
were also confirmed by quantitative FRET analysis (Fig. 5B). In
the same immunoprecipitates the possible interaction of
AMBRA1 with CANX was also investigated. Western blot anal-
ysis (Fig. 5C), showed a positive band of coimmunoprecipita-
tion, which was more evident in cells stimulated with HBSS,
indicating an increased interaction of these molecules
(AMBRA1 and CANX) after autophagy induction. In addition,
we also evaluated the association of AMBRA1 with WIPI1.
Results of western blot analysis showed that, while in unstimu-
lated control cells WIPI1 was slightly associated with
AMBRA1, after triggering with HBSS a proportion of WIPI1
was found associated with AMBRA1. We then investigated the
possible recruitment of ATG16L1 and WIPI2 to the AMBRA1-
GD3 complex after autophagic triggering. Western blot analysis
showed that ATG16L1 and WIPI2 were virtually undetectable
in AMBRA1 immunoprecipitates either from untreated or
HBSS-treated cells (Fig. 5C). No bands were detected in control
immunoprecipitation experiments with an IgG having irrele-
vant specificity (Fig. 5C). As far as WIPI family proteins was
concerned, FRET analysis revealed that WIPI1 was strongly
associated with AMBRA1 after HBSS treatment (Fig. 5D, upper
panels), whereas WIPI2 was not (Fig. 5D, bottom panels), thus
confirming results obtained by biochemical methods. All in all,
these experiments suggested that, under autophagic stimula-
tion, a molecular interaction between ganglioside GD3,
AMBRA1 and WIPI1 with the MAM marker CANX clearly
occurs.
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Figure 4. CANX associates with AMBRA1 and WIPI1 under autophagic stimulation. (A) Coimmunoprecipitation of CANX with AMBRA1, WIPI1, ATG16L1 and WIPI2 in con-
trol cells and in cells treated with HBSS for 1 h. Primary fibroblasts, untreated or treated with HBSS, were lysed in lysis buffer, followed by immunoprecipitation with rabbit
anti-CANX PAb. A rabbit IgG isotypic control was employed. The immunoprecipitates were analyzed for the presence of AMBRA1 by western blot analysis, using anti-
AMBRA1 PAb. In parallel, the immunoprecipitates were checked for the presence of WIPI1, PIK3C3, BECN1, ATG14, UVRAG, ATG16L1 and WIPI2 by western blot analysis,
using the anti-WIPI1 MAb, anti-PIK3C3, anti-BECN1, anti-ATG14, anti-UVRAG, anti-ATG16L1 and anti-WIPI2 PAbs. A representative experiment among 3 is shown. As a con-
trol, the immunoprecipitates were assessed by immunoblot with anti-CANX MAb or anti-POR PAb. Bar graph in the right panel shows densitometric analysis. Results rep-
resent the mean §SD from 3 independent experiments. �, P < 0.01 HBSS vs control cells. (B) Flow cytometry analysis of CANX-AMBRA1, CANX-WIPI1, CANX-WIPI2 and
CANX-ATG16L1 association by FRET technique in: control cells (left panels) and in cells treated with HBSS 1 h (middle panels). Numbers indicate the percentage of FL3-
positive events obtained in one experiment representative of 3. Inserts represent AMBRA1, WIPI1, WIPI2 and ATG16L1 intracellular amount, respectively, in the corre-
sponding sample quantitatively expressed as median fluorescence intensity. Bar graphs (right panels) show evaluation of FE, according to the Riemann algorithm. Results
represent the mean §SD from 3 independent experiments. �, P < 0.01 HBSS vs control cells.
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Figure 5. Ganglioside GD3 participates in the early events of the autophagic process. (A) Primary human fibroblasts untreated or treated with HBSS for 1 h, were lysed in lysis
buffer, followed by immunoprecipitation with rabbit anti-AMBRA1 PAb. A rabbit IgG isotypic control was employed. The immunoprecipitates were spotted onto nitrocellulose
strips and incubated with R24 anti-GD3 mAb, as described in Materials and methods. A representative experiment among 3 is shown. Bar graph in the right panel shows densito-
metric analysis. Results represent the mean§ SD from 3 independent experiments. �, P<0.01 HBSS vs control cells. (B) Flow cytometry analysis of GD3-AMBRA1 association by
FRET technique in: control cells (left panel) and in cells treatedwith HBSS 1 h (middle panel). Numbers indicate the percentage of FL3-positive events obtained in one experiment
representative of 3. Inserts represent GD3 intracellular amount in the corresponding sample and was quantitatively expressed by the median fluorescence intensity. Bar graph
(right panel) shows evaluation of FE, according to the Riemann algorithm, of GD3-AMBRA1 association. Results represent the mean§SD from 3 independent experiments. (C)
Coimmunoprecipitation of AMBRA1 with CANX, WIPI1, WIPI2 and ATG16L1 in control cells and in cells treated with HBSS for 1 h. Primary fibroblasts, untreated or treated with
HBSS, were lysed in lysis buffer, followed by immunoprecipitation with rabbit anti-AMBRA1 PAb. A rabbit IgG isotypic control was employed. The immunoprecipitates were ana-
lyzed for the presence of CANX by western blot analysis, using anti-CANX PAb. In parallel, the immunoprecipitates were checked for the presence of WIPI1, WIPI2 and ATG16L1
by western blot analysis, using anti-WIPI1 MAb, anti-WIPI2 PAb and anti-ATG16L1 PAb. A representative experiment among 3 is shown. As a control, the immunoprecipitates
were assessed by immunoblot with anti-AMBRA1 MAb. Bar graph in the right panel shows densitometric analysis. Results represent the mean§ SD from 3 independent experi-
ments. (D) Flow cytometry analysis of AMBRA1-WIPI1 and AMBRA1-WIPI2 association by FRET technique in: control cells (left panel) and in cells treated with HBSS for 1 h (middle
panel). Numbers indicate the percentage of FL3-positive events obtained in one experiment representative of 3. Inserts represent WIPI1 and WIPI2 intracellular amount in the
corresponding sample quantitatively expressed by the median fluorescence intensity. Bar graph shows evaluation of FE, according to the Riemann algorithm, of AMBRA1-WIPI1
and AMBRA1-WIPI2 association. Results represent the mean§SD from 3 independent experiments. �, P< 0.01 HBSS vs control cells.
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Involvement of MAMs in early events of autophagosome
formation: experiments in isolated MAMs

In order to better analyze MAM components, isolated MAM
fractions were then considered. In particular, we analyzed the
implication of lipid rafts and the possible presence of key mole-
cules involved in the early events of autophagic flux in isolated
MAMs. Since AMBRA1, BECN1 and PIK3C3 have been
defined as the autophagy core complex, which plays a key role
in the early events of the autophagic process,30,31,45 and on the
basis of the above results, we checked isolated MAMs for the
presence of the autophagy-related interactors BECN1 and
PIK3C3, whose recruitment to MAMs after autophagic stimu-
lation has recently been reported.28 According to this work,28

we preliminarily confirmed that these molecules were increased
in MAMs isolated from starved cells (data not shown). Then,
analyzing isolated MAMs for the presence of AMBRA1 and
WIPI1, we found that: (i) a consistent amount of AMBRA1
and a small amount of WIPI1 were constitutively present in
MAM fractions but, also, that (ii) under starvation conditions
the presence of these proteins in the MAM fractions was signif-
icantly increased (Fig. 6A, left panel, bar graph on the right
panel indicates densitometric analysis). In line with the results
reported above, ATG16L1 and WIPI2 were virtually absent in
the isolated MAM fractions (Fig. 6A).

The purity of the same MAM preparations was checked by
analyzing CANX and VDAC1, 2 proteins known to be enriched
in these membranes, TOMM20 (translocase of outer mitochon-
drial membrane 20 homolog [yeast]), a typical mitochondrial
marker absent in MAMs, as well as P4HB (prolyl 4-hydroxylase
subunit b), an ER-associated protein marker (Fig. 6B). We
found that CANX and VDAC1 were detected in MAMs either
isolated from control or from HBSS-treated cells (Fig. 6B, left
panel). As expected, in pure mitochondrial fractions only
VDAC1 and TOMM20 were detectable, independently from
any treatment (Fig. 6B, right panel). Moreover, since a strict
molecular interaction has previously been shown between GD3
and PtdIns3P suggesting a role for GD3 in the omegasome for-
mation,21 we decided to assess by dot blot analysis using a
highly specific anti-GD3 MAb, the possible presence of GD3 in
the same isolated MAM fractions considered above. We found
that, in line with transmission electron microscopy (TEM)
observations (Fig. 2), the association of GD3 with MAMs was
well evident after autophagy induction, i.e. after cell starvation
with HBSS (Fig. 6C, left panel, bar graph on the right indicates
densitometric analysis).

Knocking down ST8SIA1 expression impairs CANX-
AMBRA1 association at the MAM level hindering
autophagy

In order to clarify the role of GD3 during autophagic process, a
small interfering RNA (siRNA) was employed to knock down
ST8SIA1 (ST8 a-N-acetyl-neuraminide a-2,8-sialyltransferase
1) gene expression, a member of the glycosyltransferase family
responsible for the synthesis of GD3. Under our experimental
conditions, we found that 48 h after siRNA addition: (i) more
than 65% of cells were transfected (Fig. 7A, upper left panel,
positive control siGLO LMNA [lamin A/C] siRNA-FITC) and

that (ii) in cells transfected with ST8SIA1 siRNA a significant
reduction (about 70%) of ST8SIA1, with respect to scrambled
siRNA-transfected cells, was detectable (Fig. 7A, upper middle
panel). In addition, as previously reported,21 flow cytometry
analyses of ST8SIA1 siRNA-treated cells, incubated with HBSS
as above and stained with a Cyto-ID Autophagy Detection kit,
revealed that autophagy was significantly reduced as compared
to scrambled siRNA-transfected cells (Fig. 7A, upper right
panel). As a further control, we also knocked down ATG5
(autophagy-related 5) gene expression under the same experi-
mental conditions. As expected, we found that transfection
with ATG5 siRNA (Fig. 7A, bottom left panel) significantly
reduced expression level of the ATG5 protein (Fig. 7A, bottom
middle panel). Consequently, autophagy induced by HBSS, as
revealed after cell staining with a Cyto-ID Autophagy Detection
kit, was significantly impaired in ATG5 siRNA-transfected cells,
in comparison with scrambled siRNA-transfected cells (Fig. 7A,
bottom right panel).

Moreover, autophagy inhibition in ST8SIA1-downregulated
cells was also verified by: (i) immunofluorescence, by using an
anti-LC3 antibody, and (ii) western blot analysis, using an anti-
LC3 antibody (Fig. 7B). As expected, the LC3 puncta formation
(Fig. 7B, micrographs, upper left panel) and the increase of the
band corresponding to LC3-II (Fig. 7B, bottom left panel)
induced by HBSS were significantly reduced in cells transfected
with siRNA for ST8SIA1 in comparison to scrambled siRNA-
transfected cells. These results were also confirmed by morpho-
metric and densitometric analyses (Fig. 7B, right panels, bar
graphs).

Importantly, FRET analysis revealed that in fibroblasts
transfected with ST8SIA1 siRNA, HBSS did not induce any
increase of CANX-AMBRA1 association (Fig. 7C, middle
panel) and CANX-BECN1 association (not shown) that, at var-
iance, were detectable in HBSS-treated, scrambled siRNA-
transfected cells (Fig. 7C, left panel). In fact, statistical analysis,
performed after the application of the Riemann algorithm,
revealed that the association CANX-AMBRA1 (expressed as
FE) in ST8SIA1 siRNA-transfected cells was significantly lower
than in scrambled siRNA-transfected cells after autophagic
triggering by HBSS (Fig. 7C, right panel). Thus, the protein
composition of MAMs seems to be altered by the knocking
down of GD3 ganglioside so that the starvation-induced associ-
ation of core complex molecules at the MAMs was impaired.

Knocking downMFN2 gene expression reduces HBSS-
induced autophagy and CANX-AMBRA1 association

It has been reported that MAMs are enriched in MFN2 (mito-
fusin 2).46 Since MFN2 also localizes at the ER where, via its
interaction with mitochondrial mitofusins, is responsible of
inter-organelle bridges formation, we decided to investigate the
role of this GTPase in our experimental system by using a small
interfering RNA (siRNA). Forty-eight h after MFN2 siRNA
transfection we observed that: (i) about 70% of cells were trans-
fected (Fig. 8A, upper left panel, positive control GFP-22
siRNA) and that (ii) cells transfected with MFN2 siRNA
showed a significant reduction in the expression level of this
protein, in comparison to control siRNA-transfected cells
(Fig. 8A, upper middle panel). Interestingly, we also observed
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that when MFN2 siRNA-transfected cells were incubated for
1 h with HBSS, the autophagy induction was significantly
reduced in comparison with HBSS-treated cells transfected
with control siRNA, as revealed with a Cyto-ID Autophagy
Detection kit (Fig. 8A, upper right panel). These observations

were also confirmed by immunofluorescence and western blot
analysis, performed by using an anti-LC3 antibody (Fig. 8B). In
fact, according to flow cytometry data, we found that LC3
puncta induced by HBSS treatment were significantly reduced
by MFN2 knockdown (Fig. 8B, micrographs, upper left panel).

Figure 6. Involvement of MAMs in early events of autophagosome formation: experiments in isolated MAMs. Pure mitochondria preparations obtained from fibroblast
cells, either untreated or treated with HBSS for 1 h, were subjected to Percoll gradient fractionation. After centrifugation, high-purity MAM fractions were obtained. (A)
Isolated MAMs were analyzed by western blot using an anti-AMBRA1 mAb, anti-WIPI1 PAb, anti-WIPI2 PAb and anti-ATG16L1 PAb. A representative experiment among 3
is shown. Bar graph in the right panel shows densitometric analysis. Results represent the mean § SD from 3 independent experiments. (B) Isolated MAMs, as well as
pure mitochondria fractions, were checked for MAM purity by western blot, using antibodies vs mitochondrial marker TOMM20, MAM markers CANX and VDAC1 and ER
marker P4HB. (C) Isolated MAMs were analyzed by Dot blot. Samples were spotted onto nitrocellulose strips and incubated with anti-GD3 R24 MAb, as described in Mate-
rials and methods. A positive control was obtained using pure standard GD3 (STD). A representative experiment among 3 is shown. Bar graph in the right panel shows
densitometric analysis. �, P < 0.01 HBSS vs control cells.
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Figure 7. Knocking down ST8SIA1 gene (GD3 synthase) expression impairs CANX-AMBRA1 association at the MAM level hindering autophagy. (A) Upper left panel. Cytofluorimet-
ric analysis of fluorescence emission in fibroblasts transfected with FITC-siRNA. The percentage of FITC-positive cells was considered indicative of the transfection efficiency. Upper
middle panel. Cytofluorimetric evaluation of ST8SIA1 expression level 48 h after specific siRNA transfection. Upper right panel. Semiquantitative flow cytometry analysis performed
with a Cyto-ID Autophagy detection kit of autophagy induced by HBSS in fibroblasts knocked down for ST8SIA1 or in cells transfected with scrambled siRNA. Bottom left panel.
Cytofluorimetric analysis of fluorescence emission in fibroblasts transfected with FITC-siRNA. The percentage of FITC-positive cells was considered indicative of the transfection
efficiency. Bottom middle panel. Cytofluorimetric evaluation of ATG5 expression level 48 h after specific siRNA transfection. Bottom right panel. Semiquantitative flow cytometry
analysis performed with a Cyto-ID Autophagy detection kit of autophagy induced by HBSS in fibroblasts knocked down for ATG5 or in cells transfected with scrambled siRNA. In
the left panels, the number represents the mean percentage§SD of FITC-positive cells (corresponding to transfected cells) obtained in 3 independent measurements. In the mid-
dle panels, the numbers represent the mean§SD of the median fluorescence intensity obtained in 3 independent experiments. A representative experiment is shown. (B) Upper
panels. IVM analysis after LC3-Hoechst double staining of cells knocked down for ST8SIA1 and treated with HBSS for 1 h and of cells transfected with scrambled siRNA and treated
with HBSS for 1 h. Bar graph on the right shows the percentage of LC3 puncta-positive cells. Bottom panels. Western blot analysis using an anti-LC3 PAb. Loading control was
evaluated using anti-ACTB MAb. A representative experiment among 3 is shown. Bar graph to the right shows densitometric analysis. Results represent the mean§SD from 3
independent experiments. In HBSS samples “�” indicates P< 0.01 between ST8SIA1 siRNA and scrambled siRNA. (C) FRET analysis of CANX-AMBRA1 in fibroblasts knocked down
for ST8SIA1 and treated with HBSS for 1 h (middle panel) or in cells transfected with scrambled siRNA and treated with HBSS for 1 h (left panel). Numbers indicate the percentage
of FL3-positive events obtained in one experiment representative of 3. Inserts represent AMBRA1 intracellular amount in the corresponding sample and was quantitatively
expressed by the median fluorescence intensity. Bar graph shows the evaluation of FE, according to the Riemann algorithm. Results represent the mean§SD from 3 independent
experiments. �, P< 0.01 vs scrambled siRNA.
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Figure 8. Knocking down MFN2 gene expression reduces HBSS-induced autophagy and CANX-AMBRA1 association. (A) Upper left panel. Cytofluorimetric analysis of fluo-
rescence emission in fibroblasts transfected with GFP-22 siRNA. The percentage of GFP-positive cells was considered as indicative of the transfection efficiency. Upper mid-
dle panel. Cytofluorimetric evaluation of MFN2 expression level 48 h after specific siRNA transfection. Upper right panel. Semiquantitative flow cytometry analysis
performed with a Cyto-ID Autophagy Detection kit of autophagy induced by HBSS in fibroblasts knocked down for MFN2 as well as in cells transfected with control siRNA.
In the left panels, the number represents the mean percentage §SD of GFP-positive cells (corresponding to transfected cells) obtained in 3 independent experiments. In
the middle panel, the numbers represent the mean §SD of the median fluorescence intensity obtained in 3 independent experiments. A representative experiment is
shown. (B) Upper panels. IVM analysis after LC3-Hoechst double staining of cells knocked down for MFN2 or transfected with control siRNA and than treated with HBSS
for 1 h. Bar graph on the right shows the percentage of LC3 puncta-positive cells. Bottom panels. Western blot analysis using an anti-LC3 PAb. Loading control was evalu-
ated using anti-ACTB mAb. A representative experiment among 3 is shown. Bar graph to the right shows densitometric analysis. Results represent the mean §SD from 3
independent experiments. “�” indicates P < 0.01 between MFN2 siRNA and control siRNA after HBSS treatment. (C) FRET analysis of CANX-AMBRA1 in fibroblasts knocked
down for MFN2 and treated with HBSS for 1 h (middle panel) or in cells transfected with control siRNA and treated with HBSS for 1 h (left panel). Numbers indicate the
percentage of FL3-positive events obtained in one experiment representative of 3. Inserts represent AMBRA1 intracellular amount in the corresponding sample and was
quantitatively expressed by the median fluorescence intensity. Bar graph on the right shows the evaluation of FE, according to the Riemann algorithm. Results represent
the mean §SD from 3 independent experiments. �, P < 0.01 vs control siRNA.
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In the same vein, the increase of the band corresponding to
LC3-II (Fig. 8B, bottom left panel), induced by HBSS in cells
transfected with control siRNA was significantly reduced in
cells transfected with MFN2 siRNA. These results were also
quantified by morphometric and densitometric analyses
(Fig. 8B, right panels, bar graphs).

In addition, FRET analysis revealed that the CANX-
AMBRA1 association induced by HBSS in fibroblasts trans-
fected with control siRNA was significantly reduced in cells
transfected with MFN2 siRNA (Fig. 8C, middle panel). Statisti-
cal analysis, performed by the Riemann algorithm, revealed
that the association CANX-AMBRA1 (expressed as FE) in
MFN2 siRNA-transfected cells was significantly lower than in
control siRNA-transfected cells after autophagic triggering by
HBSS (Fig. 8C, right panel). Since the CANX-AMBRA1 molec-
ular association seems to represent a key event in the early
phases of autophagosome formation, these data indicate that
MFN2 may be an important actor in the molecular scrambling
between mitochondria and the ER,47 at the MAM level.

Discussion

In the present work we suggest that the previously hypothesized
contribution of MAMs in the formation of autophagy-associ-
ated vesicles aimed at the engulfment and recycling of altered
organelles or misfolded proteins, i.e., autophagosomes,28 could
include the participation of lipid “rafts.” These seem not to
merely represent further actors of the process but fundamental
constituents of the MAMs, without which the correct assembly
of the vesicles and the scrambling among organelles can be
impaired and the autophagic process hindered. This is sug-
gested by the experiments reported here and carried out with
siRNA specific for the ST8SIA1 mRNA leading to the ganglio-
side formation. This experimental condition leads to an
impairment of the ER-mitochondria crosstalk and the subse-
quent autophagosome nucleation. It means that the suggested
“interplay” between ER and mitochondria during the autopha-
gic process induced by metabolic impairment is the result of a
complex framework of events under control of several key
molecular actors, such as the core-complex proteins but, also,
some core-complex sphingolipids. Hence, the present results
are in accord with the hypothesis that lipid rafts could represent
a functional platform at the MAM level during the early steps
of autophagic process.19,28 Cholesterol-rich microdomains,
called lipid rafts, have already been suggested to play a role in
several cellular processes of great relevance for cell survival or
death. They exert: i) a catalytic function at the plasma mem-
brane, e.g. allowing receptor–mediated death signals to take
place.16,48,49 The recruitment of death receptors in these micro-
domains bolsters signaling pathways and is essential for apo-
ptosis ignition.49 In addition, ii) lipid raft components can
move throughout the cell cytoplasm via cytoskeletal structural
scaffold probably contributing to dynamic organelle structural
remodeling;34 iii) they can be detected at mitochondrial level
(raft-like microdomains) contributing either to the cascade of
events leading to apoptosis execution or to the changes of mito-
chondrial structural features leading to mitochondrial fission
processes,17,50 but also, finally, iv) they are associated with auto-
phagosome morphogenesis, either in the initiation or in the

maturation phases.21 In a few words, molecular interactions
seem to take place easily inside the microdomains either at
plasma membrane or at organelle membranes. Changes of
organelle curvature leading to the formation of vesicles or the
occurrence of morphogenetic modifications of organelles, such
as mitochondrial fission, could be facilitated by the sphingoli-
pid constituents.50 Thus, with the present work we add a novel
evidence on this matter by suggesting that the previously
hypothesized presence of lipid rafts in the MAMs could be piv-
otal in the mitochondria-ER crosstalk leading to autophago-
some formation.

This finding is not surprising because during ER stress,
CANX palmitoylation is already reported.51 In fact, as a general
rule, palmitoylation represents one of the critical molecular
modifications for the embedding of proteins into raft scaffolds,
including ER raft-like microdomains, where palmitoylated pro-
teins are concentrated.52 Autophagy-related core interactors,
whose recruitment to MAMs after autophagic stimulation has
recently been reported by Hamasaki et al.,28 have in fact been
analyzed, i.e. taking into account the lipid rafts. The analysis of
these lipid rafts-associated proteins can be referred as to the
existence of a sort of “raftome,” i.e., an embedding structural
“device” that acts inside the cell associating or recruiting inter-
actor proteins of relevance in various subcellular processes,
including autophagy. Under our experimental conditions, we
found a molecular interaction of the ganglioside GD3, already
considered as a paradigmatic “brick” of lipid rafts in certain cell
types such as fibroblasts, with core-initiator proteins of autoph-
agy, such as AMBRA1 and BECN1. It can be hypothesized that,
under autophagic stimulation, a recruitment of these molecules
into lipid rafts at the MAM level could take place. This could
represent a prerequisite for membrane scrambling between
mitochondria and ER, thus suggesting a function for MAMs in
the earliest events leading to omegasome formation.28

In fact, AMBRA1 constitutes a direct regulatory link
between ULK1 (unc-51 like autophagy activating kinase 1) and
BECN1-PIK3C3, which is required for core complex position-
ing and activity within the cell.31,45 In particular, AMBRA1
phosphorylation by the ULK1 kinase has been suggested as
able to regulate the localization of the BECN1 complex to the
omegasome.31 Under physiological conditions, a pool of
AMBRA1 favors its interaction with mitochondrial BCL2 but,
after autophagy induction, AMBRA1 is released from BCL2 (B-
cell CLL/lymphoma 2) and recruited to BECN1, thus regulating
BECN1-dependent autophagy.53 Interestingly, AMBRA1 is also
able to bind the autophagosome adapter LC3 through an LC3
interacting region (LIR) motif.54 In our work we found that
AMBRA1 is recruited to the BECN1 complex at the MAM
level, where it can regulate autophagy by interacting with
WIPI1 and with CANX, thus confirming its role in the early
events of the autophagic process. In addition, we found that
MFN2, the mitochondrial membrane protein that participates
in mitochondrial fusion and contributes to the maintenance
and operation of the mitochondrial network, represents an
important actor in the molecular scrambling between mito-
chondria and ER,47 and could also play a role in MAM forma-
tion participating to the autophagic process.

Levels of multiple lipid species, including several sphingoli-
pids (ceramide, ganglioside GM3, GM2, GM1, GD3 and
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GD1a), cardiolipin, cholesterol and cholesterol esters, are ele-
vated in autophagic vacuole fractions and lysosomes.55 Con-
versely, although sphingolipid metabolism has been linked to
autophagy, its relevance appears still not well understood.
Blocking autophagy by deletion of the ATG7 (autophagy-
related 7) gene, which is essential for autophagosome forma-
tion, leads to an increase of sphingolipid metabolites, whereas
the overexpression of serine palmitoyltransferase to elevate de
novo sphingolipid biosynthesis can induce autophagy.56 Hence,
it has been suggested that autophagic process could contribute
to limit excessive sphingolipid levels so that dysfunctional
autophagy may result in sphingolipid accumulation that may
contribute to the pathogenesis of some diseases.56-58 For exam-
ple, In Alzheimer disease, abnormal sphingolipid metabolism
leads to defective autophagic degradation due to impaired lyso-
somal biogenesis.59 Hence, although surely representing key
actors of autophagosomal biogenesis, the comprehension of the
role of sphingolipid trafficking and their contribution to the
autophagic flux is still at the beginning. In few words, the core
ATG proteins can be functionally categorized into several units:
the ATG1-ULK1 complex, the PtdIns3K complex, the ATG2-
ATG18-WIPI complex, the ATG12 conjugation system and the
LC3 conjugation system, but where the lipid molecules for
autophagosomal membrane biogenesis come from is still
unknown. In view of the molecular association we found
between AMBRA1 and ganglioside GD3 in MAMs we can
hypothesize that, under autophagic stimulation, the ER could
provide a sphingolipid scaffold, MAM “rafts,” where early
autophagy-related molecules are recruited, i.e. favoring the
interaction of key proteins of the core-complex. In conclusion,
we suggest that the observed molecular interaction GD3-
AMBRA1, under autophagic stimulation, and conversely the
lack of interaction at the MAM level between key initiators of
autophagy in the presence of ST8SIA1 siRNA, i.e., CANX-
AMBRA1, could indicate that MAM raft-like microdomains
could be pivotal in the initial organelle scrambling activity that
finally leads to the formation of an autophagosome.

Materials and methods

Cells and autophagy induction

Primary human skin cultured fibroblasts were available at the
bio-bank of our laboratories and were established from biopsies
of sun-protected forearm skin according to standard culture
methods. All the donors gave their informed consent before
biopsy was performed. All the analyses were performed on cells
between 3rd and 7th passage of culture at nearly 90% conflu-
ence.21,60 No significant variability among samples from differ-
ent individuals was observed. The model represented by
primarily cultured cells represents, in comparison with cell lines,
a more valuable experimental tool. In particular, we previously
showed that cultured fibroblasts represent a suitable cell model
for studying the role of lipid rafts in autophagosome forma-
tion.21 Cell cultures were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma, D5796), containing 10% fetal
calf serum (FCS) plus 100 units/ml penicillin, 10 mg/ml strepto-
mycin, at 37�C in a humified CO2 atmosphere. For autophagy
induction, cells were stimulated under condition of nutrient

deprivation with HBSS (Sigma, H9269) for 1 h at 37�C. The
optimal incubation time with HBSS was selected on the basis of
preliminary experiments. After treatment, cells were collected
and prepared for the experimental procedures described below.

Analysis of autophagy

Flow cytometry analyses. Evaluation of autophagy was per-
formed by using a Cyto-ID Autophagy Detection Kit (Enzo
Life Sciences, ENZ-51031-K200). The kit was optimized for
detection of autophagy in live cells by flow cytometry. This
assay provides a rapid, specific and quantitative approach for
monitoring autophagic activity at the cellular level by using a
488 nm-excitable probe that becomes fluorescent in vesicles
produced during autophagy.61

Immunofluorescence. Cells (untreated or treated with HBSS),
fixed with 4% paraformaldehyde and permeabilized by 0.5% (v/
v) Triton X-100 (Bio-Rad, 161-0407) were incubated with rab-
bit PAb anti-LC3 antibody (Abgent, AP1805A) for 1 h at 4�C,
followed by Alexa Fluor 488-conjugated anti-rabbit (Molecular
Probes, A-11008) for an additional 30 min. Finally, after wash-
ing, all samples were counterstained with Hoechst 33258
(Sigma, 94403), 1 mg/ml in phosphate-buffered saline (PBS;
Sigma, P4417), and then mounted in glycerol:PBS (ratio 1:1,
pH 7.4). The images were acquired by intensified video micros-
copy (IVM) with an Olympus fluorescence microscope (Olym-
pus Corporation of the Americas, Center Valley, Pa.), equipped
with a Zeiss charge-coupled device camera (Carl
Zeiss, Oberkochen, Germany). For morphometric analyses by
fluorescence microscopy, LC3 puncta positive cells were calcu-
lated as a percentage by counting directly under the microscope
(objective 60x) at least 200 cells per sample.

Western blot analysis. Cells, untreated or treated with HBSS
for 1 h at 37�C, were lysed in lysis buffer containing 1% Triton
X-100, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA,
1 mM Na3VO4 and 75 U of aprotinin (Sigma, A1153) and
allowed to stand for 20 min at 4�C. The cell suspension was
mechanically disrupted by Dounce (Wheaton Industries Inc.,
NJ, USA, 357538) homogenization (10 strokes). The lysate was
centrifuged for 5 min at 1300xg to remove nuclei and large cel-
lular debris. After evaluation of the protein concentration by
Bradford Dye Reagent assay (Bio-Rad, 500-0006), the lysate
was subjected to 15% sodium-dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). The proteins were electropho-
retically transferred onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad, 162-0177). Membranes were blocked
with 5% nonfat dried milk in TBS (Bio-Rad, 1706435), contain-
ing 0.05% Tween 20 (Bio-Rad, 1706531) and probed with rab-
bit PAb anti-LC3 antibody (MBL Int Corporation, PD014),
with rabbit anti-phospho-ULK1 (Ser757) PAb (Cell Signaling
Technology, 6888) or with anti-ACTB (actin, b) MAb (Sigma,
A5316). Bound antibodies were visualized with horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG (Sigma, A1949)
or anti-mouse IgG (Sigma, A9044) and immunoreactivity
assessed by chemiluminescence reaction, using the ECL west-
ern detection system (Amersham, RPN2106). Densitometric
scanning analysis was performed with Mac OS X (Apple Com-
puter International), using NIH ImageJ 1.62 software. The
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density of each band in the same gel was analyzed and the den-
sitometric LC3-II/ACTB ratios are shown.

Sucrose-gradient fractionation and immunoblotting
analysis

Lipid raft fractions were isolated as previously described.17

Briefly, cell lysates were centrifuged for 5 min at 1300xg. The
supernatant fraction (postnuclear fraction) was subjected to
linear sucrose density gradient (5–30%) centrifugation. After
centrifugation, the gradient was fractionated, and 11 fractions
were collected starting from the top of the tube. The fraction
samples were loaded by volume and subjected to SDS-PAGE.
The proteins were electrophoretically transferred onto PVDF
membranes and probed with anti-CANX mAb (Abcam,
ab31290) or with anti-VDAC1 (Santa Cruz Biotechnology, sc-
8828) PAb antibodies. Bound antibodies were visualized with
HRP-conjugated anti-mouse IgG (Amersham, NA931V) or
anti-goat IgG (Dako, P0449) and immunoreactivity was
assessed by chemiluminescence reaction, using the ECL
western detection system.

Transmission electron microscopy and immunoelectron
microscopy (IEM)

For TEM examination, control and autophagy-stimulated cells
were fixed in 2.5% cacodylate-buffered (0.2 M, pH 7.2) glutaral-
dehyde for 20 min at room temperature and postfixed in 1%
OsO4 in cacodylate buffer for 1 h at room temperature. Fixed
specimens were dehydrated through a graded series of ethanol
solutions and embedded in Agar 100 (Agar Aids, AG-R1031).
Ultrathin sections were collected on 200-mesh gold grids and
treated with PBS containing 1% (w/v) gelatin (TAAB, B042),
1% BSA (TAAB, B041), 5% FCS and 0.05% Tween 20 and then
incubated with IgG anti-GD3 R24 MAb (Abcam, ab11779),
diluted 1:10 in the same buffer without gelatin overnight at
4�C. After washing for 1 h at room temperature, sections were
labeled with protein A-10 nm gold conjugate (1:10;TAAB,
GEM020/1) for 1 h at room temperature and washed again.
Negative controls were incubated with the gold conjugate
alone. Sections were observed with a Philips 208 electron
microscope (FEI Company, Achtseweg Noord 5, Bldg 5651 GG
Eindhoven, The Netherlands) at 80 kV. Morphometric analyses
were performed by evaluating the percentage of cells in which
ER was adjacent to mitochondria as well as of cells in which
there are small rounded vesicles in the proximity of mitochon-
dria either in fed or in HBSS-treated cells. At least 100 cells per
sample were analyzed at the same magnification (10000x).

Ganglioside immunostaining

Briefly, aliquots, obtained from MAM fractions or from
CANX, AMBRA1 or SEL1L, immunoprecipitates, prepared as
above, were spotted onto nitrocellulose strips, which were
allowed to dry at room temperature. The strips were blocked
with 5% nonfat dried milk in TBS, containing 0.05% Tween
20 for 1 h to block the residual binding sites on the paper.
The strips were rinsed for 10 min in TBS-Tween and then
incubated with IgG anti-GD3 R24 mAb (Abcam, ab 11779)

for 1 h at room temperature. After incubation the strips were
washed in PBS and further incubated for 1 h at 37�C with
HRP-conjugated anti-mouse IgG. Immunoreactivity was
assessed by chemiluminescence reaction, using the ECL west-
ern detection system.

Immunoprecipitation experiments

Cells, untreated or treated with HBSS for 1 h at 37�C, were
lysed in lysis buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl,
1% Nonidet P-40 [Sigma, 213277], 1 mM phenylmethylsulfonyl
fluoride [Sigma, P7626], 10 mg/ml leupeptin [Sigma, L2884]).
Cell-free lysates were mixed with protein G-acrylic beads
(Sigma, P3296) and stirred by a rotary shaker for 2 h at 4�C to
preclear nonspecific binding. After centrifugation (500xg for
1 min), the supernatant fraction was immunoprecipitated with
rabbit anti-CANX PAb (Sigma, C4731), rabbit anti-AMBRA1
PAb (Covalab, 0224), or rabbit anti-SEL1 PAb (Abcam,
ab78298) plus protein G-acrylic beads. After vigorous mixing
for 5 min, samples were further mixed. As a negative control,
immunoprecipitation was performed with an irrelevant rabbit
IgG (Sigma, 15006). The immunoprecipitates were split into 2
aliquots. The first one was subjected to dot blot analysis for
GD3 detection; the second one was checked by western blot
analysis.

Immunoblotting analysis of immunoprecipitates

The immunoprecipitates, obtained as reported above, were sub-
jected to SDS-PAGE. The proteins were electrophoretically
transferred onto PVDF membranes. Membrane were blocked
with 5% nonfat dried milk in TBS, containing 0.05% Tween 20
and probed with: mouse anti-AMBRA1 MAb (Santa Cruz Bio-
technology, sc-398204), rabbit anti-WIPI1 PAb (Bioss,
ABIN750418), rabbit anti-ATG16L1 PAb (MBL, PM040), rabbit
anti-WIPI2 PAb (GeneTex, GTX122101), mouse anti-CANX
mAb (Abcam, ab31290), rabbit anti-POR PAb (Abcam,
ab39995), anti-SEL1 MAb (MyBioSource MBS604203), rabbit
anti-PIK3C3 PAb (Cell Signaling Technology, 3811), rabbit
anti-BECN1 PAb (Santa Cruz Biotechnology, sc-11427), rabbit
anti-ATG14 PAb (Abcam, ab-173943), or rabbit anti-UVRAG
PAb (Abgent, ap-1850d). Bound antibodies were visualized
with HRP-conjugated anti-mouse IgG or anti-rabbit IgG
(Sigma, A1949) and immunoreactivity assessed by chemilumi-
nescence reaction, using the ECL western detection system.

Quantitative fluorescence resonance energy transfer
(FRET) analysis

We applied fluorescence resonance energy transfer (FRET)
analysis by flow cytometry, in order to study the molecular
association of: GD3-AMBRA1, GD3-CANX, GD3-WIPI1,
GD3-SEL1, AMBRA1-WIPI1, AMBRA1-WIPI2, CANX-
AMBRA1, CANX-WIPI1, CANX-WIPI2, CANX-ATG16L1.

The following primary and secondary antibodies used were:
rabbit PAb anti-CANX (Sigma, C4731), mouse anti-CANX
mAb (Abcam, ab31290), rabbit PAb anti-AMBRA1 (Covalab,
0224), rabbit PAb anti-SEL1 (Abcam, ab78298), rabbit anti-
P4HB PAb (Abcam, ab31811), rabbit anti-WIPI1 PAb (Bioss,
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ABIN750418), rabbit anti-ATG16L1 PAb (MBL, PM040), rab-
bit anti-WIPI2 PAb (GeneTex, GTX122101), mouse MAb anti-
WIPI2 (Abcam, ab105459), anti-mouse PE-conjugated (BD
PharMingen, 550589), anti-mouse Cy5-comjugated (Abcam,
ab6563); anti-rabbit PE-conjugated (BD PharMingen, 558416),
anti-rabbit Cy5 conjugated (Abcam, ab97077).

Briefly, cells were fixed and permeabilized as above, washed
twice in cold PBS and then labeled with antibodies tagged
with donor (phycoerythrin, PE) or acceptor (Cy5) dyes. Cell
staining was performed using mouse or rabbit primary anti-
bodies and saturating amount of PE-labeled anti-mouse or
anti-rabbit. In a second step, primary antibodies were detected
by using specific secondary antibodies followed by saturating
concentrations of Cy5-conjugated anti-mouse or anti-rabbit.
After staining, cells were washed twice, resuspended in PBS
and analyzed with a dual-laser FACScalibur flow cytometer
(BD Biosciences Franklin Lakes, New Jersey). For determina-
tion of FRET efficiency (FE), changes in fluorescence intensi-
ties of donor plus acceptor labeled cells were compared to the
emission signal from cells labeled with donor-only and accep-
tor-only fluorophores. As a further control, the cross-reactivity
among all the different primary and secondary antibodies was
also assessed. All data were corrected for background by sub-
tracting the binding of the isotype controls. Efficient energy
transfer resulted in an increased acceptor emission on cells
stained with both donor and acceptor dyes. The FE was calcu-
lated according to Riemann.62

Isolation of MAMs

Crude mitochondria, obtained from cells as previously
reported,63 either untreated or treated with HBSS for 1 h at
37�C, were fractionated to isolate high-purity MAM and mito-
chondria fractions according to Wieckowski et al.64 Briefly,
crude mitochondrial pellets were resuspended in 2 ml of ice
cold mitochondria resuspending buffer (MRB), containing
250 mM mannitol, 5 mM HEPES, pH 7.4, and 0.5 mM EGTA
and loaded on top of 8 ml of Percoll medium (225 mM manni-
tol, 25 mM HEPES, pH 7.4, 1 mM EGTA, and 30% Percoll
[vol/vol; Sigma, P1644]) in an ultracentrifuge tube. Afterward,
the tube was gently filled up with 3.5 ml of MRB solution and
centrifuged at 95,000 £ g for 30 min at 4�C in an SW 41 rotor
(Beckman Coulter, Brea, CA, USA). After centrifugation, a
dense band containing purified mitochondria was localized
approximately at the bottom, whereas the MAM fraction was
visible as diffuse white band located above the mitochondria.
The fractions were collected and centrifuged at 6300 £ g for
10 min at 4�C. The MAM supernatant was subjected to a fur-
ther centrifugation at 100,000 £ g for 1 h at 4�C in a 70-Ti
rotor (Beckman Coulter, Brea, CA, USA). After evaluation of
the protein concentration by the Bradford Dye Reagent assay,
MAM fractions were analyzed by western blot analysis using
anti-AMBRA1 mAb, anti-WIPI1 PAb, anti-ATG16L1 PAb and
anti-WIPI2 PAb. Bound antibodies were visualized with HRP-
conjugated anti-mouse IgG or anti-rabbit IgG and immunore-
activity assessed by chemiluminescence reaction, using the ECL
western detection system. Subcellular fractions, including
MAM as well as pure mitochondria, isolated from cells, either
untreated or treated with HBSS, were tested for the

mitochondrial marker, using anti-TOMM20 MAb (Abcam,
ab56783), for the ER marker using anti-P4HB PAb (Abcam,
ab31811), for the MAM markers using anti-CANX mAb and
anti-VDAC1 PAb antibodies.

Knockdown experiments with siRNA

Primary fibroblasts were cultured in an antibiotic-free medium
containing 10% FCS and transfected with Dharma FECT 1
reagent (Dharmacon, T-2001-03), according to the manufac-
turer’s instructions, using 25 nM of Smart pool siRNA ST8SIA1
(GD3 synthase) (Dharmacon, M-011775-02). As further con-
trol we used Smart pool siRNA ATG5 (positive control, Dhar-
macon, M-004374-04) or related scrambled siRNA as negative
control (Dharmacon, D-001810-10-05). The transfection effi-
ciency was confirmed by using a Dharmacon’s positive silenc-
ing control, siGLO LMNA (lamin A/C) siRNA (D-001620-02).
For knocking down MFN2, we transfected fibroblasts with a
predesigned siRNA directed against human MFN2 (FlexiTube
GeneSolution, Qiagen, GS9927) by using HiPerFect Transfec-
tion Reagent (Qiagen, 301705) according to the manufacturer’s
instructions. As a negative control, we used a nonsilencing
siRNA with no homology to any known mammalian gene (All-
Stars Negative Control siRNA, Qiagen, SI03650318). The trans-
fection efficiency was verified by a GFP-22 siRNA (Qiagen,
1022064). After 48 h, the effect of transfection on ST8SIA1,
ATG5, or MFN2 expression levels was verified by flow cytome-
try by using a rabbit anti-ST8SIA1 (K-18) PAb (Santa Cruz
Biotechnology, sc-44587), by a rabbit anti-ATG5 (Sigma-
Aldrich, HPA042973) PAb, or by a rabbit anti-MFN2 (D1E9)
MAb (Cell Signaling Technology, 11925).

Forty-eight h after transfection cells were treated with HBSS
for 1 h as described above and then analyzed by flow cytometry,
fluorescence microscopy and western blot.

Data analysis and statistics

For flow cytometry studies all samples were analyzed by a dual-
laser FACScalibur cytometer equipped with a 488 argon laser
and with a 635 red diode laser. At least 20,000 events/sample
were acquired. Data were recorded and statistically analyzed
with a Macintosh computer using CellQuestPro Software. Col-
lected data analysis was carried out by using ANOVA 2-way
test for repeated samples by using Graphpad Prism software
corrected for multiple comparisons by the Bonferroni proce-
dure. All data reported in this paper were verified in at least 3
different experiments and reported as mean § standard devia-
tion (SD). Only P values of less than 0.01 were considered as
significant.

Abbreviations

ACTB actin, b
AMBRA1 autophagy/Beclin 1 regulator 1
ATG5 autophagy-related 5
ATG14 autophagy-related 14, ATG16L1,

autophagy-related 16 like 1
BECN1 Beclin 1, autophagy related
CANX calnexin
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Cy5 cyanine5
ECL enhanced chemiluminescence
ER endoplasmic reticulum
FE FRET efficiency
FRET fluorescence resonance energy

transfer
GD3 aNeu5Ac(2-8)aNeu5Ac(2-3)bDGalp

(1-4)bDGlcp(1-1)ceramide
GM1 monosialotetrahexosylganglioside
GSLs glycosphingolipids
HBSS Hank’s balanced salt solution
HRP horseradish peroxidase
IEM immunoelectron microscopy
IVM intensified video microscopy
LMNA lamin A/C
MAb monoclonal antibody
MAMs mitochondria-associated membranes
MAP1LC3/LC3B microtubule associated protein 1

light chain 3
MFN2 mitofusin 2
P-ULK1 phosphorylated ULK1
P4HB prolyl 4-hydroxylase subunit b
PAb polyclonal antibody
PE phycoerythrin
PIK3C3 phosphatidylinositol 3-kinase cata-

lytic subunit type 3
POR P450 (cytochrome) oxidoreductase
PtdIns3K class III phosphatidylinositol 3-

kinase
PtdIns3P phosphatidylinositol 3-phosphate
SD standard deviation
SEL1L SEL1L ERAD E3 ligase adaptor

subunit
ST8SIA1/GD3 synthase ST8 a-N-acetyl-neuraminide a-2,8-

sialyltransferase 1
TEM transmission electron microscopy
TOMM20 translocase of outer mitochondrial

membrane 20 homolog (yeast)
ULK1 unc-51 like autophagy activating

kinase 1
UVRAG UV radiation resistance associated
VDAC1 voltage dependent anion channel 1
WIPI1 WD repeat domain, phosphoinosi-

tide interacting 1
WIPI2 WD repeat domain, phosphoinosi-

tide interacting 2
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